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Chapter 1. Introduction 

Today’s synthetic organic chemistry faces complex challenges in designing new synthetic 

protocols of robust and convenient execution and environmentally benign nature. Since the 

introduction of the 12 principles in green chemistry two decades ago, meeting these 

requirements became a foremost issue.1 New chemical methodologies need to aim maximal 

atom-, resource- and time efficiency while also keeping environmental impact in consideration. 

Notably, prevention of waste and safer protocols should be included by design. Telescoping 

multiple step chemical synthesis and the use of multicomponent processes enables the exclusion 

of work-up and purification procedures of the intermediates; leading to safer, easier and 

economically more efficient processes compared to step-by-step synthesis. Replacement of 

volatile and toxic solvents with harmless alternatives decreases the health hazards and 

environmental burden of the applied methods. Thus, recently, water as a non‐toxic, abundant 

and cheap solvent has generated significant attention. Its features of accelerating reactions and 

simplifying the isolation of the products make water a desired alternative in organic reactions.2 

Moreover, chromatographic purification produces large waste of organic solvents and 

dischargeable static phase, therefore, avoiding chromatography remains an important issue 

when developing new reaction pathways and improving existing ones.3 

Small molecule drug discovery is a special application of synthetic organic chemistry that needs 

new molecular scaffolds and new reactions to access these. Linear multistep synthesis has 

become an outdated approach to probe the relevant chemical space, which, assumedly define at 

least 1060 different small molecules. Beside carbon, nitrogen and oxygen, sulfur is one of the 

fundamental heavy atoms in bioactive structures. It appears in cephem, phenothiazine and 

thiazole heterocycles and other pharmacophores such as thioamides, thiols and thioureas  

(Figure 1).4–7 Multicomponent reactions (MCRs), a subtype of telescoped reactions, offer 

divergent synthetic routes, enabling the efficient sampling of the vast pool of potentially 

bioactive molecules. In particular, isocyanide based MCRs, due to the versatile reactivity of 

isocyanides, are useful tools for the exploitation of the druglike chemical space.8 The high 

chemo- and regioselectivity of isocyanides balances their enhanced reactivity, used in many 

useful synthetic applications and MCRs. In addition, the efficient transformation of isocyanides 

to reactive isothiocyanates (ITCs) with sulfur opens up new approaches to design MCRs with 

ITC key intermediates leading to sulfur containing structures.9 Traditional ways to incorporate 

the sulfur atom requires the application of hazardous reagents that are inconvenient to handle 

and produce a lot of waste. Being a non-toxic and atom efficient alternative, elemental sulfur 



- 8 - 

 

makes these transformations more attractive. Its high abundance and easy-to-handle nature also 

explains its growing popularity in organic syntheses.10–12 

 

Figure 1: Representative sulfur containing active pharmaceutical ingredients 
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1.1. Multicomponent reactions 

Avoiding purification or even work-up procedures significantly reduces the time and resources 

required for the preparation of the desired intermediates and products. This approach, namely 

telescoping technological steps of a chemical process is a fundamental aspect of green 

chemistry efforts. In particular, as subtypes, one may define one-pot and multicomponent 

reactions.13 One-pot reactions enable the secondary transformation of an in situ generated 

compound without isolation, in the same flask. MCRs, however, meet more strict conditions, 

involving at least three starting materials from the beginning of the reaction, which partially or 

fully merge into one single product. Pseudo MCRs, a subtype of MCRs, allow the starting 

materials to be identical, if they all incorporate into the product. Typically, MCRs feature better 

atom economy, safer and faster execution then step-by-step processes. In fact, the simultaneous 

or domino generation of new chemical bonds offers an easy access to complex structures even 

in one technological step. An illustrative example is three-component synthesis of fully 

substituted thiophenes (1) in the Gewald reaction, starting from a carbonyl compound (2), an 

α-cyanoester (3) and sulfur in the presence of base, traditionally diethylamine or morpholine 

(Scheme 1).14 The first step is the formation of the Knoevenagel adduct 4, followed by a 

spontaneous cyclization with sulfur. 

 

Scheme 1: Synthesis of fully substituted thiophenes (1) in the three-component Gewald 

reaction 

 

MCRs are often compatible with orthogonal reactive functional groups enabling sequential 

chemical transformations. Chang and co-workers demonstrated this approach in the 

multicomponent sequential one-pot synthesis of 2H-1,2,4-benzothiadiazine 1,1-dioxides 

(5, Scheme 2). After the multicomponent preparation of the 2-bromobenzenesulfonyl 

derivative 6, they exchanged the solvent form dichloromethane to DMF and continued the 

reaction in the presence of copper catalyst, 1,10-phenantroline and Cs2CO3 at 80 °C leading to 

5 in 77%.15 Otherwise, when they isolated 6 in 90% yield and performed the cyclization in a 

separate reaction, they obtained 5 in 75% yield. The step-by-step approach, thus, resulted in a 

68% overall yield, compared to the 77% yield of the multicomponent sequential one-pot 

protocol. 
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Scheme 2: Step-by-step and multicomponent sequential one-pot preparation of 

benzothiadiazines (5) 

 

Multiple concepts exist for the development of new MCRs. A popular approach is the single 

reactant replacement (SRR), which includes the exchange of certain reacting compounds with 

others having similar reactivity profile.16 Transformation of the first isocyanide based MCR, 

the Passerini reaction to the closely related Ugi reaction is an illustrative example 

(page 16, Scheme 10). In fact, one should note the abundance of multicomponent name 

reactions in the literature, e.g. Hantzsch, Kabachnik-Fields, Mannich and Strecker reaction, 

which highlights the practical relevance of MCRs. More importantly, many patented robust 

multicomponent synthetic processes are used for the production of active pharmaceutical 

ingredients. A classic example is the application of the Mannich reaction for the synthesis of 

the muscle relaxant tolperisone. Sanochemia patented its process for the production of 162 kg 

tolperisone HCl salt (10) in one step starting from simple building blocks (Scheme 3).17 

Recently, several great reviews appeared, discussing the progress of MCRs,13,18–21 thus, in the 

following chapter I will focus on isocyanide based MCRs, a relevant subject of this thesis. 

 

Scheme 3: Multicomponent synthesis of tolperisone HCl salt (10) on a commercial scale 

 

1.1.1. Isocyanide based MCRs 

Isocyanides are exceptionally useful chemical reagents having versatile reactivity. Depending 

on the reaction conditions, they undergo chemical transformation with electrophiles, 
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nucleophiles, radicals and participate in cycloadditions. This feature enables the design of 

divergent isocyanide-based synthetic routes to explore novel regions of the available chemical 

space. In particular, many different MCRs involve isocyanides, which makes them versatile 

building blocks in combinatorial chemistry. Although Lieke already synthesized allyl 

isocyanide in the middle of the 19th century, for several decades this compound family did not 

gain much attention.22 This changed first with the emergence of the Passerini reaction in 

1921,23 then in 1958, when Ugi and co-workers published a new method for their convenient 

preparation.24 Shortly after, benefiting from the easy access of isocyanides, they established a 

MCR for the synthesis of α-aminoacyl amides, what is known today as Ugi reaction.25 These 

scientific milestones facilitated the rapid escalation of isocyanide chemistry resulting in the 

development of countless new methodologies,26 including transition- and base-metal catalyzed 

reactions,27–29 C-H functionalizations30 and heterocycle synthesis.31,32  

 

1.1.1.1. Synthesis of isocyanides 

Traditionally, alkyl halides (14) turn into isocyanides (15) in a bimolecular nucleophilic 

substitution (SN2) with the ambident nucleophile silver cyanide (Scheme 4).22 However, in their 

recent paper, Mayr and Tishkov concluded that this reaction only works with highly reactive 

electrophiles with low energy barriers, gravely narrowing the scope of this approach.33 As an 

alternative, Hoffmann introduced the direct conversion of primary amines (16) to isocyanides 

with in situ generated dichlorocarbene (17).34 Many modifications appeared in the literature for 

the improvement of this cumbersome methodology, which applied chloroform as carbon source 

in the mixture of ethanol and KOH. In particular, ammonium-ion based phase-transfer catalysts 

facilitate the reaction between chloroform and concentrated aqueous NaOH.35  

 

Scheme 4: Synthetic approaches for the preparation of isocyanides (15) together with 

common dehydrating agents 
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Nonetheless, the breakthrough came with the two-step method discovered by Ugi24 and 

practically in the same time by Hagedorn36 and Corey37 giving access to structurally diverse 

isocyanides unavailable before. Formylation of primary amines followed by dehydration 

efficiently provides isocyanides. In the past decades, several dehydrating reagents were 

introduced, the most common ones being phosgene (18),38 phosphorus oxychloride (19)39 and 

other chlorophosphate reagents,40 Burgess reagent (20)41 or 4-toluenesulfonyl chloride 

(21, Scheme 4).42 Microwave-assisted thermal dehydration also offers an option, however, 

showing limited functional group tolerance that results in narrower substrate scope.43 Currently, 

the improvement of the existing methodologies and the development of environmentally benign 

and safer processes remains a challenge. 

Recently, Dömling and co-workers highlighted that out of the several thousand isocyanides 

already synthesized and the more than 3000 isocyanides commercially available, only 10–15 

isocyanides are regularly appearing in new synthetic methodologies.39 Exotic ones usually 

require in-house preparation, however, their notorious odour makes these procedures less 

attractive. Dömling published their improved method for the dehydration of formamides 

featuring significantly shorter reaction times, exclusion of work-up procedures and applying 

abbreviated purification to minimize exposure to chemists. Introducing high, 2.0 M 

concentrations for the formamide enable 5 to 15 minutes reaction times under heterogeneous 

conditions. In addition, direct isolation of the product with column chromatography indeed 

makes this reaction more convenient. They validated their approach on scaled-up procedures, 

e.g. by the preparation of 1-adamantyl isocyanide (23) in 97% yield on a 500 mmol scale 

(Scheme 5).  

 

Scheme 5: Preparation of 1-adamantyl isocyanide (23) on a 500 mmol scale 

 

After 10 minutes reaction time in only 250 mL of DCM, they loaded the reaction mixture on a 

dry-packed column with 600 g silica gel. Collection of only 250 mL of mobile phase led to the 

isolation of 78 g pure isocyanide. On the other hand, they introduced the parallel synthesis of 

isocyanides on a 96 well plate on a 0.2 mmol scale. Here, after completion of the reaction they 
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moved the reaction mixtures into a filtration plate and collected the isocyanides. This approach 

facilitates their application in the preparation of compound libraries and the development of 

novel isocyanide based reactions. 

