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1. Introduction 
Selective modifications of amino acid residues are of high importance in the development of 

peptide based drugs. These chemical modifications play a key role in influencing the function of 

proteins, because of their regulatory function concerning the activity of proteins, their localization 

and interaction with other biomolecules.  

Nevertheless, the development of new strategies for site selective chemical modification of 

peptides and proteins is not straight forward. Selectively targeting a single amino acid in presence 

of other reactive functionalities remains a challenge in both regio- and chemoselectivity.1 

Moreover, these chemical transformations are restricted by the need for biologically ambient 

conditions (i.e. ≈37°C, pH 6-8, aqueous solvent) to preserve the delicate protein structure and 

function.1  

The goal of this project is the selective photocatalytic modification of cysteine residues via 

photoredox catalysis. Microflow technology is implemented in this research to overcome the 

limitations of traditional batch reactors. Microflow technology has several benefits when 

compared to batch reactors. This includes the improved irradiation of the reaction mixture, 

increased level of mixing, thus diminishing local concentration gradients leading to less side 

product formation, and increased safety of operation due to the smaller reactor dimensions.2 

Previous work from the group of T. Noël resulted in a mild, one-pot synthesis of arylsulfides via 

photoredox catalysis.3 Based on this work a coupling reaction between a cysteine residue and an 

aniline was developed, allowing the selective arylation of cysteine mediated by photoredox 

catalysis. The reaction proceeds via the in situ formation of a diazonium salt, starting from readily 

available and inexpensive anilines. The diazonium salt is consecutively reduced to an aryl radical, 

forming nitrogen gas (N2), by oxidative quenching of the photocatalyst. The radical is then trapped 

by the nucleophilic thiol moiety of cysteine, thus resulting in its arylation.  

Previous research projects demonstrated that the use of Eosin Y, an organic dye, shows results 

with improved yields compared to the use of transition metal containing photocatalysts, like 

Ru(bpy)3. The results of these researches combined provides a metal free strategy for the arylation 

of a cysteine residue mediated by photoredox catalysis.  
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2. Theoretical background 

2.1 Introduction to biomolecule modification 

Since 2010, the term “biomolecule modification” has appeared in over 17.000 journal publications, 

including chemical, biological, medical and material science journals.1 Most of these publications 

focus on the development of new methods for the modification of biomolecules, however others 

focus on the possible application of these modifications in various fields, including medicine and 

material science.  

The modification of biomolecules, also called bioconjugation, simply involves the formation of a 

covalent bond between a biomolecule, or a fragment or derivative of a biomolecule, and another 

molecule to create a complex where both molecules are linked together.4 The modification of 

biomolecules via this approach creates new complexes, also called bioconjugates, having the 

combined properties of both the individual molecules of which the complex is composed. The 

resulted complex, can exhibit novel characteristics normally not found in nature among naturally 

occurring substances.  

Selective chemical modifications are an invaluable tool to achieve protein modifications.5 The 

combined use of biological and chemical methods has provided scientists with a virtually unlimited 

toolbox, allowing the construction of almost every protein construct with either natural or 

unnatural building blocks.6 Additionally, scientists have been intrigued by the way nature performs 

these modification, regio- and chemoselectively, and have been trying to mimic them since. Of 

course, reproducing such natural modifications in a highly efficient and controlled way, would 

provide an invaluable tool to study their function.5 

  

                                                 
1 Based on Google Scholar search for “biomolecule modification” on 19-12-2016 
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In fact, post translational modifications can occur at any specific stage in the lifetime of a protein. 

Some proteins, for example, are modified directly after translation to assist proper folding of the 

protein, to increase their stability or to direct the translated protein to its proper cellular 

compartment.9 Other post translational modifications take place after correct folding and 

localization of the protein, regulating the biological activity of the protein.9 As example, two 

common post translational modification occurring in biomolecules are phosphorylation, which 

plays a critical role in the regulation of many cellular processes, and glycosylation, which has a 

significant effect on protein folding. 

2.3 Chemical protein modifications 

The post translational modifications discussed in section 2.2 are processes occurring in nature. 

However, our ability to synthetically mimic nature’s ability to install all sorts of functionalities is 

essentially limited by the available chemistry.1 Scientists, nevertheless, desire to mimic the 

functionalities found in nature to gain a better understanding of their function. 

However, a reaction at a single amino acid residue in presence of other functional groups, such as 

amides, amines, alcohols, thiols and carboxylic acids is a significant challenge in regio- and 

chemoselectivity.1 Additionally, these transformations are restricted by the need for biologically 

ambient conditions (that is, ≈37°C, pH 6-8, aqueous solvent) to preserve the delicate protein 

structure and function.1 Proteins are robust and powerful entities, however, their structure and 

function are sensitive to the conditions commonly employed in organic synthesis.10 High 

temperature and the use of organic solvents are two conditions likely to disturb protein function 

and structure.  

Despite great process in the field of chemical protein modifications, some challenges still need to 

be adressed.5 For example, several methods have been established and applied for the modification 

of particular proteins and therefore may not be applicable to every available proteins of interest.5  

An overview of some relevant strategies for protein modification is depicted in Figure 2, where 

Chalker et al. adopted a “tag-and-modify” approach.11 This method relies on the introduction of a 

uniquely reactive amino acid at a specific site in the protein (the so called “tags”) and their 

subsequent selective chemical modification (Figure 2).  







12 

 

the folding and therefore the function of the protein. Over the years, several protocols have been 

developed for the site-selective chemical modification of cysteine residues, as shown in Figure 3. 

The use of aminoethylating agents (Figure 3a) on cysteine has been applied for over half a century 

for the conversion of cysteine to lysine mimics.13 Specifically, aminoehtylation has been exploited 

as a chemical approach to study the role of active lysine sites in proteins. Recently, the use of 

aminoethylating agents has led to methylated lysine analogues.14  

Iodoacetamides (Figure 3b), an example of α-halocarbonyl electrophiles, were among the first 

reagents used for the direct alkylation of cysteine residues.13 The first example in literature dates 

back to 1935, where iodoacetamide was used to modify the cysteine residues of keratin.15 This 

chemical modification on cysteine is commonly used in mass spectral analysis and peptide 

mapping of cysteine containing proteins.13 A limitation of this alkylation reaction is the undesired 

side reaction of iodoacetamide with lysine, which can be overcome by the use of chloroacetamide 

reagents.16  

Moreover, the commercial availability, easy handling and straightforward synthesis of maleimide 

derivatives (Figure 3c) have led to their widespread use in cysteine modifications.1 The use of 

maleimides in selective chemical protein modifications has several advantages. Firstly, 

maleimides have high selectivity towards the thiol moiety of the cysteine residue, selectively 

forming a stable succinimide thioether.10 These transformations can be carried out in aqeous 

conditions and in the absence of a catalyst and, often, without the need for increased temperature. 

In addition, once bonded with cysteine, the maleimide moiety can be further functionalized at the 

nitrogen atom in the ring with a wide range of stategies.10 The functionalization via maleimides 

has been considered irreversible, however, it has been suggested that this addition can be reversed 

by competitive thiols.1 Interestingly, the use of bromomaleimides has opened up the possibility to 

bridge and stabilize native disulfides.1  

Up to date, antibody-containing therapeutics based on the conjugation between a thiol and a 

maleimide are already on the market, exemplifying the applicability of this chemistry.10 For 

example, Cimzia®, a PEGylated anti-TNF construct developed by UCB, is approved for treatment 

of Crohn’s disease and arthritis.17  
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Dehydroalanine (Dha) is a naturally occurring amino acid residue present in many proteins as a 

post translational modification at different amino acid residues like serine and, less commonly, 

cysteine (Figure 3d).10 The chemical introduction of dehydroalanine has two distinct advantages. 

Firstly, it is known to have a rigidifying effect on peptide chains and proteins, stabilizing their 

secundary structure and therefore increasing their proteolytic stability.10 Additionally, it also 

provides a unique electrophilic handle that can react in presence of a nucleophile, as for example 

a thiol moiety, finally resulting a modified cysteine residue. Examples reported the incorporation 

of Dha in peptides and proteins starting from a serine precursor, however this has several 

drawbacks.10 Firstly, due to the high natural abundance of serine, site-selectivity is difficult to 

control. Secondly, the potentially harsh conditions used for the conversion of serine to 

dehydroalanine (e.g. the use of H2O2 and acidic pH) might interfere with the stability and function 

of the protein. The use of cysteine as a natural precursor for dehydroalanine is less known, but its 

utility is of high importance in chemical protein modifications.10 Davis et al. studied the conversion 

of cysteine to dehydroalanine.11 Dehydroalanine can be generated from cysteine by the syn-

elimination of the in situ formed sulfenamide. When treated with the electrophilic nitrogen source 

O-mesitylsulfonylhydroxylamine (MSH), cysteine converts rapidly to Dha. Application of this 

novel reaction led to cysteine-tagged proteins enabled by the incorporation of the unnatural amino 

acid dehydroalanine.11 

The use of dehydroalanine as a reactive tag enables access to a wide range of possible selective 

chemical modifications as shown in Figure 4. For example, the direct glycosylation and 

phosphorylation of dehydroalanine provided a strategy to obtain the corresponding glycosylated 

and phosphorylated cysteine derivatives, otherwise impossible to obtain with other reported 

strategies.11,14 
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2.5 Introduction to photoredox catalysis 

2.5.1 Photochemistry 

Photochemistry is the branch of chemistry that deals with the chemical effects of light.3 In other 

words, in photochemical reactions light is used as reagent to excite or activate molecules which 

then undergo a chemical reaction.  