 

1.1.1.2. General reactivity of isocyanides 

The character and reactivity of isocyanides can be interpreted by two resonance structures. In 

depth calculations demonstrated that the carbene (25) represents better their actual electron 

distribution than the zwitterion (26, Scheme 6).26 On the other hand, the nearly linear structure 

and the 0.116–0.117 nm C-N bond length suggests a donor–acceptor triple bond with a lone 

pair on the carbon. The type of solvent or different groups attached to the nitrogen atom only 

slightly influence their character.  

 

Scheme 6: Zwitterion (26) and carbene (25) resonance structures of isocyanides 

 

Mayr and co-workers established standardized kinetic measurements providing a dimensionless 

unit called nucleophilicity parameter (N), which enables the comparison of the relative 

nucleophilicity of different compounds.44,45 According to these experiments, isocyanides are 

poor nucleophiles, similar to the α-carbon of pyrrole (27) or activated furans (28, Scheme 7).46  

 

Scheme 7: Relative nucleophilicity scale based on the research of Mayr and co-workers46 

 

Although the nucleophilicity of aromatic isocyanides (30, 31) is similar to that of aliphatic ones 

(32), electron-withdrawing groups on the aromatic ring can enhance their electrophilic 
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properties significantly, even enabling their reaction with nucleophiles, such as amines or water 

in the absence of external additives.47 Isocyanides (36), as synthetic precursors, offer many 

options to prepare valuable intermediates and products (Scheme 8). They undergo thermal 

isomerization to cyanides (37) above 200 °C in gas phase or in high-boiling solvents 

quantitatively, the reaction being independent of the structure of the starting materials 

(Scheme 8, A).48 This reaction is popular in the stereoselective transformation of optically 

active amines into cyanides and sequentially carboxylic acids without racemization. A practical 

example is the modification of the amino group of optically pure α-amino acids, that may be 

used for intramolecular cyclizations or the synthesis of the anti-inflammatory ibuprofen and 

naproxen.48,49 Reduction of isocyanides may lead to primary (38) and secondary amines (39) 

and hydrocarbons (40, Scheme 8, B). The latter transformation has found use in natural product 

syntheses, where stereoselective deamination may be of great interest.50 Their oxidation with 

ozone, sulfur or selenium leads to reactive isocyanates (41), ITCs (42) and selenocyanates (43) 

respectively (Scheme 8, C). While isocyanides may turn to 43 easily with selenium in the 

presence of base, the reaction with elemental oxygen and sulfur requires the presence of 

external additives. The carbon atom of isocyanides may act as a nucleophile and undergo 

addition with carboxylic acids, acyl halides, carbonyl compounds, activated alkenes, 

heterocumulenes and halogens. The generated adducts may further react with nucleophiles, 

offering an option for heterocycle synthesis. In particular, the addition of bromine to 36 provide 

the dibromo intermediate 44, which gives the brominated tetrazoles 45 with NaN3 

(Scheme 8, D). 

 

Scheme 8: Selected synthetic applications of isocyanides (36) 
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Aromatic isocyanides equipped with electron-withdrawing groups may react with water, 

alcohols and amines, however, isocyanides are considered poor electrophiles that only react 

with strong nucleophiles, such as organometallic reagents. Walborsky and Marks introduced a 

useful application starting from 1,1,3,3-tetramethylbutyl isocyanide.51 Addition of 

tert-butyllithium (46) results in the formation of highly reactive and multipurpose metal 

aldimines (47), acting as acyl anion equivalents (Scheme 8, E). Treatment with various 

electrophiles, such as alkylating (48) and formylating agents, trimethylsilyl chloride and carbon 

dioxide led to the corresponding carbonyl compounds (49) after hydrolysis. 

 

1.1.1.3. Isocyanide based multicomponent reactions 

In the Passerini reaction, which was the first isocyanide based MCR, an isocyanide (50), a 

carbonyl compound (51) and a carboxylic acid (52) provide α-alkanoyl carboxamide (53) in 

high yields under mild conditions (Scheme 9).23 Giving its wide functional group tolerance, 

including nitrile group, esters, epoxides, azides, azo groups and aromatic nitro groups, it offers 

many options for secondary transformations or the preparation of heterocycles. Further 

functionalization may lead to multisubstituted oxazoles, furanones and β-lactams. Multiple 

variations of the original method exist, for example the use of mineral acids leading to 

α-hydroxy amides by the hydrolysis of the ester or the application of ketals and acetals, the 

protected form of carbonyl compounds, providing α-alkoxy amides. Several proposed reaction 

mechanisms exist, however, the role of the isocyanide as a nucleophilic partner attacking the 

carbonyl group is generally accepted.52 

 

Scheme 9: The classic Passerini reaction 

 

Following the SRR concept (page 10, Chapter 1.1), replacement of the carbonyl compound 

(54) with an imine (55) results in the formation of α-acylaminoamides (56), which is the 

Ugi reaction (Scheme 10). In the four-component Ugi reaction, the first step is the in situ 

formation of 55, enabling the application of readily available carbonyl compounds and amines. 

Its popularity comes from the easy realization and high versatility of the reaction, leading to 

bioactive structures, such as peptidomimetics, heterocycles and aminoimidazoles. 



- 16 - 

 

 

Scheme 10: The three- and four-component Ugi reaction 

 

Replacing the carboxylic acid with NaN3 (60) leads to the four-component Ugi tetrazole 

synthesis being one of the notable variations of the original method (Scheme 11, A).21 

Replacement of the carboxylic acid with electron-deficient phenolates (61) displaces Mumm 

rearrangement as the final step in the reaction, giving space to a Smiles rearrangement, 

eventually named as the Ugi-Smiles reaction (Scheme 11, B).53 Application of bifunctional 

reagents might enable spontaneous secondary transformations, e.g. introduction of a diene (62) 

and a dienophile (63) gave birth to the Ugi–Diels-Alder tandem reaction (Scheme 11, C).54  

 

Scheme 11: The Ugi tetrazole synthesis (A), the Ugi-Smiles reaction (B) and the 

Ugi–Diels-Alder reaction (C) 

 

Interestingly, the first stereoselective Ugi reaction only appeared in 2018.55 The reaction’s 

feature of being feasible under mild conditions and in the presence of water makes it suitable 

for protein templated reactions.56,57 This approach, called kinetic target-guided synthesis, is a 

modern hit-finding protocol that may find application in early drug discovery. In their recent 
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paper, Hirsch and co-workers demonstrated the viability of this method by finding 

low-micromolar inhibitors of endothiapepsine.58 

The Van Leusen three-component reaction also begins with the in situ generation of imines 72 

starting from carbonyl compounds (73) and amines (74, Scheme 12).59,60 Under basic 

conditions, tosylmethyl isocyanide (75, TosMIC) can be deprotonated at the benzylic position, 

followed by its nucleophilic attack on the imine (72). Spontaneous intramolecular cyclization 

and elimination of the tosyl group results in the formation of di- or trisubstitued imidazoles 

(76). The reaction requires isocyanides with acidic protons in the α-position and only aldehydes 

lead to the heterocycle being the main limitations of the reaction scope. 

 

Scheme 12: The Van Leusen reaction 

 

The Groebke-Blackburn-Bienaymé reaction was developed separately, but at the same time in 

1998, appeared as a subtype of the Ugi reaction (Scheme 13).60–63 This three-component 

reaction involves isocyanides (78), aldehydes (79) and cyclic amidines (80) such as 2-amino 

pyridines or pyrimidines to provide imidazopyridines, imidazopyrazines and 

imidazopyrimidines (81). Being the youngest of the named isocyanide based MCRs, it shortly 

gained popularity due to its robust and divergent nature and its feature of leading to 

pharmaceutically relevant heterocyclic structures. 

 

Scheme 13: The Groebke-Blackburn-Bienaymé reaction 
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1.2. Elemental sulfur 

Elemental sulfur is among the top 20 most abundant chemical elements in Earth’s crust. Due to 

its abundance and accessibility in elemental form, it has already found usage in the antiquity as 

bleacher for clothes, medicine for granular eyelids or fumigation agent against pests.64 Today, 

it mostly occurs as the side-product of oil refinement processes and catalytically reduced sulfur 

dioxide waste produced by power plants. The production of sulfur was around 78 million tons 

in 2020, greatly exceeding the commercial demand.65 Its most important application is the 

industrial manufacturing of sulfuric acid. Besides, being relatively non-toxic to mammals and 

in some cases to beneficial insects such as bees, it still finds application as a fungicide.66 Since 

the middle of the 20th century, high purity sulfur is commercially available, encouraging its 

application in synthetic organic chemistry. Elemental sulfur is the most atom efficient building 

block for the incorporation of sulfur atom, enabling the design of greener chemical processes 

compared to methodologies with traditional sulfurating reagents. Alternatives, such as P2S5, 

Lawesson’s reagent, carbon disulfide or thiophosgene are malodourous, toxic, and inconvenient 

to handle, and importantly lead to worse atom efficiency, less safe and environmentally less 

benign processes.67,68 The evident benefits of sulfur gave rise to a large number of novel 

synthetic methods parallel with the spread of green chemistry. The extracted data from Web of 

Science shows the emerging trend of the application of sulfur in synthetic organic chemistry in 

the last 30 years (Figure 2). 

 

Figure 2: Number of publications per year involving sulfur in synthetic organic chemistry 

from 1990 to 2020 from Web of Science 

 

1.2.1. Reactivity of sulfur 

Sulfur is the 16th element on the periodic table, located in the 3rd period and the 6th group, called 

the chalcogens. It has 23 known isotopes, though 32S prevail with a ratio of around 95%, 
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resulting in a standard atomic weight of 32.06. Its unique reactivity lies in its electron 

configuration of 3s2 3p4 and its accessible, but empty d orbitals.69 It has a tendency to involve 

its d orbitals in the formation of chemical bonds by using its own or external electrons. In 

divalent state sulfur uses its unpaired p electrons for the formation of sigma bonds, keeping the 

3s2 and 3p2 electrons as lone pairs. In closed S-S bond loops, such as the eight-membered sulfur 

cycle, sulfur can create a delocalized structure explaining its stability and colorized appearance 

(83 and 84, Scheme 14). This delocalization is also responsible for the reduced reactivity of 

S-S bonds compared to O-O bonds. In addition, the lone electron pairs eventually force sulfur 

into an energetically favoured crown shaped structure. 

               

Scheme 14: Proposed resonance structures of cycloocta-sulfur and the 3D structure of sulfur 

 

1.2.1.1 Activation by external additives 

Due to the chemical stability and relatively inert nature of sulfur, it requires either thermal or 

chemical activation prior to use. In the absence of additives, sulfur reacts above its melting 

point, where the cleavage of the S-S bonds lead to reactive biradicals.10 One may find a few 

examples for acid catalyzed activation of sulfur,70 however, the efficient nucleophilic activation 

suggests that sulfur prefers to act as a Lewis-acid, having electrophilic properties. Most 

commonly, cyanide, hydroxyl and sulfide ions may homolitically or heterolitically cleave S-S 

bonds under mild conditions generating reactive radicals (85) or linear polysulfide anion chains 

of different lengths (86, Scheme 15, A).71  

 

Scheme 15: Nucleophilic activation of sulfur (A) and generation of polysulfide anion chains 

with primary and secondary aliphatic amines (B) 
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Notably, primary and secondary aliphatic amines (87) are effective in activating sulfur under 

ambient conditions, also being able to provide solutions up to several molar concentrations 

(Scheme 15, B).72 The polysulfide anion chains (88) and various radicals and radical anions are 

responsible for the colorful appearance and electrical conductivity of these solutions. In 

particular, trisulfur radical anions, which may be generated from longer polysulfide anions in a 

dissociation equilibrium, are well-studied due to their application in alkali metal-sulfur batteries 

or as chemosensors for traces of water.73,74 Under inert conditions, these species might be 

characterized by ultraviolet-visible (UV-VIS), infrared (IR), Raman and electron spin 

resonance (ESR) spectroscopy. 

Treating the amine solutions of sulfur with mineral acids leads to the quantitative recovery of 

sulfur, showing the reversible nature of the process. Upon weeks or months, however, the 

conductance and intense color of the solutions fade, because of the irreversible formation of 

thioamides and generation of hydrogen sulfide.71 In contrast, tertiary amines are inefficient in 

reacting with sulfur, presumably because lacking NH protons, thus being unable to stabilize the 

anionic polysulfide chains.75 Although the efficiency of tertiary amines increases with base 

strength, it seems that steric hindrance may inhibit the reaction.76 On a relative scale of 

reactivity (Figure 3), trialkylamines 89, having pKa values around 10–11 are followed by 

4-picoline (90, pKa = 5.98 in water), pyridine (91, pKa = 5.25 in water) and the sterically 

hindered 2,6-lutidine (92, pKa = 6.72 in water).  

 

Figure 3: Relative reactivity of tertiary amines towards sulfur 

 

The first two sulfur based MCR, the Willgerodt-Kindler thioamidation (Scheme 16) and the 

Gewald synthesis of thiophenes (page 9, Scheme 1) both benefit from the interaction of 

aliphatic amines and sulfur.14,77  

 

Scheme 16: The Willgerodt-Kindler thioamidation 
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In addition, the fate of these two name reactions demonstrate that although the idea of applying 

sulfur in MCRs appeared relatively long time ago – at the beginning of the 20th century – these 

methodologies have arisen practically only in the last twenty years, as an answer to the call for 

greener chemical processes. Since that, hundreds of new chemical applications of elemental 

sulfur appeared in synthetic organic chemistry, polymer chemistry or materials science. A few 

great reviews have been published recently about the synthetic applications of sulfur including 

MCRs, thus in the following chapter I will focus on representative examples.11,12,78 

 

1.3.2.  Nucleophile induced reactions of sulfur 

Probably the most generally applied method for the activation of sulfur is the 

nucleophile-induced heterolytic cleavage of the octasulfur ring. Mori and Nakamura dissolved 

sulfur in ethylenediamine (96) and hexamethylenediamine (97) and isolated the amine 

hydropolysulfide adducts (98 and 99). Applying these solutions in the substitution reaction with 

n-butylchloride (100) they trapped polysulfides of different chain lengths as dibutylpolysulfides 

(101 and 102, Scheme 17).79 Using pure n-butylamine or ethylene-, propane- and 

hexamethylenediamine as solvent they isolated dibutyldisulfides in moderate yields, however, 

in the presence of DMF as co-solvent the main product was the trisulfide. The latter reaction 

setup even enabled the formation of tetra-, penta- and hexasulfides observed by 1H-NMR.80 

 

Scheme 17: Trapping polysulfides with n-butyl chloride (100) 

 

The mechanism of the Willgerodt-Kindler reaction is still obscure, however, the role of 

morpholine being a nucleophilic activator has become evident. Anilines, having reduced 

nucleophilicity, are not efficient in activating sulfur, which gravely limits the substrate scope 

of the reaction. Poupaert and co-workers and Okamoto and co-workers probed various 

additives and investigated their effect in the reaction (Table 1).81,82 As a conclusion, acids 

inhibit the formation of thioamide 103, and morpholine (94) remains only a mediocre activator. 

In the presence of external nucleophilic additives such as triethylamine, pyridine or sodium 

sulfide, the yield enhanced significantly, and enabled the synthesis of thioamides beyond the 

original scope of the reaction. 
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Table 1: Effect of external additives on the Willgerodt-Kindler thioamidation 

 

Additive 
Yield 

[%] 

- 31 

Acetic acid <10 

Silica gel <10 

Pyridine 64 

Triethylamine 67 

 

Takemoto and co-workers developed a new mild MCR for the synthesis of thioamides (105) 

starting from α-keto acids (106), sulfur and amines (107, Scheme 18).67 They showed that 

cysteine, thiophenol and 1-dodecanethiol (108) are all suitable nucleophilic activators and 

eventually chosen the latter due to its lower price. The first step is the formation of the iminium 

ion 109, followed by the nucleophilic attack of the polysulfide anion 110 at the α-carbon. 

Subsequent decarboxylation provides the thioamides 105 in 40-100% yields. Notably, they 

demonstrated the synthetic utility of the method by synthesizing challenging substrates 

containing multiple amide groups. 

 

Scheme 18: Novel MCR for the transformation of α-keto acids (106) to thioamides (105) 

under mild conditions 

 

Ghaderi and co-workers synthesized unsymmetrical thioethers (112) in polyethylene glycol 

200 (PEG200) starting from nitroarenes (113), sulfur and triphenyltin chloride (114) or aryl 
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boronic acids (115) in the presence of copper catalysts (Scheme 19).83 Unlike in most cases, 

where aliphatic amines are applied as nucleophilic activators, here, inorganic bases, such as KF 

and NaOH have proven to be the most suitable additives. The authors suggested that after 

cleavage of the sulfur ring, disulfide dianions (116) are generated, followed by the exchange of 

K+ and Na+ to Cu+. The resulted Cu2S2 (117) is considered the active sulfurating species in the 

reaction, also proposed in other papers.84,85 

 

Scheme 19: Multicomponent synthesis of unsymmetrical diaryl thioethers (112) 

 

Recently, a few synthetic methods appeared in the literature where presumably trisulfur radical 

anions (119) are involved.86,87 Zhang and co-workers revealed the mild cyclization of 

1,3-diynes (120) to thiophenes (121) with sulfur in the presence of excess NaOtBu in a mixture 

of tBuOH and DMF under inert conditions (Scheme 20).88 Performing control reactions with 

radical scavengers and EPR (electron paramagnetic resonance) measurements of the in situ 

generated sulfur intermediates, they concluded that the active species in the reaction is most 

likely 119. 

 

Scheme 20: Application of trisulfur radical anions (119) in the preparation of thiophenes 

(121) 

 



- 24 - 

 

1.3.3.  Sulfur in redox processes 

Sulfur exhibits a wide scale of oxidation states from -2, such as thiols and sulfides, through 

neutral sulfur and polysulfanes to sulfates in which sulfur has an oxidation state of +6.89 The 

feature of sulfur to access different oxidation states enables its application as a mediator in 

redox processes. Recently, Nguyen and co-workers introduced a new, solvent-free MCR for the 

synthesis of benzothiazoles 122 starting from ortho-halonitrobenzenes (123), sulfur and 

aldehydes (124, Scheme 21).90 

 

Scheme 21: Redox equation of the multicomponent synthesis of benzothiazoles (122) using 

sulfur 

 

Here, sulfur acts not only as a building block, but fills in the electron gap of the redox process 

in two ways: by its reduction to -2 and oxidation to +6 oxidation states.91 Sulfur is responsible 

for both the reduction of the nitro group and the oxidation of the aldehyde balancing the 

six-electron transfer process. The authors proposed the formation of SO3 captured by excess 

N-methylmorpholine (NMM) in the reaction (125), supported by sulfate test and the detection 

of sulfonylated side-products. Based on the original reaction, Nguyen and co-workers and other 

research groups developed alternative protocols. Demonstrating the robustness and versatility 

of the reaction, they replaced the aldehyde 124 with other carbon synthons, such as 

methyl-heteroarenes, benzylamines, phenylacetic acids, benzyl chlorides and acetophenones 

leading to minor modifications.90–95  

Making benefit from the electrochemical potential of the S4
• –/S4

2– and S3
• –/S3

2– redox couples, 

Chiba and co-workers used sulfur as a photoredox catalyst in a biaryl cross-coupling reaction 

under visible light irradiation in the presence of NaOtBu (Scheme 22).96 Although they 

screened the scope of the reaction applying potassium sulfide as sulfur source, the optimization 

also showed the feasibility of the reaction using sulfur. 
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Scheme 22: Application of sulfur as a photoredox catalyst in biaryl cross-coupling reactions 

 

1.3. Isothiocyanates 

Isothiocyanates (ITCs) are biologically active molecules occurring in cruciferous vegetables 

such as broccoli, watercress, cabbage and cauliflower suggested to have anti-tumour 

activity.97-99 They are represented among natural products and pharmaceutical ingredients by 

the biologically relevant welwitindolinone and hapalindole alkaloids isolated from various 

algae species.100 Notably, glucosinolates, found as secondary metabolites in almost all plants 

contain the –S-C(R)=N- functional group that act as precursor for various ITCs.101,102 Tissue 

damage of the plant promotes myrosinase enzyme activity as a defence mechanism triggering 

the degradation of glucosinolates releasing e.g. allyl, benzyl, phenethyl ITC or Sulforaphane.103 