The first scientist to see the possibility of using light as an energy source was Giacomo 

Ciamician.18 In his paper dating from 1912 he envisioned a world completely empowered by solar 

energy. However, in that time, experimental work was impaired by the lack of suitable light 

sources. Therefore the field of photochemistry didn’t fully develop until the late 1900’s, where the 

first real application of photochemistry was developed and applied.19 

In general, there are two fundamental ways to realize the excitation of an organic molecule; direct 

and indirect excitations. Firstly, direct photochemical activation arises from the direct absorption 

of photons by organic molecules. As a result, these organic molecules reach an excited state that 

allows them to undergo a chemical reaction. However, limitations arise from the photophysical 

characteristics of organic molecules, that is, these organic molecules should contain a 

chromophore that can efficiently absorb light.20 A chromophore is the part of a molecule 

responsible for its ability to absorb light.4 This is due to the fact that within the chromophore the 

energy difference between two molecular orbitals is within the range of the energy of the absorbed 

light. Generally, most organic molecules efficiently absorb light in the UV light range. However, 

the direct use of UV light as means of excitation for organic molecules has several limitations. 

Firstly, due to the high energy of UV light, unwanted side reactions can occur when irradiating the 

reaction medium. Moreover, UV light is harmful and carcinogenic, thus its use in the development 

of novel methodologies for biomolecule modification is undesirable.  

 

  

                                                 
3 Search result for “photochemistry” on goldbook.iupac.org 
4 Definition from Organic Chemistry book (6th edition), by Paula Yurkanis Bruice 



16 

 

2.5.2 Visible light photoredox catalysis 

The aforementioned drawbacks in using UV light for direct photochemical activation of organic 

molecules prompted scientists to investigate new strategies for indirect photochemical excitation. 

Thus, the field of photocatalysis rapidly developed. Photocatalysis is based on the use of 

photocatalysts or sensitizers, capable of absorbing visible light and, upon excitation, able to 

transfer this energy to substrates.19 Common mechanisms for photocatalysts to convert visible light 

into chemical energy include energy transfer, organometallic excitation, light induced atom 

transfer and photoredox catalysis.19 Unlike thermal reactions, these photoredox processes can, in 

general, occur under mild conditions.21 Additionally, these chemical processes do not require 

radical initiators or stoichiometric chemical reductants or oxidants. Typically, irradiation is 

performed with household lamps or LEDs, Light Emitting Diodes, which are inexpensive and 

easier to handle compared to UV light sources.21 

Visible light, a clean, inexpensive, renewable and abundant source of energy, has received 

increasing attention from scientists.22 Over the last four decades, photoredox catalysis has found 

widespread applications in several fields, for example water splitting and the development of novel 

solar cell materials.19 However, only recently methodologies applying this catalytic platform to 

the field of synthetic organic chemistry emerged.19 The most commonly used photocatalysts are 

readily accessible metal complexes and organic dyes that can facilitate the conversion of the energy 

of visible light into chemical energy under mild conditions.19 When irradiated with visible light, at 

wavelengths where common organic molecules do not absorb, these photocatalysts are excited. 

The excited state of these photocatalysts usually exhibits stronger oxidant as well as stronger 

reductant properties when compared to the corresponding ground state, as seen in Figure 5.22 

Regularly used photocatalysts are transition metal containing complexes with polypyridyl ligands, 

Figure 6.  
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Figure 5: Photoredox catalysis with visible light. Oxidative and reductive quenching cycles. The terms 

‘oxidative quenching’ and ‘reductive quenching’ are used to describe the two distinctive pathways, where the 

reductive quencher reduces the excited state photocatalyst to the corresponding low oxidation state species, 

while the oxidative quencher oxidizes the excited state photocatalyst to the corresponding high oxidation state 

species. PC = PhotoCatalyst, RQ = Reductive Quencher, OQ = oxidative quencher, A = electron acceptor and 

D = electron donor. 

However, some disadvantages on the use of such complexes are, their high cost, their possible 

toxicity and undesired interactions with biomolecules. Nevertheless, these transition metal 

photoredox catalysts are often preferred over organic dyes because of their higher redox potential. 

 

     

The first application of photoredox catalysis to organic synthesis dates from 1978, when Kellogg 

and co-workers demonstrated the reduction of sulfonium using photoredox catalysis.19 Later on, 

Cano-Yelo, Deronzier and Okada expanded the field of photoredox catalysis. In 1984, Cano-Yelo 

and Deronzier reported an oxidative photoredox-catalyzed reaction using aryldiazonium salts for 

Figure 6: Commonly used transition metal containing photocatalysts. Left: Ir(ppy)3, right: Ru(bpy)3 
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the conversion of benzylic alcohols to the corresponding aldehydes.23 Additionally, Okada and co-

workers demonstrated that N-(acyloxy)phtalimides could be used as a convenient source of alkyl 

radicals. These radicals could subsequently be utilized in a variety of transformations, including 

chlorination.19 

However, despite their early work, photoredox catalysis remained mostly underappreciated until 

the late 2000s.19 In 2008, independent reports from the groups of MacMillan, Yoon and 

Stephenson shed new light on the field of photoredox catalysis.19 Ever since, the number of reports 

showing new methodologies involving photoredox catalysis exponentially increased.19 

2.5.3 Photoredox catalysis with Eosin Y  

In this work, Eosin Y, the 2’,4’,5’,7’-tetrabromo derivative of fluorescein (Figure 7), has been 

preferred over transition metal containing photocatalysts because of its low cost and good 

availability.  

In general, organic dyes have been used as an attractive alternative to transition metal complexes 

in photoredox catalysis.21 Typically, organic dyes are, as mentioned before, less expensive, but 

also less toxic and often easier to handle. In some cases, organic dyes even outperform transition 

metal photocatalysts.21  

 

 

 
Figure 7: Eosin Y, an organic dye, in its catalytically active form. 

Prior to being used as photocatalyst, Eosin Y has found several applications including its use in, 

for example, cell staining, as a pH indicator and as a dye pigment or colorant in the cosmetic 

industry.21 

The photochemistry of Eosin Y has been well investigated.21 Eosin Y absorbs light with a 

wavelength of approximately 539 nm, corresponding to green light.21 When Eosin Y is irradiated 
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reactions of the photocatalyst.24 Namely, Eosin Y can exist in four different forms, as seen in 

Figure 9. The spirocyclic form of Eosin Y, EY1, is catalytically inactive and the neutral form of 

Eosin Y, EY2, shows only weak fluorescence. On the contrary, EY3 and EY4 are both catalytically 

active in visible light photoredox catalysis.  

As an example, experiments showed that a photoredox catalyzed reaction did not proceed in 

acetonitrile, because Eosin Y was inactive. However, upon solvent change to dimethylsulfoxide 

(DMSO), the reaction could proceed and yield the desired product.24 This observed behavior is 

most likely associated with the basic behavior of the two solvents. In fact, DMSO is a stronger 

base than acetonitrile, which enhances the acidity of Brønsted acids.25 

2.6 Microflow technology 

As discussed in section 2.5, photoredox catalysis recently gained a tremendous attention. However, 

one of the main drawbacks of all methodologies involving photoredox catalysis is the difficulty to 

scale up the reaction vessels while maintaining optimal light penetration.2 The limited scale-up 

potential of many methodologies involving photoredox catalysis represents a concrete obstacle 

towards their application in the manufacturing industry, where continuous large scale production 

is often required. 

In this context, the use of continuous-flow microreactors for photoredox catalysis allows to 

overcome some of the drawbacks associated with traditional batch reactors.2 In fact, the small 

dimensions of microreactors ensure uniform irradiation of the reaction mixture. As a result, 

photochemical reactions can often be accelerated compared to batch and the amount of 

photocatalyst needed can be decreased.2 Moreover, scale-up of the reaction through numbering-

up of microreactors could represent a solution to ensure the production rate needed for industrial 

scale. Finally, more efficient heat- and mass transfer, increased safety of operation and the option 

to include in-line analytical measurements are advantages associated with the implementation of 

microflow technology.  