Sulforaphane, in particular, showed neuroprotective activity in the treatment of the 

neurodegenerative Alzheimer’s and Parkinson’s diseases.98,104 Moreover, ITCs express 

significant antiproliferative activity as well,99,105 and the anti-microbial nature of certain ITCs 

makes them useful in food preservation.106 Recently they have also been applied as covalent 

warheads for labelling cysteine or lysine residues in medicinal chemistry and chemical biology 

applications.107–110 Notably, due to their high and versatile reactivity, they are widely used as 

intermediates in organic synthesis.111,112 ITCs readily react with nucleophiles, participate in 

cycloadditions leading to diverse heterocycles or are used in polymer chemistry.113 

 

1.3.1. Synthesis of ITCs 

The synthesis of ITCs (129) generally relies on the reaction between thiophosgene (130) or CS2 

(131) and amines (132), thus involves the use of highly toxic reagents with narrow functional 

group compatibility (Scheme 23, A).114–118 Decomposition of thiocarbamates (133) or 

dithiocarbamates (134) with various reagents offers a good alternative, however, this approach 

first requires the synthesis of the appropriate precursors (Scheme 23, B).119–122 Several 

thiocarbonyl transfer reagents appeared in the last decades to overcome these drawbacks, such 

as thiocarbonyl-diimidazole or dipyridin-2-yloxymethanethione (135, Scheme 23, C).123,124 
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Nitrile oxides (136) react with thiourea (137) to afford 129 and harmless urea, but one should 

note that the instability of 136 leads to many by-products, turning this approach less attractive 

(Scheme 23, D).125 The reaction of isocyanides (138) with disulfides 139 in the presence of 

thallium(I)-salts (140) as catalysts also leads to the formation of ITCs (Scheme 23, E).126 All 

these methods apply toxic and/or unstable reagents, typically have low atom efficiency, 

generate halogen waste or have narrow functional group tolerance. 

 

Scheme 23: Synthetic routes leading to ITCs (129) 

 

Elemental sulfur, however, acts as the most atom efficient surrogate to integrate the sulfur atom 

into the product.127–129 Two main approaches exist in the literature involving sulfur in the 

synthesis of ITCs (142, Scheme 24). First, the nucleophilic attack of in situ generated carbene 

functionalities (143) on sulfur provides thiocarbonyl surrogates (144) followed by their 

transformation in the presence of primary amines (145) to ITCs.130 Second, isocyanides (146), 

where the terminal carbon atom is able to act as a carbene, also undergo reaction with sulfur 

under thermal conditions or in the presence of external additives to yield ITCs. Notably, the 

addition of sulfur to formaldimines was also reported to generate ITCs, but this method is barely 

used nowadays.131,132 



- 27 - 

 

 

Scheme 24: Synthetic strategies for the preparation of ITCs (142) with sulfur 

 

The in situ preparation of thiocarbonyl surrogates from carbenes and sulfur is a convenient and 

atom efficient transformation. Besides the well-known trapping of (hetero)cyclic carbenes with 

sulfur, di- or trihalogenated compounds may release halocarbenes (143) by thermal activation 

or in the presence of additives, such as strong bases (KOH, KOtBu). Common halogenated 

reagents are chloroform (147), trifluoromethyltrimethylsilane (F3CSiMe3, 148) and the sodium 

and potassium salts of chlorodifluoroacetate (e.g. ClF2CCO2Na, 149) and bromodifluoroacetate 

(e.g. BrF2CCO2K, 150, Scheme 25).133 One should note (triphenylphosphonio)difluoroacetate 

(PDFA, 151), prepared from BrF2CCO2K with triphenylphosphine, which is a more efficient 

precursor of difluorocarbene based on Xiao and co-workers.134,135 

 

Scheme 25: Methods for dihalocarbene (143) generation 

 

Xiao and co-workers applied PDFA (151) in the convenient three-component synthesis of ITCs 

(152) starting from primary amines (153) and sulfur at 80 °C in 5 minutes in DME 

(dimethoxyethane, Scheme 26, A).136 Notably, the reaction was feasible in the absence of 

external additives, as PDFA readily decomposes to CO2, PPh3 and difluorocarbene by thermal 
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activation. Jiang and co-authors introduced F3CSiMe3 (148) as a difluorocarbene source 

(Scheme 26, B).137 Here, KF is responsible for the initiation of the reaction under ambient 

conditions in THF. 

 

Scheme 26: Synthesis of ITCs (152) from primary amines (153), sulfur and PDFA (151, A) 

or F3CSiMe3 (148, B) 

 

Zhang and Feng carried out the synthesis of ITCs (155) starting from BrF2CCO2Na 

(156, Scheme 27).138 The reaction conditions were harsh compared to the PDFA and F3CSiMe3 

based methods, resulting in the formation of 155 in 12 hours at 100 °C in the presence of copper 

catalyst and excess of base. Presumably, the role of the base is to promote the HBr elimination 

from the carbene precursor, while the copper catalyst might stabilize difluorocarbene 

(157).139,140 The authors suggested two mechanistic pathways, one through thiocarbonyl 

fluoride (154) and the other involving an isocyanide intermediate (158). In our recent review, 

we argued that based on control experiments performed by Zhang and Feng and relevant 

literature data, presumably, thiocarbonyl fluoride is not involved in the reaction.9 A more likely 

mechanism might be the transformation of the primary amine 159 into an isocyanide (158), 

which is directly sulfurated to ITCs. 

 

Scheme 27: Proposed mechanistic pathways for the formation of ITCs (155) starting from 

BrF2CCO2Na (156) 
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Interestingly, dichlorocarbene (160) is less prone to react with sulfur forming thiophosgene as 

Jiang and co-workers suggested in their study about the multicomponent synthesis of 

thioureas.141 In a control experiment, they showed that the combination of sulfur with 160 and 

sequentially with 4-toluidine (161) did not result in the formation of the ITC 162 

(Scheme 28, A). On the contrary, 162 is formed in 34% yield in the reaction of the 

corresponding isocyanide (163) with sulfur in the presence of KOtBu under mild conditions 

(Scheme 28, B). 

 

Scheme 28: Experiments for the formation of ITC 162 starting from chloroform (147) as 

carbene source and sulfur 

 

In fact, the sulfuration of isocyanides directly leads to ITCs even in the absence of additives. 

Aromatic isocyanides and sulfur afford ITCs in refluxing benzene for 3 days resulting in 

moderate yields.142 On the other hand, aliphatic isocyanides practically do not undergo any 

reaction at all.126 The application of chalcogen or transition metal catalysts, such as selenium,143 

tellurium,144 molybdenum145,146 or rhodium147 greatly facilitate the generation of ITCs offering 

excellent yields. In contrast to sulfur, in the presence of a base, selenium readily reacts with 

isocyanides (164) in refluxing THF resulting in selenoisocyanates (165), which may turn into 

ITCs (166) with sulfur in only a few hours (Scheme 29).  

 

Scheme 29: Selenium and tellurium catalyzed transformation of isocyanides (164) leading to 

ITCs (166) 
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Fujiwara and co-workers showed that selenium is indeed a necessary additive in the reaction, 

but only in a catalytic amount of 5%.143 Later they revealed the enhanced catalytic activity of 

the analogous tellurium, providing the same excellent yields using a significantly lower catalyst 

loading of 0.02%.144 

To circumvent the toxicity of the chalcogens, Stalke and co-workers introduced a base-free 

approach using a molybdenum catalyst, which they have already applied in the episulfidation 

of alkenes and allenes with sulfur.145,148,149 The reaction of isocyanides (167) and sulfur in the 

presence of catalyst 168 required 3 days in refluxing acetone, resulting in good to excellent 

yields (Scheme 30, A). The application of 169, which is presumably the active sulfur 

transferring agent in the reaction, leads to the ITC 170 in only 2.5 hours. The work of Sita and 

co-workers also supports the participation of the catalyst in the sulfur-to-isocyanide addition. 

They prepared bis(isocyanide)-Mo complexes (171) through ligand exchange, which they 

further transformed to κ-(S,C)-ITC-molybdenum complexes (172) with sulfur (Scheme 30, B). 

Presumably 172 is a key intermediate of the reaction, characterized by X-ray crystallography.146 

 

Scheme 30: Application of molybdenum catalysts in the synthesis of ITCs (170) 

 

Yamaguchi and co-workers introduced rhodium catalysts, transforming the isocyanides (174) 

to ITCs (175) in refluxing acetone after only 3 hours at 1% catalyst loading (Scheme 31).147 

Notably, they observed shorter reaction times if they refluxed sulfur in acetone for 1.5 hours 

prior to use. The activation period for sulfur probably involves the generation of polysulfides, 

followed by sulfur atom exchange promoted by the catalyst.  
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Scheme 31: Preparation of ITCs (175) from isocyanides (174) and sulfur in the presence of 

rhodium catalysts 

 

These approaches on the other hand suffer from the use of heavy metals, toxic chalcogens, 

special catalysts and/or long reaction times. On the other hand, Al-Mourabit and co-workers 

established the three-component protocol for the synthesis of thioureas (180) starting from 

isocyanides (181), aliphatic amines (182) and sulfur (Scheme 32).150 They proposed two 

mechanistic pathways, one through a nitrilium cation intermediate (183) resulted from the 

nucleophilic attack of 181 on sulfur (Scheme 32, A). The electrophilic adduct 183 then reacts 

with 182 affording the ITC. On the other hand, aliphatic amines might generate nucleophilic 

polysulfide anions (184) from sulfur at first, thus switching the reactivity, the isocyanide being 

the electrophile and sulfur the nucleophile (Scheme 32, B). In the absence of external additives 

the reaction would require significantly higher thermal activation, thus the absence of catalyst, 

the mild conditions and the presence of a known sulfur activator supports the latter 

assumption.126,142 

 

Scheme 32: Proposed mechanistic pathways for the nucleophile induced formation of 

thioureas (180) starting from isocyanides (181), aliphatic amines (182) and sulfur 
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1.3.2. Derivatization of ITCs with nucleophiles 

ITCs (186) as slightly less reactive analogs of isocyanates (-N=C=O) belong to the class of 

electrophilic heteroallenes.151 Their convenient reactions with nucleophiles, such as alcohols, 

thiols and amines lead to the corresponding thio-, dithiocarbamates and thioureas respectively 

(187–189, Scheme 33). 