However, one major disadvantage of microflow technology is the handling of reactions involving 

the presence of solids. In fact, solid particles might cause unstable flow conditions or, in some 

cases, clogging of the microreactor. Solutions to handle the formation of solids in the microreacror 
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include, for example, the use of ultrasounds to reduce particle size and prevent blockage of the 

microreactor.  

2.6.1 Improved irradiation of the reaction mixture 

Photoredox reactions are driven by the absorption of photons. Therefore, an homogeneous 

distribution of photons inside a reactor is crucial to obtain high yields and selectivities.2 The 

penetration of light through a medium is described by the well-known Bougeur-Lambert-Beer law, 

equation 1. From this law derives that, in the presence of a strong absorber, such as a photocatalyst, 

the absorbance of the reaction mixture decreases enormously over the distance that the light has to 

travel. In other words, when performing a photochemical reaction in a traditional batch reactor 

only a small fraction of the mixture will be efficiently irradiated. Therefore, the small dimensions 

of microreactors offer an ideal solution to achieve homogeneous and optimal irradiation of the 

reaction medium. 

                                                 𝐴 = log(𝑇) = log
𝐼0

𝐼⁄ = 𝜀𝑐𝑙          Equation 1  

2.6.2 Fast mixing of the reaction mixture 

The key feature of microreactors is their confined dimensions which allow to obtain optimal 

mixing patterns. Usually, the observed flow pattern in a microscale reactor is laminar flow.2 In this 

flow regime, fluid is flowing in parallel layers and the improved mixing is due to diffusion between 

layers.  

However, other types of flow patterns can be encountered. For example, in the case of gas-liquid 

reactions, such as the one described in this work, the observed flow pattern is the so-called slug 

flow. A slug flow consists of an alternation of “slugs” of liquid and elongated bubbles of gas in 

the tubing. In this particular regime, mixing is governed by the existence of toroidal vortices 

causing powerful mixing of the two phases and increasing mass transfer from one phase to the 

other.2 The presence of gas bubbles causes the formation of a thin film of liquid against the 

reactor’s wall. During a photochemical reaction this thin film will obtain the highest intensity of 

photons and consequently will present the highest reaction rates. However, internal mixing will 

result in the constant renewal of this thin film, thus exposing new fractions of the reaction mixture 

to the highest number of photons.2 
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2.6.3 Increased safety of operation 

Increasing operational safety is one of the main reasons for the industrial applications of 

continuous-flow microreactors when performing hazardous reactions. As mentioned before, the 

key feature of microreactors is their small size. This implies that at any given moment, the total 

amount of hazardous compounds reacting will always be relatively low compared to a traditional 

batch reactor, thus decreasing any potential risks.2 Due to this increased safety, reaction conditions 

dangerous or impractical in batch reactors can be carried out safely in microflow reactors.2 

Despite this advantage of microreactors, extra care should be taken when collecting the reaction 

mixture upon exiting the reactor. To avoid the accumulation of potentially dangerous chemicals, 

an immediate appropriate quenching of the reaction mixture is recommended 

2.6.4 Improved selectivity 

One of the key aspects of a chemical reaction is the selectivity towards the desired product. In 

general, it is accepted that microflow technology provides opportunities for an improved 

selectivity towards the desired product.2 Enhanced heat-, mass-, and photon transport, which are 

related to the increased surface-to-volume ratio, are often aspects to which this increased 

selectivity is attributed. However, the improved selectivity towards the desired product is, next to 

being dependent on the aforementioned factors, also dependent on the advantages of microflow 

technology mentioned in section 2.6.1, section 2.6.2 and section 2.6.3. All these factors combined 

clearly exemplify the advantages of microflow technology over traditional batch reactors.  
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3. Project goal 

3.1 Introduction 

In section 2.4, multiple strategies for the selective chemical modification of cysteine are described. 

However, most of these strategies have drawbacks, limiting the widespread applicability of these 

methodologies. 

Based upon previous work by Noël and co-workers, a methodology to selectively modify the 

sulfhydryl chain of the cysteine residue in peptides and proteins via photoredox catalysis was 

developed.3 

Previous work from our group showed a one-pot Stadler-Ziegler methodology to form C-S bonds 

under mild reaction conditions, as depicted in Figure 10. More specifically, the reaction proceeds 

via the in situ formation of a diazonium salt, starting from readily available and inexpensive 

anilines in the presence of a nitrite source and catalytic amounts of acid. The diazonium salt is 

consecutively reduced through the oxidative quenching of the photocatalyst to an aryl radical, 

while liberating nitrogen gas (N2). 

 

  

 

This methodology was further translated to a continuous flow protocol to reduce safety concerns. 

Additionally, due to the high surface-to-volume ratio of the microreactor technology, 

homogeneous irradiation of the reaction medium was achieved. The use of microflow technology 

led to an improved irradiation, which resulted in significant acceleration of the reaction.  

  

Figure 10: One-pot Stadler-Ziegler process to synthesize arylsulfides from readily available and anilines. 
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Based upon this work a robust, one-pot photoredox protocol for the arylation of cysteine moieties 

was developed. Comparable to the previous methodology, the reaction reported in this work 

proceeds similarly, but the generated radical is then trapped by the nucleophilic thiol moiety of a 

cysteine, thus resulting in its arylation, as seen in Figure 11.  

 

Figure 11: Photoredox mediated arylation of cysteine, starting from readily available and inexpensive anilines. 

Optimization was addressed by previous work from our group. A limited scope for both batch and 

flow was provided, which is further expanded in this work. Additionally, since the in situ formation 

of a diazonium salt proved unsuitable for selective cysteine arylation in peptides, further research 

on the use of preformed diazonium salts was conducted. 

Such a modification of the reaction protocol was implemented to meet the ultimate goal of this 

project, which is to selectively modify cysteine residues within peptides and proteins, while 

preserving their structure and function.  
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3.2 Previous results 

To optimize the arylation protocol, an initial screening of photocatalysts was conducted. The 

activity of the transition metal photocatalyst Ru(bpy)3Cl2•6H2O and the organic dye Eosin Y were 

compared at different catalyst loadings. Because these photocatalysts absorb in different regions 

of the visible light spectrum, a white CFL, Compact Fluorescent Light, was used to irradiate the 

reaction mixture.  

Results showed that Eosin Y performed better than Ru(bpy)3Cl2•6H2O at all tested catalyst 

loadings. Furthermore, 1 mol% of both photocatalysts was found to be the optimal catalyst loading. 

Higher catalyst loadings led to sub-optimal results, probably due to formation of aggregates, 

causing light scattering. However, no experimental prove is provided. Moreover, in this work 

Eosin Y is preferred over the transition metal containing photocatalyst, because of its metal free 

nature.  

Further optimization was performed on solvent screening, demonstrating that MeCN performed 

better than other solvents, such as DMSO, DMF and EtOAc.  

Once the optimal conditions were established, the preliminary batch substrate scope of this 

protocol was explored, as depicted in Figure 12. 
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Figure 12: Preliminary batch substrate scope. IY is Isolated Yield. In an oven-dried 20 mL clear glass vial 

photoredox catalyst Eosin Y (0.01 mmol) was added to a mixture of cysteine (1.0 mmol), aniline (1.3 mmol) and 

p-toluenesulfonic acid monohydrate (0.015 mmol) in acetonitrile (10 ml) at room temperature. A magnetic 

stirring bar was added and the vial was closed with a PTFE septum, which was punctured with a needle for N2 

venting. The vial was irradiated with a white household CFL and tert-butylnitrite (2.0 mmol) was added 

dropwise to the mixture 

As shown in Figure 12, functional groups with different electronic properties were screened in the 

arylation reaction. Electron withdrawing groups (EWG’s), such as fluorine (1a) and –CF3 (1b), as 

well as electron donating groups (EDG’s), such as tert-butyl (1c), were well tolerated and afforded 

good yields. Further expansion of the preliminary scope will be performed in this work. 

To enhance the photochemical reaction, microflow technology was implemented in the 

methodology. Initial optimization in a microflow reactor focused on defining the best residence 

time, which was found to be only 30 seconds for most substrates. 

Once the optimal conditions were established, the preliminary flow scope could be explored, as 

shown in Figure 13. 
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Figure 13: Preliminary microflow substrate scope, IY is Isolated Yield. An oven dried 20 ml clear glass vial was 

loaded with photoredox catalyst Eosin Y (0.01 mmol), p-toluenesulfonic acid monohydrate (0.04 mmol) and 

cysteine (1.0 mmol). Subsequently, aniline (1.3 mmol) was added in acetonitrile (MeCN, 5 ml). A second oven 

dried 20 ml clear glass vial was loaded with tert-butyl nitrite (2.0 mmol) in acetonitrile (5 ml). Both vials were 

transferred to 10 ml syringes and placed on a syringe pump and pumped into the microreactor with a total 

flow rate of 904 μl/min (452 μl/min per syringe), resulting in a residence time of 30 seconds. 

As shown in Figure 13, a large variety of substituents were tolerated in the arylation of cysteine. 

Notably, compound 2f which was obtained in 61% yield, could be further applied in copper 

catalyzed azide-alkyne click reactions. Additionally, compounds 2g and 2h which were obtained 

in 39% and 45% yield respectively, could be further applied in peptide stapling.26  
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3.3 Reaction mechanism 

Based upon literature a reaction mechanism for the photoredox catalyzed arylation of cysteine was 

proposed.3,21,24,27,28 The first step is the in situ diazotization of the aniline. The diazotization, 

proceeds through three steps, as reported in Figure 14. Firstly, tert-butyl nitrite (tBuONO) is 

protonated by the p-toluenesulfonic acid (PTSA) to yield the protonated nitrite, which then 

rearranges to 2-methylpropan-2-ol and the reactive nitrosonium ion. 

 

 

Figure 14: Diazotization of anilines, starting from aniline, tert-butyl nitrite and catalystic amounts of p-

toluenesulfonic acid 

Secondly, the nucleophilic attack of the aniline on the nitrosonium ion yields the shown 

intermediate A. This intermediate undergoes intermolecular rearrangement, after protonation, and 

by losing water it finally yields the aryldiazonium salt, which then participates in the Eosin Y 

catalytic cycle. 

Photoexcitation of the photocatalyst, Eosin Y, occurs under visible light irradiation. Consecutively, 

via a process called single electron transfer (SET, e.g. transferring one electron from the 

photocatalyst to the diazonium salt), the diazonium salt is reduced through oxidative quenching of 

the photocatalyst to an aryl radical and nitrogen gas (N2), which is the reason for the slug flow 

regime. The aryl radical can subsequently react with the thiol moiety of the cysteine to generate 

radical intermediate (1), which is prone to back-electron transfer upon oxidative formation of the 

cationic species (2).  
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Figure 15: Catalytic cycle of the photoredox catalyzed arylation of cysteine 

According to literature, two general pathways of back-electron transfer can be followed, namely 

pathway A and pathway B.24 Pathway A involves the oxidation of species (1) by one-electron 

reduction of the radical cation state of the photocatalyst to its ground state, closing the catalytic 

cycle and yielding the cationic species (2). On the other hand, pathway B involves the oxidation 

of species (1) by radical chain propagation, when single electron transfer occurs with another 

aryldiazonium salt, yielding the cationic species (2). Terminal elimination of a proton (H+) from 

species (2) finally yields the desired cysteine derivative (3). 
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4. Results and discussion 

4.1 Batch results 

As discussed in section 3.2, a preliminary batch scope demonstrated the tolerance towards some 

EW and ED groups. In this work the batch scope was further expanded, and the results are depicted 

in Figure 16.  

In general, electron withdrawing group (EWG) substituents on the para position, gave higher yields 

compared to the unsubstituted aniline, compound 3d, which is obtained in 48% yield. These results 

can be explained by the electronic properties of these electron withdrawing substituents. 

Compound 3a, which is obtained in 52% yield, has a halogen substituent which pulls electron 

density away from the ring due to its electronegativity, as shown in Figure 17. This inductive effect 

increases the reactivity of the in situ formed diazonium salt, accelerating the reaction and thus 

giving a higher yield. However, this increase in yield is moderate, because the inductive effect is 

not so strong. Comparably to compound 3a, similar electronic properties, and therefore a similar 

yield, are observed for compound 3b, obtained in 60% yield. Additionally, the inductive effect of 

compound 3b is larger than the inductive effect of compound 3a, explaining the slightly lower 

yield of the latter. High yields were obtained for compound 3i, 86% yield, as well. Moreover, 

similar high yields were observed for compound 3f, which was obtained in 66% yield. However, 

the main electronic effect of the substituent, -NO2 in this case, is different. Electron withdrawing 

groups with π-bonds to electronegative atoms, e.g. –NO2, adjacent to the aryl system decrease the 

electron density in the ring through a resonance withdrawing effect, Figure 17. This electronic 

effect also increases the activity of the in situ formed diazonium salt and therefore a higher yield 

is observed compared to the unsubstituted compound 3d.  
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Figure 16: Completed substrate scope for the arylation of cysteine in batch. IY is Isolated Yield. Substrates 

from preliminary scope are depicted in blue and substrates from this work are depicted in red. In an oven-

dried 20 mL clear glass vial photoredox catalyst Eosin Y (0.01 mmol) was added to a mixture of cysteine (1.0 

mmol), aniline (1.3 mmol) and p-toluenesulfonic acid monohydrate (0.015 mmol) in acetonitrile (10 ml) at room 

temperature. A magnetic stirring bar was added and the vial was closed with a PTFE septum, which was 

punctured with a needle for N2 venting. The vial was irradiated with a white household CFL and tert-

butylnitrite (2.0 mmol) was added dropwise to the mixture 

 



32 

 

 
Figure 17: Left: inductive effect of electronegative substituents. Right: resonance withdrawing effect of electron 

withdrawing substituents 

Compound 3g, 3h and 3j, were expected to show similar results as compound 3a, due to similar 

electronic properties. Higher electronegativity of the halogen compared to carbon results in an 

inductive effect, activating the diazonium salt and therefore giving a higher yield. Indeed, iodine 

is less electronegative than fluorine, but the inductive effect is evenly pronounced, as seen for 

compound 3g, obtained in 51% yield. In contrast to our expectations, compound 3h, 31% yield, 

shows a fairly lower yield than compound 3d, besides the inductive effect. However, previous 

reports from literature showed that iodoarene moieties are subject to iodine transfer to aryl radicals, 

affording di-iodobenzene as a side product of the reaction, thus explaining the lower yield obtained 

for compound 3h.28 

Notably, electron donating groups (EDGs) are also tolerated for this methodology, such as those 

in compounds 3c, 33% yield, and 3e, 28% yield. However, as expected, these compounds were 

obtained in lower yields due to the lower reactivity of their corresponding diazonium salt.  
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4.2 Continuous microflow results 

As discussed before in section 2.6, performing photochemical reactions in a microreactor in 

beneficial due to several reasons, including the increased surface-to-volume ratio obtained in the 

confined space of microreactors, among others. 

In this work a slug flow, caused by the evolution of nitrogen gas, was observed. The formation of 

gas bubbles during the reaction is also an indirect way to qualitatively monitor the progress of the 

reaction. Moreover, the development of these gas bubbles enhances mixing, as discussed in section 

2.6.2. 

The reaction conditions used for the batch and flow protocol are almost identical. However, the 

amount of p-toluenesulfonic acid (PTSA) is 1.5 mol% and 4 mol% in batch and flow, respectively. 

Since PTSA is responsible for the in situ formation of the diazonium salt, a higher amount of PTSA 

would result in a faster reaction.  

With the optimized conditions in hand, we set out to explore the scope of this photocatalytic 

transformation in microflow, reported in Figure 18.  

In this case the unsubstituted aniline, compound 4d gave a yield of 72%. Compounds 4f – 4h, with 

a yield of 61%, 39% and 45% respectively, can be further applied in different reactions and are 

therefore interesting substrates, as mentioned before. Their yields were lower as compared to 

compound 4d, because of their electron donating substituents.  

Firstly, compound 4a, obtained in 51% yield, had a slightly higher yield than the unsubstituted 

aniline in batch. However, in flow this compound shows roughly 20% lower yield than the 

reference aniline. Moreover, compound 4b, 89% yield, was obtained in higher yield relative to 

compound 4d, due to the inductive effect of the halogen substituents.  
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Figure 18: Completed substrate scope for the arylation of cysteine in flow, residence time is 30 seconds. IY is 

Isolated Yield. Substrates from preliminary scope are depicted in blue and substrates from this work are 

depicted in red. a 60 seconds residence time, b 150 seconds residence time, c 300 seconds residence time. An oven 

dried 20 ml clear glass vial was loaded with photoredox catalyst Eosin Y (0.01 mmol), p-toluenesulfonic acid 
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monohydrate (0.04 mmol) and cysteine (1.0 mmol). Subsequently, aniline (1.3 mmol) was added in acetonitrile 

(MeCN, 5 ml). A second oven dried 20 ml clear glass vial was loaded with tert-butyl nitrite (2.0 mmol) in 

acetonitrile (5 ml). Both vials were transferred to 10 ml syringes and placed on a syringe pump and pumped 

into the microreactor with a total flow rate of 904 μl/min (452 μl/min per syringe), resulting in a residence time 

of 30 seconds. 