 

Scheme 33: Preparation of thiocarbamates (187), dithiocarbamates (188) and thioureas (189) 

from ITCs (186) 

 

O-Thiocarbamates belong to a class of important biologically active molecules, represented by 

both agricultural and pharmaceutical fungicides, such as tolnaftate or tolciclate 

(Scheme 34).152,153 In addition, studies about their antitumor and enzyme inhibitory effects, 

including HIV1 reverse transcriptase inhibition activity appeared in the literature.154–160 Their 

application recently expanded to potent H2S donors in biological systems.161 In the synthesis of 

the antibiotic platencin, Sridhar and co-workers used the thiocarbamate functionality as an 

intermediate in the two-step removal of a hydroxyl group.162  

  

Scheme 34: Examples of important thiocarbamate, dithiocarbamate and thiourea containing 

molecules 
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Notably, Mukuta and co-workers applied thiocarbamate as precursor for the synthesis of a 

thiosemicarbazide intermediate in a scaled-up procedure of nearly 20 kg.163 The 

dithiocarbamate structural moiety occurs in biologically active molecules widely applied as 

fungicides, herbicides, pesticides164–167 and in some cases as enzyme inhibitors or antitumor 

agents.168,169 They also found usage as chemosensors for mercury and silver.170,171 Thioureas 

are important pharmaceutical and agrochemical intermediates and active ingredients 

represented by algicides, fungicides, the insecticide chloromethiuron and the marketed drug 

thiocarlide (Scheme 34).172–176 In addition, they are key synthetic precursors of nitrogen and 

sulfur containing compounds, such as functionalized amidines, pharmacologically relevant 

benzothiazoles, 2-aminothiazoles and tetrazoles.177–180 Notably, in the last two decades 

thioureas were also applied as highly selective and efficient organocatalysts.181–184 

Traditionally, the synthesis of thiocarbamates, dithiocarbamates and thioureas may be classified 

as addition-elimination or addition reactions. The addition-elimination reactions mostly rely on 

halogenated precursors including thiophosgene,185 thiocarbamoyl-chlorides,186 

chlorothionoformates, carbon disulfide or chlorodithioformates.187–189 However, these methods 

suffer from the formation of toxic, malodorous and/or extremely corrosive by-products 

generated by the elimination of the halogen atoms. One should note that the application of these 

halogenated thiocarbonic acid derivatives might be dangerous and require thorough precaution. 

Addition reactions, however, offer environmentally more benign and safer methods, such as the 

reaction of amines with potassium thiocyanate190 or ITC.191–193 Nonetheless, only a few 

examples can be found in the literature starting from thiocyanates, and regarding ITCs the 

preparation of the reagent is required as an additional reaction step before. Kobayashi and 

co-workers established the one-pot synthesis of cyclic O-thiocarbamates (190) starting from 

isocyanides (191, Scheme 35).194  

 

Scheme 35: One-pot synthesis of 4,5-dihydro-3,1-benzoxazepine-2(1H)-thiones (190) from 

isocyanides (191) and sulfur 
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After the selenium catalyzed synthesis of ITCs (192) they subsequently added NaH to the 

reaction mixture resulting in the formation of 4,5-dihydro-3,1-benzoxazepine-2(1H)-thiones 

(190). 

Recently a couple of innovative, multicomponent procedures appeared for the synthesis of 

thioureas. Ji and co-workers developed a cobalt‐catalyzed method starting from isocyanides 

(193), sulfur and aromatic and aliphatic amines (194) under oxidative conditions 

(Scheme 36).195 They suggested that the in situ generated nitrilium cation (195) is the key 

precursor, which affords the corresponding thioureas (196) in the reaction with sulfur. Although 

they refer to sulfur as a good nucleophile, having similar reactivity than water, there is no 

evidence that the reaction follows this exact pathway. One should note the absence of efficient 

nucleophilic activators in the synthetic setup and as the authors suggest, the involvement of 

radicals in the reaction is better established. 

 

Scheme 36: Cobalt-catalysed method for the multicomponent synthesis of thioureas (196) 

with sulfur and the proposed key intermediate 195 

 

The one‐pot procedure of Tan and co-workers starts from readily available amines 

(197 and 198) and chloroform (147) as carbon source under inert conditions (Scheme 37).141 

Presumably, the reaction goes through the in situ generation of isocyanide, which is sequentially 

transformed to ITC. I discussed the mechanism in detail in Chapter 1.3.1 (page 29, Scheme 28). 

 

Scheme 37: One-pot synthesis of thioureas (199) starting from amines (197 and 198), sulfur 

and chloroform (147) 

 



- 35 - 

 

One should note that these two methods and the multicomponent approach reported by 

Al-Mourabit and co-workers (page 31, Scheme 32) require catalysts,150 organic solvents and 

inert conditions. In particular, as a huge limitation of the latter method, the preparation of diaryl 

thioureas is not available due to the reduced nucleophilic behavior of anilines and heteroaryl 

amines under the applied conditions. Moreover, the excess of sulfur makes chromatography 

indispensable as crystallization from an organic solvent is not suitable for the removal of sulfur. 

In general, the need remained towards an all-round, convenient, environmentally benign and 

preferably chromatography-free method for the synthesis of thioureas. 

 

1.3.3. Synthesis of 2-iminothiazolines and 2-aminothiazoles in MCRs 

2-Iminothiazolines are biologically active compounds represented by selective cannabinoid 

receptor type 2 (CB2) agonists,192,196–198 carbonic anhydrase (CA), cyclooxygenase (COX) and 

lipoxygenase (LOX) inhibitors.199–203 They also appear in anticancer and antithrombotic 

agents,204–206 HIV1 reverse transcriptase inhibitors and fungicides.207,208 Similarly, related 

2-aminothiazoles show antiproliferative,209–212 antibacterial,213 anticonvulsant, antidiabetic, 

antihypertensive, anti-inflammatory, antiviral, antimicrobial and neuroprotective activities.214 

In particular, they are represented by the marketed antiviral and antiparasitic drug nitazoxanide, 

the β3 adrenergic receptor agonist mirabegron, the antileukemic dasatinib and the antiulcer 

famotidine (Figure 4).4 

 

Figure 4: Representative examples for biologically relevant 2-iminothiazolines and 

2-aminothiazole derivatives 

 

The Hantzsch thiazole synthesis of thioamides with 2’-bromoacetophenones (200) is a popular 

transformation due to its robust nature.215,216 Replacement of thioamides with structurally 
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related N,N’-disubstituted thioureas (201) leads to 2-amino substituted iminothiazolines (202), 

while unsubstituted and N-monosubstituted thioureas lead to 2-aminothiazoles 

(203, Scheme 38). 

 

Scheme 38: Preparation of 2-iminothiazolines (193) and 2-aminothiazoles (194) in the 

Hantzsch thiazole synthesis 

 

The two-step process begins with the alkylation of sulfur, followed by the intramolecular 

cyclization, the driving force of the reaction being the irreversible elimination of water 

(Scheme 39). Patel and co-workers showed in their study, that the regioselectivity is driven by 

the pKa values of the NH protons, particularly, the more basic nitrogen participating in the 

formation of the heterocycle.208,217,218  

 

Scheme 39: Mechanism and regioselectivity in the Hantzsch thiazole synthesis; the pKa 

values refers to those of aniline (4.6), 4-methylaniline (4.8), α-naphtylamine (3.9) and 

benzylamine (9.3) respectively 
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Similar pKa values of nitrogen atoms lead to a mixture of regioisomers, however, it seems that 

less than one magnitude difference in the basicity is enough for a selective reaction. 

Several variations of the original synthetic method have been developed, like solid supported 

syntheses208,219 base-catalyzed and aqueous methods.220–222 Considering green chemistry 

principles and synthetic efficiency, I will only focus on one-pot and multicomponent 

approaches that have been designed by the in situ synthesis of thioureas or α-haloketones. Raja 

and co-workers, Samimi and co-workers and Heravi and co-workers reported the one-pot 

preparation of 2-iminothiazolines (214), based on the in situ generation of thioureas (215) from 

amines (216) and ITCs (217) followed by the ring annulation with 2’-bromoacetophenones 

(218, Scheme 40, A).223–225 Appalanaidu and co-workers applied carbon disulfide (131) in the 

microwave-assisted preparation of symmetrical thioureas and the subsequent ring-closure in the 

one-pot synthesis of 2-iminothiazolines (Scheme 40, B).226 Recently, Kumar and co-workers 

developed a MCR based on the in situ transformation of terminal acetylenes (219) to aryl 

iodoalkynes (220) for the ring annulation, leading to 2-iminothiazolines with N,N’-disubstituted 

thioureas (Scheme 40, C).227 Regarding 2-aminothiazoles (221), De Andrade and co-workers 

reacted N-monosubstituted thioureas (222) with in situ synthesized 2’-bromoacetophenones 

(223) starting from styrenes (224) and tribromoisocyanuric acid (TBCA, 225) in water 

(Scheme 40, D).228 Finally, Fu et al. synthesized 5-acyl-2-aminothiazoles using sulfur and 

cyanamide (226) in a multicomponent reaction (Scheme 40, E).229 At page 42, Scheme 45 I 

discuss this latter transformation in detail. Although these approaches provide the desired 

products efficiently, they offer limited substrate scope. They either enable the generation of 

only symmetrical thioureas or require the preparation and handling of highly toxic ITCs. Other 

approaches offer only one or two positions of variability, thus benefit merely from a limited 

chemical space. Moreover, the application of toxic and hazardous solvents or inert conditions 

and long reaction times urges for the development of an all-purpose and convenient synthetic 

procedure leading to structurally diverse 2-iminothiazolines and 2-aminothiazoles. 
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Scheme 40: One-pot and multicomponent approaches for the synthesis of 2-iminothiazolines 

(214), 2-aminothiazoles (221) 

 

1.4. Reaction of electron-deficient alkenes with sulfur 

Electron-deficient alkenes undergo nucleophilic and radical reactions with sulfur. Penczek and 

co-workers bubbled ammonia gas through a mixture of sulfur and DMF and investigated the 

reaction after the addition of acrylonitrile (228, Scheme 41).230 Although they mention the 

appearance of sulfur bridges involving more than 3 sulfur atoms, they only isolated the 

symmetrical trisulfide 229 as main product in 49% yield from a pseudo MCR. This type of 

MCRs involve the incorporation of identical starting materials, in particular, two acrylonitriles 

in this case. 
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Scheme 41: Reaction of acrylonitrile (228) with sulfur 

 

In the last 5 years several new methods appeared in the literature, using α,β-unsaturated 

carbonyl compounds, such as chalcones or β-oxo-enamines as starting materials, which are 

suitable for divergent synthetic applications. In particular, the reaction of chalcones (230) with 

sulfur gave access to sultams (231), benzothiophenes (232), thioaurones (233), dithioles (234) 

and thiophenes (235 and 236, Scheme 42). The careful selection of reaction conditions enables 

the selective synthesis of the heterocycles. 