Additionally, compound 4c, 62% yield, was obtained with a lower yield, compared to compound 

4d, due to the electron donating tert-butyl substituent.  

Moreover, compounds 4i – 4l were obtained in good yields (31% - 74%), with the exception of 4i, 

which gave a yield of 14%. Compound 4j, 73% yield, was expected to give higher yields compared 

to compound 4d. The product was obtained with a higher yield, although with a minimal 

difference. As mentioned before, it is found in literature that iodoarene moieties are subject to 

iodine transfer to aryl radicals, affording di-iodobenzene as a side product, explaining the lower 

yield of compound 4k obtained in 31% yield. This effect was less pronounced in the batch results, 

giving a yield comparable to that of compound 4d. Finally, compound 4l, 74% yield, was obtained 

in good yields as expected due to its electron withdrawing substituent, however residence time was 

increased to 5 minutes. 

4.3 Comparison between batch and flow results 

Section 4.1 shows the isolated yields of the batch experiments for all the investigated substrates, 

while section 4.2 shows the results of the microflow experiments. However, to make a fair 

comparison between the results in batch and flow, one should analyze the results in terms of 

productivity, meaning the amount of product produced per unit of time. 

In total, eight substrates have been tested in both batch and flow, for these substrates this 

comparison will be showed. A clear overview of all substrates and their productivities is given in 

Table 1. 

Para-fluoroaniline, compounds 3a/4a, had an isolated yield of 52% and 51% in batch and flow, 

respectively. So no clear advantage of microflow is present over traditional batch reactor, when 

comparing isolated yields. However, the productivity for this compound is 0.11 mmol/h and 2.8 

mmol/h in batch and flow, respectively. This result shows a 25-fold increase in productivity when 

using microflow technology compared to traditional batch reactors.  
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Secondly, para-trifluoromethylaniline, compounds 3b/4b, was reported with an isolated yield of 

60% and 89% for batch and flow, respectively. This compound thus shows a higher isolated yield 

in flow, automatically having a higher productivity in flow. This compound is synthesized with a 

productivity of 0.3 mmol/h in batch and 4.8 mmol/h in microflow, indicating a 16-fold increase in 

flow.  

Table 1: Overview of productivity per substrate in batch and flow 

Compound Productivity 

batch 

(mmol/h) 

Productivity 

flow 

(mmol/h) 

Compound Productivity 

batch 

(mmol/h) 

Productivity 

flow 

(mmol/h) 

 

 

0.11 

 

2.8 

 

 

0.07 

 

0.76 

 

 

0.3 

 

4.8 

 

 

0.17 

 

3.9 

 

 

 

0.17 

 

 

3.3 
 

 

0.13 

 

1.7 

 

 

0.44 

 

3.9 
 

 

0.43 

 

0.88 

 

Furthermore, 4-methoxy-2-methylaniline, compounds 3e/4i, was reported with a yield of 28% in 

batch and 14% in flow. In fact, previous examples showed a higher or similar isolated yield in 

flow compared to batch, resulting in a higher productivity when using flow. However, compound 
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4i (flow) shows a lower isolated yield than compound 3e (batch). As a result, one could state that 

batch in this case performs better than flow, whereas this is actually erroneous. In other words, 

productivity in batch is 0.07 mmol/h and 0.76 mmol/h in flow, indicating an 11-fold increase in 

microflow  

All productivity comparisons for the other substrates are reported in Table 1. In conclusion, 

microflow technology shows increased productivity compared to traditional batch reactors for all 

substrates.  
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4.4 Premade diazonium salts 

To validate the developed methodology, experiments were performed on cysteine containing 

peptides. The data concerning the application of this methodology to peptides are beyond the scope 

of this work and will be reported elsewhere in due time. 

However, preliminary results suggested that the arylation of cysteine residues in peptides was not 

compatible with the in situ formation of the diazonium salt. Therefore the methodology had to be 

altered. To overcome this drawback, the diazonium salt was formed separately and initial tests 

were conducted on protected cysteine residues. We chose to synthesize the para-fluoro substituted 

diazonium salt with BF4
- as counter ion, as shown in Figure 19. 

 

Figure 19: Synthesis of diazonium salts and subsequent photoredox catalyzed arylation of cysteine 

Before discussing the results of these experiments, an addition has to been made to the reaction 

mechanism. With - and without - photocatalyst the aryldiazonium salt can also directly couple to 

the cysteine residue to form a diazosulfide intermediate A, as depicted in Figure 20. The formation 

of this intermediate was not observed before, because when the diazonium salt is formed in situ, 

the single electron transfer (SET) pathway is more efficient, thus forming an aryl radical.3 

However, when performing the reaction with the premade diazonium salt, the formation of the 

intermediate is observed. This is probably because the diazonium salt is added in excess (1.3 eq), 

therefore it can couple to the cysteine directly and undergo single electron transfer. It is found in 

literature that this intermediate can convert into product when the photocatalyst is present.3 

Moreover, the same study shows that in absence of the catalyst, the intermediate cannot evolve to 

product, thus only the intermediate is present.  
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The screening on the arylation of cysteine with premade diazonium salts is shown in Table 2 until 

Table 6. Prior to these tests several considerations were made, including a solvent change from 

acetonitrile to a more biological relevant solvent system. Since these transformations are intended 

for biomolecule applications, we hypothesized that a water/acetonitrile solvent mixture would be 

more biologically benign. We observed that by changing the solvent, the batch reaction could be 

accelerated. Full conversion could be achieved in 10 minutes when using an acetonitrile water 

mixture, compared to two hours for acetonitrile alone. Additionally, the reaction could also 

proceed in the dark and in the absence of a photocatalyst.  

An acetonitrile buffer reaction mixture was also tested. Phosphate buffer was used, as it is 

commonly used for the storage of proteins. Finally, the protocol was tested in water. However 

since the product is not soluble in water, a precipitate was formed during the reaction. This resulted 

in a significant drop in the yield of the desired product. 

Figure 20: Formation of the diazosulfide intermediate A 
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Table 2: Arylation of cysteine with premade diazonium salt in MeCN. Intermediate is diazosulfide intermediate 

MeCN Reaction 

time 

Isolated yield Product: 

Intermediate 

ratio 

Dark, no cat 2h 43% 29%:14% 

Light, no cat 2h 48% 39%:9% 

 
Table 3: Arylation of cysteine with premade diazonium salt in MeCN/H2O. Intermediate is diazosulfide 

intermediate 

MeCN/water 

(1:1) 

Reaction 

time 

Isolated 

yield 

Product: 

Intermediate 

ratio 

Dark, no cat 10 min 48% 40%:8% 

Light, no cat 10 min 54% 49%:5% 

Light, EY 10 min 53% 53% 

Ligth, EY 2h 51% 51% 

 
Table 4: Arylation of cysteine with premade diazonium salt in MeCN/buffer. Intermediate is diazosulfide 

intermediate 

MeCN/buffer 

(1:1) 

Reaction 

time 

Isolated 

yield 

Product: 

Intermediate 

ratio 

Light, no cat 10 min 54% 48%:6% 

Light, EY 2h 59% 59% 
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Table 5: Arylation of cysteine with premade diazonium salt in H2O. Intermediate is diazosulfide intermediate 

 

H2O Reaction 

time 

Isolated 

yield 

Product: 

Intermediate 

ratio 

Light, no cat 10min 65% 24%:41% 

Light, no cat 24h 43% 28%:15% 

Light, EY 2h 59% 25%:34% 

Light, EY 10min 59% 26%:33% 

 

Table 2 shows the screening on the arylation of cysteine with premade diazonium salts in 

acetonitrile (MeCN). The reaction conditions here are similar to the standard procedure, except the 

presence of the photocatalyst. Eosin Y is not added to the reaction, because in absence of the 

diazonium salt Eosin Y remained yellow, thus suggesting it was in its catalytically inactive form. 

The isolated yield is found to be around 45%, of which 10-15% is intermediate.  

Moreover, in Table 3, the screening on the arylation of cysteine with premade diazonium salts in 

acetonitrile/water is shown. We discovered that the reaction can be dramatically accelerated by 

changing the solvent to an acetonitrile/water mixture. The reaction goes to complete conversion in 

only 10 minutes. In contrast to the previous results the isolated yield in this case is around 50% 

and only a minor amount is intermediate. Additionally, with the photocatalyst present, the 

intermediate is not observed, which is in agreement with literature.  

Furthermore, the results on the screening in an acetonitrile/buffer solvent system are shown in 

Table 4. These results are comparable to the results with acetonitrile/water. 

Finally, screening on the arylation of cysteine with premade diazonium salts was performed in 

pure water as solvent. It is shown that in water the reaction also goes to complete conversion in 10 

minutes. The isolated yield seems to be higher than in the other three cases, however more than 

half of the weight of the isolated yield is the diazosulfide intermediate. Additionally it is shown 

that when this reaction proceeds for 24h, the isolated yield drops significantly. However, the 
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amount of product is comparable to the results after 10 minutes, thus suggesting the degradation 

of the diazosulfide intermediate over time. 

Moreover, in all experiments it is observed that the reaction proceeds even in absence of the 

photocatalyst. These results are not in agreement with literature and will need further investigation.  

The most important results, and a clear overview of the different solvents, is shown in Table 6. 

Table 6: Preliminary results for tests with premade diazonium salts. EY is Eosin Y. a 2h reaction time 

Solvent catalyst Yield 

MeCN No cat 39% 

MeCN/water EY 53% 

MeCN/buffer EY 59%a 

water EY 26% 
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5. Conclusion 
In conclusion, a new synthetic methodology was developed for selective arylation of cysteine via 

photoredox catalysis in batch and flow. A wide variety of substrates was tolerated, including 

substrates that can be further applied in different methodologies for bioconjugation.  

Moreover, the effective advantages of microflow technology compared to traditional batch 

reactors were elucidated by comparing the productivity of the two protocols. In some cases, batch 

results appeared better than microflow results in terms of isolated yield. However, when comparing 

these results in terms of productivity (in mmol product produced per hour), the microflow protocol 

clearly outperformed the batch procedure in all cases.  

Additionally, preliminary results on peptide modifications showed that the delicate structure of 

peptides was not compatible with the in situ formation of the diazonium salt. Therefore, the 

methodology was altered and the diazonium salts were synthesized prior to the reaction with the 

cysteine, as discussed in section 4.4. We can conclude that the solvent system can dramatically 

influence the reaction. The highest yield was observed when a mixture of acetonitrile and water is 

used, 53%.  

Further research needs to be performed to elucidate the effect of the solvent on the premade 

diazonium protocol. Moreover, the optimal ratio between acetonitrile and water needs to be 

determined, since less acetonitrile will result in more biological ambient conditions. Finally, when 

the optimized conditions for this protocol are obtained, the protocol can be tested using microflow 

technology. 

Additionally, the optimized protocol will be tested on peptides and proteins.  
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7. Experimental setup and procedures 

7.1 General considerations 

Chemicals, e.g. solvents and reagents, were used without additional purification or other action, 

unless stated otherwise. Chemicals and solvents that were bought under argon atmosphere, were 

kept under argon atmosphere. Sigma Aldrich and TCI were the main distributors of all chemicals. 

Additionally, VWR International delivered all technical solvents used. Purification of the desired 

product was performed using flash chromatography, using silica (60, F254, Merck). TLC plates 

were bought from Supelco Sigma Aldrich, and analysis was performed using visualization with 

UV light (254 nm and 365 nm).  

1H-NMR data are given relative to deuterated chloroform (CDCl3, 7.26 ppm) and 13C-NMR data 

are also shown relative to CDCl3 (77.2 ppm). Multiplicity of peaks in all NMR spectra is assigned 

using standard abreviations: s – single, d – doublet, t – triplet, q – quartet, m – multiplet, dd – 

double doublet, ddd - Doublet of double doublets, dt – double triplet.  

7.2 Analytical equipment 

GC-MS: Shimadzu GC-2010 Plus coupled to a Mass Spectrometer (Shimadzu GCMS-QP 2010 

Ultra) with an auto sampler unit (AOC-20i, Shimadzu). 

NMR: Bruker Advance BZH 400/52, 400 MHz, Mercury 400 

7.3 Batch setup 

The following setup was used for performing all batch reactions. The reaction mixture was loaded 

in a clear, oven-dried glass vial with a magnetic stirring bar. The batch reactor was closed with a 

PTFE septum and punched with a needle for N2 venting. Additionally, a household white light 

CFL bulb was placed in close proximity of the reactor to irradiate the reaction mixture. Finally, 

the reaction was air-cooled with compressed air. 

  



46 

 

7.4 Continuous Microflow setup 

Figure 21 shows the flow setup used for the continuous microflow arylation of cysteine.  

 

Figure 21: Continuous microflow setup for the arylation of cysteine 

Two syringes were placed on a syringe pump to pump the reactants into the microreactor. One 

syringe was loaded with the photocatalyst, cysteine, aniline and p-toluenesulfonic acid 

monohydrate (PTSA) in acetonitrile, 0.2M concentration with cysteine as limiting reagent. The 

other syringe was loaded with tert-butyl nitrite in acetonitrile. The two reactant mixtures were 

combined with a T-mixer before entering the microreactor. The microreactor consisted of 2.24 

meter of Fluorinated Ethylene Propylene tubing (FEP-tubing) with an internal diameter of 500μm 

corresponding to a reactor volume of 0.45ml.  
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The microreactor was build up from two different parts, both 3D-printed in our lab. The 

microcapillary was wrapped around a cylindrical holder and fitted into a custom made beaker 

containing a white LED-strip, Figure 22. Once closed, the complete reactor was air-cooled by 

compressed air to minimalize the heat produced by the LED-strip. Finally, the reactor outlet was 

connected to a needle and placed in a collection vial, where the reaction mixture was collected in 

the dark. 

 

Figure 22: Microcapillary wrapped around a 3D-printed cylindrical holder (left) and a 3D-printed beaker 

containing a white LED-strip (right) 

  



48 

 

7.5 Batch procedure in situ formation diazonium salt 

In an oven-dried 20 mL clear glass vial photoredox catalyst Eosin Y (0.01 mmol) was added to a 

mixture of cysteine (1.0 mmol), aniline (1.3 mmol) and p-toluenesulfonic acid monohydrate (0.015 

mmol) in acetonitrile (10 ml) at room temperature. A magnetic stirring bar was added and the vial 

was closed with a PTFE septum, which was punctured with a needle for N2 venting. The vial was 

irradiated with a white household CFL and tert-butylnitrite (2.0 mmol) was added dropwise to the 

mixture. The reaction was monitored by TLC, and was stopped after 2 hours. Water was added to 

the reaction mixture, which was then extracted with Et2O (3 times). The organic layer was dried 

over MgSO4 and dried in vacuo. The resulting crude was absorbed on silica gel and purified via 

column chromatography. (EtOAc/Petroleum Ether (PE), 1:1) The isolated compound was 

analyzed by GC-MS and NMR. 

7.6 Batch procedure premade diazonium salt 

The procedure for the synthesis of the ayldiazonium tetrafluoroborates was found in literature 

based on research from our group.29 

To a suspension of 4-fluoroaniline (10.0 mmol) in 5 mL water at room temperature was added 

HBF4 (48wt% in water, 3.0 equiv.) and the reaction mixture was stirred for 2 min. The mixture 

was cooled to 0 °C and a solution of tert‐butyl nitrite (1.2 equiv.) was added dropwise. After 

addition, the reaction mixture was stirred at 0 °C for 1 hour. The solids were filtered, washed with 

ice‐cold diethyl ether to give the crude product. Recrystallization was done by dissolving crude 

product in a minimum of acetone followed by addition of ice‐cold diethyl ether. Recrystallization 

was repeated until white solids were acquired.  

After the aryldiazonium salt was synthesized, the standard protocol was followed for the arylation 

of cysteine. 

In an oven-dried 20 mL clear glass vial photoredox catalyst Eosin Y (0.01 mmol) was added to a 

mixture of cysteine (1.0 mmol) and 4-fluoroaryldiazonium tetrafluoroborate (1.3 mmol) at room 

temperature. A magnetic stirring bar was added and the vial was closed with a PTFE septum, which 

was punctured with a needle for N2 venting. The vial was irradiated with a white household CFL. 

The reaction was monitored by TLC, and was stopped after 2 hours. Water was added to the 
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reaction mixture, which was then extracted with Et2O (3 times). The organic layer was dried over 

MgSO4 and dried in vacuo. The resulting crude was absorbed on silica gel and purified via column 

chromatography. (EtOAc/Petroleum Ether (PE), 1:1) The isolated compound was analyzed by GC-

MS and NMR. 

7.7 Microflow procedure 

An oven dried 20 ml clear glass vial was loaded with photoredox catalyst Eosin Y (1 mol%), p-

toluenesulfonic acid monohydrate (0.04 mmol) and cysteine (1.0 mmol). Subsequently, aniline 

(1.3 eq) was added in acetonitrile (MeCN, 5 ml, 0.2 M). A second oven dried 20 ml clear glass 

vial was loaded with tert-butyl nitrite (2.0 mmol) in acetonitrile (5 ml). Both vials were transferred 

to 10 ml syringes and placed on a syringe pump and pumped into the microreactor with a total 

flow rate of 904 μl/min (452 μl/min per syringe), resulting in a residence time of 30 seconds.  