 

Scheme 42: Divergent synthetic routes starting from chalcones (230) and sulfur 

 

The reaction of 2-nitrochalcone (237) with sulfur demonstrates the crucial effect of the base on 

the course of the reaction.231 In the presence of relatively weak bases 3-picoline or NMM, the 

reaction led to the formation of sultams 231. The authors suggested that Michael-addition of 

the base might be the first step of the reaction. The stabilized nucleophilic adduct (238) is 
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responsible for the generation of polysulfides (239), inducing the multistep cyclization leading 

to 231 (Scheme 43, A). On the other hand, N,N-diisopropylethylamine (DIPEA) promote the 

reaction by generating polysulfide anions (240), which performs a nucleophilic attack on the 

α-carbon of 237 (Scheme 43, B).232 Here, in contrast to the synthesis of sultams, the nitro group 

acts a leaving group in a SNAr reaction, providing benzothiophenes 232 (Scheme 42). Having 

the ortho-nitro group on the phenyl ring adjacent to the carbonyl group gives access to the 

preparation of thioaurones (233, Scheme 42).233 The Michael-addition of triethylamine on the 

substrate initiates the reaction as proposed on Scheme 43, followed by the nucleophilic 

activation of sulfur. In contrast to the mechanism on Scheme 43 (A), here, the next step is the 

nucleophilic substitution of the nitro group. The authors observed the enhancing effect of 

DMSO, lowering the reaction temperature from 80 °C to room temperature. Applying the same 

reaction conditions, they demonstrated the preparation of benzothiophenes 232 at room 

temperature on a single compound. Although the positive effect of DMSO is obvious, the exact 

mechanism remains unclear. In the absence of the nitro group, a similar reaction setup of 3 eq. 

of DMSO and only 10 mol% of triethylamine or DABCO provided tetrasubstituted 1,3-dithioles 

(234, Scheme 42).234 

 

Scheme 43: Mechanistic insights on the role of the base in the formation of sultams (231) and 

benzothiophenes (232) 

 

Control experiments revealed that weaker bases, such as NMM and pyridine did not promote 

the reaction, which suggests the involvement of the nucleophilic activation of sulfur by the 

base. Finally, Phan and co-workers observed the generation of binary mixtures of thiophene 

regioisomers (235 and 236) in excellent yields in the 2,2,6,6-tetramethylpiperidine (TMP) 
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induced radical cyclization of chalcones (Scheme 42).86 UV-VIS measurements and control 

experiments with radical scavengers suggested the involvement of trisulfur radical anions. 

β-Oxo-enamines (242) are also suitable for divergent synthetic designs in the reaction with 

sulfur, demonstrated by six papers in the last three years (Scheme 44).229,235–239 New methods 

for the synthesis of thiazoles (243 and 244), α-keto thioamides (245), 1,2,3-thiadiazoles (246) 

and thiazole-2-thiones (247) appeared in the literature recently.  

 

Scheme 44: Divergent synthetic routes starting from β-oxo-enamines (242) and sulfur 

 

β-Oxo-enamines may tautomerize to 249, which is presumably responsible for the activation of 

sulfur resulting in 250, the common intermediate of most reactions (Scheme 45). Varying the 

applied reaction conditions and the substitution pattern, one may control the regioselectivity of 

the intramolecular cyclizations. For example, the presence of air and catalytic amount of 

anhydrous FeCl3 promotes an oxidation that leads to polysubstituted thiazoles (243) in an 

intramolecular cyclization (Scheme 45, A).235 Yu and co-workers applied tert-butyl 

peroxybenzoate (TBPB) in the reaction of N-trisubstituted β-oxo-enamines, which also 

provided dihydrothiazole key intermediates 251.236 If the 2nd position of the ring is 
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unsubstituted, the oxidation leads to thiazole carbenes (252), which may react with sulfur 

resulting in the formation of thiazole-2-thiones (247, Scheme 45, B). Zhou and co-workers 

showed that tosylhydrazone is able to exchange the amino group in a transamination reaction, 

incorporating two adjacent nitrogen atoms, which eventually lead to the formation of 

1,2,3-thiadiazoles (246, Scheme 44).237 

 

Scheme 45: Synthesis of thiazoles (243) and thiazole-2-thiones (247) from β-oxo-enamines 

(242) with sulfur 

 

Under oxidative conditions, but without FeCl3 catalysis, Wan and co-workers synthesized 

α-keto thioamides (245) by means of C-C bond cleavage (Scheme 44).238 In their proposed 

mechanism, the intramolecular attack of sulfur leads to the thiirane key intermediate 255 

(Scheme 46, A). Under inert atmosphere, cyanamide (226) as an external nucleophile performs 

a nucleophilic attack on the imine intermediate 250 (Scheme 46, B). Ji and co-workers reported 

a synthetic method towards the preparation of symmetrical thioethers 248 by sulfuration of a 

C(sp2)-H bond.239 Although control experiments revealed, that no key radical intermediates are 

involved in the reaction, and oxygen does not contribute to the transformation, the mechanism 

remains unclear. 
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Scheme 46: Synthesis of α-keto thioamides (245) and 2-aminothiazoles (244) from 

β-oxo-enamines with sulfur 

 

Overall, the careful examination of literature data revealed that a great synthetic potential lies 

in the reaction of electron-deficient alkenes with sulfur. Most reactions goes through common 

key intermediates, enabling the application of the SRR concept. Most importantly, the 

published methods cover only a small part of the relevant chemical space, the reactivity of 

various easily accessible electron-deficient unsaturated structures remained undisclosed. 

Representative examples may be acrylamides and vinylketones (257), vinylsulfones (258), and 

electron-deficient heterocyclic olefins (259, Scheme 47). 

 

Scheme 47: Representative examples for electron-deficient alkenes as potential substrates in 

the reaction with sulfur 
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Chapter 2. Results and Discussion 

2.1. Aims and objectives 

The emerging need for greener and robust chemical reactions and processes promoted the 

replacement of traditional sulfurating reagents to elemental sulfur due to its higher atom 

efficiency, non-toxic nature and convenient handling. Moreover, MCRs offer an easy option to 

generate complex structures in one technological step, excluding the work-up and purification 

of intermediates. The aim of my PhD research was to design and execute new sulfur-based 

MCRs and discriminate them from the state-of-the-art. Development of the new MCRs is 

followed by the investigation of their scope and limitation by synthesizing small compound 

libraries of a wide chemical space. My work also includes the isolation and characterization of 

the products by 1H-, 13C-NMR and melting point measurements. 

The major part of the thesis discusses the new, catalyst–free transformation of isocyanides to 

ITCs with sulfur and the application of this transformation in MCRs. I planned to accomplish 

the multicomponent synthesis of thiocarbamates, dithiocarbamates, thioureas, 

2-iminothiazolines and 2-aminothiazoles through in situ generated ITCs. In addition, my goal 

was to introduce the aqueous solution of sulfur made from sulfur and organic bases. Applying 

this sulfurating reagent, I envisioned the chromatography-free and continuous-flow (CF) 

synthesis of thioureas. Further elaboration of this method leads to the aqueous four-component 

cascade synthesis of diversely substituted 2-iminothiazolines and 2-aminothiazoles in a 

chromatography-free manner. Besides, I planned to develop a new pseudo MCR starting from 

electron-deficient olefins and sulfur, leading to aliphatic thiols. Taking advantage of this new 

chemical reaction, I hypothesized the secondary transformation of aliphatic thiols leading to a 

diverse set of sulfur containing compounds in a one-pot manner. 
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2.1. Synthesis of thio- and dithiocarbamates 

Inspired by the MCR synthesis of thioureas by Al-Mourabit and co-workers 

(page 31, Scheme 32),150 we were interested in extending this approach for the preparation of 

thio- and dithiocarbamates following the SRR concept (page 10, Chapter 1.1). The original 

method for the synthesis of thioureas relies upon the nucleophilic attack of primary and 

secondary aliphatic amines (182) on sulfur, generating nucleophilic polysulfide anions 

(184, Scheme 48). The polysulfides efficiently transform the isocyanides (181) to ITCs (185) 

under mild conditions that sequentially acylate the amines providing thioureas (180). Therefore, 

this reaction setup is not suitable for the introduction of other nucleophiles, as they would be 

competitive with the amines in the reaction with ITCs. The presence of alcohols or thiols would 

lead to product mixtures of thioureas and thio- or dithiocarbamates. Hence, we aimed to replace 

primary and secondary aliphatic amines with other additives for the activation of sulfur not 

interfering with the reactive ITCs. As we wished to exclude the application of toxic and 

expensive metal catalysts (page 25, Chapter 1.3.1), we turned our attention to nucleophilic 

bases, which are unlikely to react with ITCs under the expected, mild reaction conditions. 

Moreover, the additive had to be able to deprotonate aliphatic alcohols and thiols facilitating 

their nucleophilic addition to ITCs. The corresponding isocyanides were either acquired from 

commercial sources or have been synthesized in house. Notably, we successfully applied the 

recently developed method of Dömling and co-workers for gram-scale synthesis of 

2,6-dimethylphenyl isocyanide (page 12, Scheme 5). 

 

Scheme 48: Plan to expand the multicomponent synthesis of thioureas to wider applications 

 

First, we established the model reaction of 2,6-dimethylphenyl isocyanide (261), sulfur and 

methanol (262) leading to thiocarbamate 263 and started the optimization by selecting a suitable 

additive (Table 2). Following the progression of the reaction by HPLC-MS, we could detect 
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the conversion of the starting isocyanide, the appearance of the in situ generated ITC 

intermediate (264) and the product. Eventually, we selected NaH as the most efficient base for 

both activating sulfur and deprotonating methanol, leading to the desired thiocarbamate in an 

excellent 94% isolated yield (Table 2, entry 1). Notably, this protocol enabled a novel, 

catalyst-free, mild method for the generation of ITCs starting from isocyanides and sulfur. 

Application of Cs2CO3, tertiary amines and surprisingly even NaOEt led only to the formation 

of the ITC (264, Table 2, entries 2–5). In the absence of base, no reaction occurred 

(Table 2, entry 6). The reaction provided the thiocarbamate in excellent yields in THF, MeTHF 

and MeCN, offering a reasonable flexibility in the reaction design (Table 2, entries 1, 7, 8). 

Switching to dioxane, MTBE, toluene or DCM significantly decreased the yields 

(Table 2, entries 9–12).  

 

Table 2: Optimization of the multicomponent synthesis of O-thiocarbamates 

  

Entry Base Solvent 
Yield[a,b]  

[%] 

1 NaH THF 94[c] 

2 Cs2CO3 THF 0 (26)[d] 

3 DIPEA THF 0 (30)[d] 

4 DBU THF 39 

5 NaOEt THF 0 (53)[d] 

6 - THF n.r. 

7 NaH MeTHF 87[c] 

8 NaH MeCN 92[c] 

9 NaH Dioxane 67 

10 NaH MTBE 29 

11 NaH Toluene 12[c] 

12 NaH DCM 30 

[a] Reaction conditions: 261 (1 mmol), sulfur (2 mmol), 262 (2 mmol), base (2 mmol), solvent (3 mL), 2 h, under 

argon atmosphere at 40 °C. [b] Isolated yields. [c] Average of two runs. [d] Yield of ITC intermediate 264. n.r. = 

no reaction. 
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The complete optimization is available at page 94, Table 9 in the experimental section and 

reference 240, involving 9 more experiments performed at different temperatures and reagent 

excess.240 These data suggested to conduct the reaction at 40 °C in THF under argon atmosphere 

in the presence of 2 equivalents of NaH, sulfur and methanol. 

Next, we investigated the substrate scope of the reaction, starting with various isocyanides 

(265, Scheme 49). Applying aromatic isocyanides equipped by both electron-withdrawing and 

donating groups, we did not observe any evident electronic effects, obtaining the desired 

thiocarbamates in good to excellent yields (266–268, 63–94%). The reaction tolerated the 

ortho-positioned aromatic iodine as well (268, 94%), confirming the lack of significant steric 

inhibition around the reaction center. The aliphatic cyclohexyl and tert-butyl isocyanide led to 

the thiocarbamates 269 and 270 in 82% and 54% yield, respectively. The yield dropped 

significantly when moving from primary alcohols (271, 85%) to secondary (272, 52%) and 

tertiary ones (273, 45%). In our assumption, the lower stability of the conjugate base or steric 

hindrance around the nucleophilic center may be the reason for the lower yields.  

 

Scheme 49: Scope of isocyanides 265 and alcohols 286 in the multicomponent synthesis of 

O-thiocarbamates (266–285) 
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Application of allyl alcohol and ethylene glycol led to the expected thiocarbamates 274 and 275 

in 72% and 34% yields. In the latter case, though, we did not obtain any dimers, only 

unidentified side products. Surprisingly, phenol did not react, we only observed the ITC 

intermediate 264 by HPLC-MS. We designed several different reaction setups that may enable 

the synthesis of O-aryl products. Initially, we applied DBU in refluxing dioxane, as this base 

was able to provide the appropriate aliphatic O-thiocarbamate before in THF (Table 2, entry 4), 

but this scenario led only to the formation of the ITC intermediate again. We did not observe 

the appearance of the product using triethylamine in refluxing MeCN or NaOH in dimethyl 

sulfoxide (DMSO) at 70 °C.34 We assume that the delocalization of the negative charge of the 

oxygen around the aromatic ring may explain its lower reactivity compared to that of aliphatic 

alcoholates. Therefore, we have turned our attention to various benzylic alcohols in order to 

investigate the functional group tolerance of the reaction. The unsubstituted benzyl alcohol 

provided 276 in 74% yield and to our delight, the reaction tolerated the presence of both 

aromatic halogen atoms and the nitrile group (277–281, 62–89%). We detected multiple by-

products during the preparation of the nitro derivative (282), which was isolated in 30% yield 

that might be explained with possible reductive side-reactions caused by sulfur. Benzylic 

alcohols equipped with methoxy groups led to the corresponding thiocarbamates in lower yields 

(283–285, 34-56%), possibly because of the decreased stability of the conjugate base. 

Next, we aimed to extend the developed method to the synthesis of dithiocarbamates with thiols 

as nucleophiles. The optimal conditions used for the synthesis of thiocarbamates have not led 

to the desired product (286) in the model reaction of 261, sulfur and benzylthiol. Presumably, 

the hardness of the oxygen and the relative softness of the sulfur atom might explain the 

difference between the reactivity of the thiol and the alcohol.241 Since only the ITC 264 was 

detected, we performed a brief optimization. Eventually, switching to NaOH in DMAc and 

raising the temperature to 70 °C resulted in the formation of 286 in 45% yield. In addition, 

reducing the excess of sulfur from 2 equivalents to 1.2 had positive effects on the conversion 

leading to 286 in 59% yield. Notably, at elevated temperatures sulfur may act as an oxidant that 

might have partially compromised the reaction. The complete optimization with further 9 

reactions is available at page 95, Table 10 in the experimental section and at reference 240. 

Next, we turned our attention to the synthesis of several dithiocarbamate derivatives using 

aliphatic thiols (Scheme 50). One might notice the same trend as in the case of 

compounds 271-273, in particular, the primary thiols giving the highest yields 

(286 and 287, 59% and 65%), while in the case of secondary and tertiary thiols the products 

were isolated in lower yields (288–290, 22–51%). In every case the full conversion of the 
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isocyanide to the ITC intermediate was observed by TLC and HPLC-MS, however, thiophenol, 

likewise to phenol was unreactive under the standard reaction conditions. 

 

Scheme 50: Scope of thiols (291) in the multicomponent synthesis of dithiocarbamates 

(286-290) 

 

We consistently observed the ITC intermediate in the reactions above 

(pages 46, 47 and 49, Table 2, Scheme 49, Scheme 50), therefore, applying the optimized 

conditions in the absence of methanol, we isolated 264 in 85% yield (Scheme 51, A). The 

analogous reaction of Jiang and co-workers with KOtBu in tBuOH/dioxane at 55 °C for 6 hours 

resulted in the desired ITC in only 34% yield (page 29, Scheme 28).141  

  

Scheme 51: Control experiments for the multicomponent synthesis of thio- and 

dithiocarbamates 
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To gain further insight into the reaction mechanism, we performed a few control experiments. 

Replacing sulfur with Na2S (292) provided only traces of 263, suggesting that sulfide anions 

are not the active species in the reaction (Scheme 51, B). Presumably, NaH may produce 

polysulfide anions, which are responsible for the sulfuration of the isocyanide, similarly to the 

mechanism proposed for the synthesis of thioureas (page 45, Scheme 48). The ITC 264 did not 

undergo reaction with methanol (262) in the absence of a base, proving that deprotonation of 

the alcohol is also necessary for the formation of thiocarbamates (Scheme 51, C). In the 

presence of NaOEt only ITC was generated (page 46, Table 2, entry 5) that suggested the base 

activated sulfur, however, was unable to react with 264. Although we suspected that THF might 

not be the best solvent in this reaction setup, we got the same observations applying MeCN or 

30% ethanol in THF (Scheme 51, D). 

Following the progress of the reaction in time by HPLC-MS revealed that the ratio of the 

intermediate ITC 264 remained below 10% compared to the starting material 261 and the 

product 263, based on HPLC-MS UV peak area, integrated at 200 nm (Figure 5). This 

observation suggests that the rate-limiting step of the MCR is the generation of the ITC 

intermediate and it rapidly transforms to the thiocarbamate 263.  

 

Figure 5: Progress of the synthesis of 263; Percentage of the compounds measured by 

HPLC-MS, UV peaks integrated at 200 nm 

 

The robustness of the reaction was further demonstrated by synthesizing 263 on a 20 mmol 

scale in 74% (Scheme 52, A). In addition, we envisioned the wider applicability of the method, 

particularly in subsequent secondary transformations. Performing the multicomponent domino 

annulation starting from isocyanide 261, sulfur and methyl anthranilate (293) in DMSO in the 
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presence of NaOH at 85 °C we obtained 3-(2,6-dimethylphenyl)-2-thioxo-2,3-

dihydroquinazolin-4(1H)-one (294), a new quinazolinone derivative in 40% yield 

(Scheme 52, B). These heterocycles are known for their use as antitumor, anticonvulsant or 

epidermal growth factor receptor tyrosine kinase inhibitory agents, c-Jun N-terminal kinase 

(JNK) inhibitors or 5-HT3 antagonists.242–246  

 

Scheme 52: Scale-up preparation of 263 (A) and the multicomponent synthesis of thioxo-

dihydroquinazolin-4(1H)-one 294 (B) 

 

Based on the above experimental results and previous reports150, we proposed a possible 

reaction mechanism (Scheme 53). Initially, the reaction of sulfur and NaH generates 

polysulfide anions (296) that are able to attack the carbenoid carbon atom of the isocyanides 

(265) to yield the ITC intermediates 297. Then the nucleophile (298, particularly alcohol or 

thiol in our cases) present might perform a nucleophilic addition on 297 providing thio- and 

dithiocarbamates 298. 
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Scheme 53: Proposed mechanism for the generation of ITCs (297) from isocyanides (265) 

and sulfur, and their subsequent transformation with nucleophiles (298) 

 

Overall, we have realized an efficient and convenient MCR for the synthesis of 

O-thiocarbamates and dithiocarbamates under mild reaction conditions. The robustness of the 

reaction enabled a 20-fold scale-up and good functional group tolerance to halogen, olefin and 

nitrile groups among others. Moreover, the efficient generation of ITCs from isocyanides and 

sulfur enable its application in secondary transformation with various nucleophiles. In fact, we 

have revealed a catalyst-free, mild and practical synthetic method for the preparation of ITCs. 

Encouraged by these results, we became interested in taking advantage of this reaction, 

designing new efficient MCRs involving ITCs. 

 

2.2. Preparation and characterization of aqueous polysulfide solutions 

Based on the efficient application of activated sulfur in synthetic transformations, we intended 

to develop further easy-to-perform sulfur based MCRs. In particular, we turned our attention 

towards greener reaction setups, enabling the presence of air and moisture and excluding the 

application of organic solvents and chromatographic purification. Considering the proposed 

structure of the anionic polysulfide chains generated from sulfur, we envisioned its aqueous 

solution as a sulfurating reagent. We assumed that an aqueous solution would enable the easy 

separation of the excess of sulfur from apolar products by extraction or filtration, hence, 

omitting chromatographic purification. Moreover, a homogeneous solution of sulfur would 

open continuous flow (CF) applications in sulfur-based reactions. 