Before starting a new experiment the reactor was flushed three times with acetone to ensure proper 

cleaning of the reactor. Collection of the reaction mixture started after 3 reactor volumes to achieve 

steady state conditions in the reactor. The reaction crude was collected in an oven dried clear glass 

vial covered with aluminum foil. Water was added to the reaction mixture, which was then 

extracted with Et2O (3 times). The organic layer was dried over MgSO4 and dried in vacuo. The 

resulting crude was absorbed on silica gel and purified via column chromatography. 

(EtOAc/Petroleum Ether (PE), 1:1) The isolated compound was analyzed by GC-MS and NMR. 
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7.8 Productivity calculations 

In batch the productivity is calculated by dividing the amount of isolated product (mmol) by the 

reaction time (2h). The obtained value is subsequently divided by a factor two, to obtain the 

productivity per hour. 

In flow the productivity is calculated by first determining the production in [mmol/h], according 

to the equation below. 

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑚𝑚𝑜𝑙
ℎ⁄ ] = 𝑐 [𝑚𝑚𝑜𝑙

𝑚𝑙⁄ ] ∗  𝑓𝑟[𝑚𝑙
𝑚𝑖𝑛⁄ ] ∗ 60 [𝑚𝑖𝑛] 

c = reaction concentration [mol/l] 

fr = flow rate [ml/min] 

This production would be achieved if 100% yield would be achieved. However, to calculate the 

real productivity, this production is multiplied with the yield of each compound. 
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9. Supplementary information 

9.1 Compound data 

 Methyl N-acetyl-S-phenyl-L-cysteinate (3d/4d) 

The general batch procedure was followed on a 2 mmol scale, using N-acetyl-L-cysteine 

methylester (355.6 mg, 2 mmol), p-toluenesulfonic acid (5 mg, 0.03 mmol), aniline (237 μl, 2.6 

mmol) and tert-butyl nitrite (476 μl, 4 mmol). The crude product was purified by flash 

chromatography (petroleum ether (PE) : ethyl acetate (EtOAc), 1:1) yielding 220.7 mg (0.87 

mmol, 48%) of methyl 2-acetamido-3-(phenylthio)propanoate as a yellow solid with a 96% purity 

according to GC-MS. 

1H NMR (400 MHz, Chloroform-d): δ 7.32 (d, J = 7.2 Hz, 2H), 7.24 – 7.08 (m, 3H), 6.51 (d, J 

= 7.3 Hz, 1H), 4.77 (dt, J = 7.6, 4.8 Hz, 1H), 3.47 (s, 3H), 3.38 (dd, J = 14.2, 4.7 Hz, 1H), 3.26 

(dd, J = 14.2, 5.0 Hz, 1H), 1.80 (s, 3H). 

 
13C NMR (101 MHz, Chloroform-d): δ 170.80 , 170.00 , 134.72 , 130.85 , 129.04 , 127.03 , 

52.37 (d, J = 8.8 Hz), 36.35 , 22.80 . 
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 Methyl N-acetyl-S-(2-methyl-4-methoxyphenyl)-L-cysteinate (3e/4i) 

The general flow procedure was followed on a 0.5 mmol scale, using Eosin Y (5.5 mg, 0.007 

mmol), N-acetyl-L-cysteine methylester (123.4 mg, 0.7 mmol), p-toluenesulfonic acid (2 mg, 0.01 

mmol), 4-methoxy-2-methylaniline (117 μl, 0.91 mmol) and tert-butyl nitrite (167 μl, 1.4 mmol). 

The crude product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate 

(EtOAc), 1:1) yielding 9.6 mg (0.07 mmol, 14%) of methyl 2-acetamido-3-(4-methoxy-2-

methylphenylthio)propanoate as a black oil. 

The general batch procedure was followed on a 0.5 mmol scale, using Eosin Y (3.3 mg, 0.005 

mmol), N-acetyl-L-cysteine methylester (91.5 mg, 0.5 mmol), p-toluenesulfonic acid (1 mg, 0.006 

mmol), 4-methoxy-2-methylaniline (84 μl, 0.65 mmol) and tert-butyl nitrite (119 μl, 1 mmol). The 

crude product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate (EtOAc), 

1:1) yielding 19.2 mg (0.14 mmol, 28%) of methyl 2-acetamido-3-(4-methoxy-2-

methylphenylthio)propanoate as a black oil 

1H NMR (399 MHz, Chloroform-d): δ 7.37 (d, J = 8.5 Hz, 4H), 6.79 – 6.66 (m, 10H), 6.18 (d, J 

= 6.8 Hz, 4H), 4.79 (dt, J = 7.5, 4.6 Hz, 5H), 3.77 (s, 11H), 3.57 (s, 11H), 3.30 (dd, J = 14.1, 4.5 

Hz, 4H), 3.20 (dd, J = 14.1, 4.7 Hz, 4H), 2.43 (s, 12H), 1.91 (s, 11H). 

13C NMR (100 MHz, Chloroform-d): δ 170.90 , 169.68 , 159.57 , 142.33 , 135.26 , 123.88 , 

116.13 , 112.09 , 55.30 , 52.36 , 37.09 , 23.02 , 21.09 .  
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 Methyl N-acetyl-S-(2-methyl-4-nitrophenyl)-L-cysteinate (3f/4j) 

The general flow procedure was followed on a 0.47 mmol scale, using Eosin Y (9.4 mg, 0.012 

mmol), N-acetyl-L-cysteine methylester (212.3 mg, 1.2 mmol), p-toluenesulfonic acid (6.6 mg, 

0.038 mmol), 4-nitro-2-methylaniline (237.6 mg, 1.56 mmol) and tert-butyl nitrite (285 μl, 2.4 

mmol). The crude product was purified by flash chromatography (petroleum ether (PE) : ethyl 

acetate (EtOAc), 1:1) yielding 51.7 mg (0.34 mmol, 73%) of methyl 2-acetamido-3-(2-methyl-4-

nitrophenylthio)propanoate as a yellow solid. 

The general batch procedure was followed on a 0.5 mmol scale, using Eosin Y (3.1 mg, 0.005 

mmol), N-acetyl-L-cysteine methylester (92.3 mg, 0.5 mmol), p-toluenesulfonic acid (2.4 mg, 0.01 

mmol), 4-nitro-2-methylaniline (100.1 mg, 0.65 mmol) and tert-butyl nitrite (119 μl, 1 mmol). The 

crude product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate (EtOAc), 

1:1) yielding 19.2 mg (0.14 mmol, 66%) of methyl 2-acetamido-3-(2-methyl-4-

nitrophenylthio)propanoate as a yellow solid. 

1H NMR (399 MHz, Chloroform-d): δ 7.94 (d, J = 11.0 Hz, 2H), 7.32 (d, J = 8.4 Hz, 1H), 6.41 

(d, J = 6.0 Hz, 1H), 4.86 (d, J = 4.8 Hz, 1H), 3.65 (s, 2H), 3.59 – 3.51 (m, 1H), 3.42 – 3.34 (m, 

1H), 2.32 (s, 2H), 1.91 (s, 2H). 

 
13C NMR (100 MHz, Chloroform-d): δ 170.47 , 169.92 , 145.27 , 144.63 , 137.56 , 125.86 , 

124.57 , 121.45 , 52.95 , 51.87 , 34.11 , 23.04 , 20.40 .  
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 Methyl N-acetyl-S-(4-iodophenyl)-L-cysteinate (3h) 

The general batch procedure was followed on a 0.5 mmol scale, using Eosin Y (4.3 mg, 0.005 

mmol), N-acetyl-L-cysteine methylester (88.9 mg, 0.5 mmol), p-toluenesulfonic acid (1.3 mg, 0.01 

mmol), 4-iodoaniline (142.2 mg, 0.65 mmol) and tert-butyl nitrite (119 μl, 1 mmol). The crude 

product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate (EtOAc), 1:1) 

yielding 51.4 mg (0.14 mmol, 31%) of methyl 2-acetamido-3-(4-iodophenylthio)propanoate as a 

brownish solid. 

1H NMR (399 MHz, Chloroform-d): δ 7.64 – 7.56 (m, 2H), 7.16 – 7.08 (m, 2H), 6.24 (d, J = 6.7 

Hz, 1H), 4.84 (dt, J = 7.4, 4.6 Hz, 1H), 3.59 (s, 3H), 3.47 (dd, J = 14.2, 4.6 Hz, 1H), 3.32 (dd, J = 

14.2, 4.6 Hz, 1H), 1.90 (s, 3H). 

13C NMR (100 MHz, Chloroform-d): δ 171.05 , 170.14 , 138.45 , 135.35 , 132.81 , 131.47 , 

129.52 , 92.51 , 53.05 , 52.72 , 36.70 , 23.41 . 
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 Methyl N-acetyl-S-(3-iodophenyl)-L-cysteinate (3g/4k) 

The general flow procedure was followed on a 0.49 mmol scale, using Eosin Y (5.5 mg, 0.008 

mmol), N-acetyl-L-cysteine methylester (155.5 mg, 0.8 mmol), p-toluenesulfonic acid (4.1 mg, 

0.012 mmol), 3-iodoaniline (125 μl, 1.04 mmol) and tert-butyl nitrite (190 μl, 1.6 mmol). The 

crude product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate (EtOAc), 

1:1) yielding 58.8 mg (0.16 mmol, 31%) of methyl 2-acetamido-3-(3-iodophenylthio)propanoate 

as a black oil. 

The general batch procedure was followed on a 0.43 mmol scale, using Eosin Y (3.2 mg, 0.005 

mmol), N-acetyl-L-cysteine methylester (88.6 mg, 0.5 mmol), p-toluenesulfonic acid (1.5 mg, 0.01 

mmol), 3-iodoaniline (78 μl, 0.65 mmol) and tert-butyl nitrite (119 μl, 1 mmol). The crude product 

was purified by flash chromatography (petroleum ether (PE) : ethyl acetate (EtOAc), 1:1) yielding 

84.2 mg (0.22 mmol, 51%) of methyl 2-acetamido-3-(3-iodophenylthio)propanoate as a black oil. 

1H NMR (399 MHz, Chloroform-d): δ 7.73 (t, J = 1.7 Hz, 3H), 7.53 (d, J = 8.3 Hz, 1H), 7.34 (d, 

J = 6.2 Hz, 1H), 7.00 (t, J = 7.9 Hz, 2H), 6.29 (d, J = 5.8 Hz, 3H), 4.87 (dt, J = 7.4, 4.5 Hz, 3H), 

3.60 (s, 6H), 3.48 (dd, J = 14.3, 4.6 Hz, 3H), 3.35 (dd, J = 14.2, 4.3 Hz, 3H), 1.92 (s, 6H). 

13C NMR (100 MHz, Chloroform-d): δ 170.37 , 169.57 , 138.49 , 137.08 , 135.69 , 130.27 , 

129.42 , 94.27 , 52.46 , 52.07 , 35.98 , 22.80 . 
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 Methyl N-acetyl-S-(3-trifluoromethylphenyl)-L-cysteinate (3i/4l) 

The general flow procedure was followed on a 0.49 mmol scale, using Eosin Y (16.6 mg, 0.025 

mmol), N-acetyl-L-cysteine methylester (444.7 mg, 2.5 mmol), p-toluenesulfonic acid (8.2 mg, 

0.038 mmol), 3-trifluoromethylaniline (406 μl, 3.25 mmol) and tert-butyl nitrite (595 μl, 5 mmol). 

The crude product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate 

(EtOAc), 1:1) yielding 115.8 mg (0.36 mmol, 74%) of methyl 2-acetamido-3-(3-

trifluoromethylphenylthio)propanoate as a yellow oil. 

The general batch procedure was followed on a 0.45 mmol scale, using Eosin Y (3.7 mg, 0.005 

mmol), N-acetyl-L-cysteine methylester (89.2 mg, 0.5 mmol), p-toluenesulfonic acid (2.2 mg, 

0.0075 mmol), 3-trifluoromethylaniline (81 μl, 0.65 mmol) and tert-butyl nitrite (119 μl, 1 mmol). 

The crude product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate 

(EtOAc), 1:1) yielding 124.8 mg (0.39 mmol, 86%) of methyl 2-acetamido-3-(3-

trifluoromethylphenylthio)propanoate as a yellow oil. 

1H NMR (400 MHz, Chloroform-d): δ 7.66 (s, 8H), 7.60 (d, J = 7.6 Hz, 9H), 7.46 (dt, J = 15.4, 

7.7 Hz, 16H), 6.25 (d, J = 6.1 Hz, 1H), 4.91 (dt, J = 7.1, 4.5 Hz, 9H), 3.62 (s, 22H), 3.60 – 3.55 

(m, 6H), 3.44 (dd, J = 14.3, 4.3 Hz, 7H), 1.94 (s, 21H). 

13C NMR (101 MHz, Chloroform-d): δ 170.57, 169.89, 136.58, 133.42, 129.43, 126.74 (d, J = 

3.8 Hz), 123.52 (d, J = 3.7 Hz), 52.56, 52.22, 36.05, 22.82. 

19F NMR (376 MHz, Chloroform-d): δ -62.85 . 
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 Methyl N-acetyl-S-(4-chlorophenyl)-L-cysteinate (3j) 

The general batch procedure was followed on a 0.45 mmol scale, using Eosin Y (3.6 mg, 0.005 

mmol), N-acetyl-L-cysteine methylester (88.6 mg, 0.5 mmol), p-toluenesulfonic acid (2.0 mg, 

0.0075 mmol), 4-chloroaniline (84.1 μl, 0.65 mmol) and tert-butyl nitrite (119 μl, 1 mmol). The 

crude product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate (EtOAc), 

1:1) yielding 80.8 mg (0.28 mmol, 62%) of methyl 2-acetamido-3-(4-chlorophenylthio)propanoate 

as a brownish oil. 

1H NMR (399 MHz, Chloroform-d): δ 7.29 – 7.24 (m, 2H), 7.22 – 7.17 (m, 2H), 6.29 (d, J = 6.9 

Hz, 1H), 4.77 (dt, J = 7.5, 4.7 Hz, 1H), 3.52 (s, 3H), 3.39 (dd, J = 14.2, 4.7 Hz, 1H), 3.25 (dd, J = 

14.2, 4.8 Hz, 1H), 1.84 (s, 3H). 

 
13C NMR (100 MHz, Chloroform-d): δ 170.67 , 169.78 , 133.22 (d, J = 13.4 Hz), 132.21 , 129.15 

, 52.56 , 52.25 , 36.64 , 22.93 .  
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 Methyl N-acetyl-S-(4-fluorophenyl)-L-cysteinate (3a/4a) 

The general batch procedure was followed on a 0.45 mmol scale, using Eosin Y (3.9 mg, 0.005 

mmol), N-acetyl-L-cysteine methylester (87.9 mg, 0.5 mmol), p-toluenesulfonic acid (1.2 mg, 

0.0075 mmol), 4-fluoroaniline (62 μl, 0.65 mmol) and tert-butyl nitrite (119 μl, 1 mmol). The 

crude product was purified by flash chromatography (petroleum ether (PE) : ethyl acetate (EtOAc), 

1:1) yielding 59.2 mg (0.22 mmol, 52%) of methyl 2-acetamido-3-(4-fluorophenylthio)propanoate 

as a yellow oil. 

1H NMR (399 MHz, Chloroform-d) δ 7.40 (dd, J = 8.9, 5.2 Hz, 1H), 6.99 (t, J = 8.7 Hz, 1H), 6.24 

(d, J = 6.4 Hz, 1H), 4.82 (dt, J = 7.5, 4.6 Hz, 1H), 3.57 (s, 2H), 3.42 (dd, J = 14.2, 4.6 Hz, 1H), 

3.28 (dd, J = 14.2, 4.7 Hz, 1H), 1.91 (s, 2H). 

19F NMR (376 MHz, Chloroform-d) δ -113.90. 

13C NMR (100 MHz, Chloroform-d) δ 170.84 , 169.77 , 163.60 , 161.13 , 133.97 (d, J = 8.1 Hz), 

129.77 , 116.41 , 116.19 , 52.63 , 52.38 , 37.67 , 23.09 . 
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9.2 Compound spectra 

 Methyl N-acetyl-S-phenyl-L-cysteinate (3d/4d) 
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 Methyl N-acetyl-S-(4-methoxy-2-methylphenyl)-L-cysteinate (3e/4i) 
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 Methyl N-acetyl-S-(4-nitro-2-methylphenyl)-L-cysteinate (3f/4j) 
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 Methyl N-acetyl-S-(4-iodophenyl)-L-cysteinate (3h)
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 Methyl N-acetyl-S-(3-iodophenyl)-L-cysteinate (3g/4k) 
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 Methyl N-acetyl-S-(3-trifluorophenyl)-L-cysteinate (3b/4b) 
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 Methyl N-acetyl-S-(4-chlorophenyl)-L-cysteinate (3j) 
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 Methyl N-acetyl-S-(4-fluorophenyl)-L-cysteinate (3a/4a) 
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