 

2.2.1. Water as reaction medium 

The introduction of the 12 principles in green chemistry generated considerable efforts towards 

the development of environmentally friendly and sustainable organic processes. An important 

approach is to reduce the environmental impact of the reactions by decreasing or completely 

excluding  toxic and volatile organic solvents.247 Water as a reaction medium became a popular 
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choice from a green chemistry perspective due to its abundant, cheap, non-toxic and 

easy-to-handle nature.248 As most compounds in organic synthesis are practically insoluble in 

water, hydrophobic effects force them to compose aggregates having higher ground energy 

states, eventually facilitating the generation of transition states. Moreover, hydrogen bonds 

from water might also decrease the energy of transition states and in certain cases, it might be 

involved in redox processes. Reactions may be performed in water if the reactants are soluble 

in the medium, and on water in case they are not.249 In a preferable situation, the product 

precipitate from the reaction mixture, while side products, additives and the excess of the 

reactants are either retained in water or consumed completely during the process.250 The 

simplified isolation of the product makes water a useful alternative to organic solvents. In fact, 

chromatographic purification produces large waste of organic solvents and dischargeable static 

phase, therefore, developing new reaction pathways and improving existing methods to avoid 

chromatography remains an important issue from both environmental and economic point of 

view.3,251,252  

 

2.2.2. Preparation of aqueous polysulfide solutions 

Organic solvents such as methanol (MeOH), acetonitrile (MeCN) or cyclohexane are suitable 

for the preparation of solutions of sulfur up to 3–4 mM.253 Tebbe and co-workers observed an 

equilibrium between 6, 7 and 8 membered rings in polar solvents, the latter dominating in 

98-99%.76,253 Sulfur, despite having a solubility of only 156 nM at 20 °C in water, plays a 

crucial role in biological systems. This feature makes the solubilization of sulfur under aqueous 

conditions a thoroughly investigated subject.254 Kamyshny studied the relation of the 

temperature on the solubility of sulfur and increased the 6.1 nM concentration of S8 at 4 °C in 

Milli-Q water to 478 nM at 80 °C.255 Using cationic and anionic surfactants, Steudel and Holdt 

enhanced the solubility by 3 magnitudes to 827 µM concentration at 20 °C. The apolar 

hydrocarbon residues of the micelles consisting of sodium dodecyl sulfate (SDS), Tergitol 7 or 

cetrimonium bromide (CTAB) trap the intact octasulfur molecules inside the micelles. The 

authors concluded, that this phenomenon might explain how certain bacteria makes use of sulfur 

in a culture medium.254 Recently, Bolton and Pluth reached sulfur concentrations up to 2 mM 

in water using modified cyclodextrins, meaning a 13000-fold increase in solubility.256 In 

synthetic chemistry applications, however, these concentrations are still well below practical 

use, where at least a 100 mM concentration for the reagents would be desirable.257–259 

Nevertheless, we were interested in solubilizing polysulfide anions, which we assumed would 
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have a significantly higher solubility in water due to its ionic structure. Moreover, we presumed 

that chemical reactions may benefit from preactivated sulfur by shortening reaction times.  

Based on our experience in the activation of sulfur we first considered water-soluble 

nucleophilic bases for the preparation of aqueous polysulfide solution. The total of 36 bases at 

1.00 M and sulfur at 0.05 M concentration in water or in the case of solubility issues of the 

base, in water–MeCN and water–THF mixtures at 60 or 70 °C were tested under vigorous 

stirring. The full list of the bases probed is available in the supplementary information of 

reference 262.260 We found 14 bases suitable for the preparation of the homogeneous solutions 

taking 1 hour to overnight reaction times depending on the base. Inorganic bases were less 

efficient, only NaOH and Na2S provided the desired solutions (Figure 6). Tertiary amines 

(Et3N, PMDTA, N-ethylpiperidine, DABCO, quinine) or secondary amines (piperidine and 

DIPA), and amidines, such as DBU, DBN, TBD and MTBD, on the other hand conveniently 

generated the water-soluble polysulfides. Amidines, in particular, were quite effective, 

providing the solutions even in 1 hour at 60 °C. Next, we increased the concentration of sulfur, 

looking for the most efficient bases and the highest reachable concentrations. Eventually, 8 

amines were proven to be suitable for the preparation of aqueous polysulfide solutions in 

relatively high concentration, particularly, 1.00 M for the base and 0.40 M for sulfur. Although 

in a few cases we reached higher concentrations for sulfur, we considered these values 

convenient for synthetic purposes that provided easy comparisons between different reaction 

setups. 

 

Figure 6: Suitable bases for the preparation of aqueous polysulfide solutions at different 

sulfur concentrations 

 

1.00 M base

0.05 M sulfur

• Na2S

• NaOH

• TBAOH

• Piperidine

1.00 M base

0.10 M sulfur

• DABCO

• Quinine

1.00 M base

0.40 M sulfur

• DIPA

• DBU

• DBN

• TBD

• MTBD

• PMDTA

• N-ethylpiperidine

• Et3N
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The resulted homogeneous solutions generally had a dark-yellow appearance at 0.40 M sulfur 

that faded with decreasing concentrations. The color and homogeneity remained unchanged at 

room temperature for at least a week using PMDTA as base (Figure 7). 

 

 

 

 

 

 

 

 

 

Figure 7: Solid sulfur in water before treatment with PMDTA (left) and aqueous polysulfide 

solutions made of 1.00 M PMDTA and 0.10 M, 0.40 M and 1.00 M sulfur respectively 

 

We have investigated the PMDTA (300) based polysulfide solutions by 1H-NMR in D2O at 

different sulfur concentrations. Figure 8 shows the stacked 1H‐NMR spectra obtained for the 

polysulfide solutions containing 0.1 M, 0.4 M and 1.0 M sulfur together with 1.0 M neat 

PMDTA in D2O, respectively (Figure 8, A). Dissolving sulfur in 1:0.1 ratio with the base 

(Figure 8, B), upfield shifts of methylene groups 2 and 3 were observed and the signals of the 

methyl groups 1’ and 4’ merged at 2.08 ppm. Increasing the ratio of sulfur to 1:0.4 (Figure 8, C) 

and 1:1 (Figure 8, D) the methyl groups 1‘ showed a 0.13 and an additional 0.14 ppm shift 

downfield, while the methyl group 4’ moved only 0.10 and further 0.09 ppm upwards. The 

signals of the ethylene groups shifts upwards as well and start to merge around 10 % sulfur 

content indicating that the chemical difference between carbons 2 and 3 fades. Performing the 

experiments in the presence of CF3COOD instead of sulfur, we had similar observations, 

suggesting quaternization of the nitrogen atoms (see reference 262, supplementary 

information). These observations indicate that both types of nitrogen atoms might be involved 

in the nucleophilic attack on sulfur, though the terminal nitrogen atoms participate more in the 

transformation. Since the activation energy of ammonium ion formation is generally low 

(around 40–60 kJ/mol), we suppose a dynamic equilibrium between the quaternization of the 

terminal and the middle nitrogen atoms.72,261,262 
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Figure 8: Investigation of the polysulfide solutions made with PMDTA (300) and sulfur in 

D2O by 1H-NMR and the proposed interaction between PMDTA and sulfur 

 

During the preparation of the polysulfide solutions made with amidines, such as DBU, DBN, 

TBD and MTBD, we observed their literature known ring-opening hydrolysis by NMR.263 In 

the case of DBU (303), this transformation resulted in the generation of the primary amine 

1-(3-aminopropyl)azepan‐2‐one (304, Scheme 54). In fact, mild heating also promotes the 

autocatalyzed hydrolysis of amidines in the absence of sulfur, shown by Trofimov and 

co-workers.263 This suggested the application of DBU not only as base but also as building 

block.264 

A 

B 

C 

D 
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Scheme 54: Ring-opening hydrolysis of DBU (303) leading to 1-(3-aminopropyl)azepan‐2‐

one (304) 

 

2.3. Chromatography-free synthesis of thioureas 

A major issue of sulfur-based reactions is the inevitable use of chromatographic purification to 

remove the excess of sulfur. We planned to apply aqueous polysulfide solutions to facilitate the 

separation of sulfur from the product by a simple extraction or the isolation of the product by 

filtration. This approach would save solvent, exclude the discharge of solid static phase and 

lead to simple operational execution. We found the highly selective multicomponent synthesis 

of thioureas developed by Al-Mourabit and co-workers (page 31, Scheme 32) suitable for the 

validation of the concept.150 First, we envisioned that preactivated sulfur (309) might be able to 

extend the originally limited substrate scope of primary and secondary aliphatic amines to any 

desired amines (Scheme 55). Second, we aimed to omit the otherwise mandatory 

chromatographic purification by retaining the excess of sulfur in solution (310), hence 

separating the product with a simple filtration. Eventually, we realized two synthetic protocols, 

one for the polysulfide solutions made with amidines, which would instantly react with in situ 

generated ITCs due to their free primary amino group (311). In the other protocol, we applied 

the PMDTA based polysulfide solution (pages 54–56, Figure 6–Figure 8), where the base 

would probably not react with ITC intermediate under the applied conditions. This reaction 

setup allows the incorporation of any desired amines in the reaction, leading to diversely 

substituted thioureas (312). 
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Scheme 55: Process scheme for the chromatography-free multicomponent synthesis of 

thioureas 311 and 312 

  

Initially, we performed a brief optimization of the reaction conditions using 2,6-dimethylphenyl 

isocyanide (261) and the polysulfide solution made with 1.0 M DBU (303) and 0.4 M sulfur 

(Table 3). The mixture of 0.2 M of 261, 1.0 M 303 and 0.4 M sulfur at room temperature at a 

0.2 mmol scale with respect to the isocyanide, led to the full conversion of 261 in 5 hours 

followed by HPLC-MS. The efficient and selective formation of the ITC followed by the 

acylation of amines resulted in a HPLC profile containing only the excess of 303 and the 

product (316). To our delight, the thiourea 316 precipitated from the reaction mixture, enabling 

its easy separation by filtration. We removed the excess of DBU and polysulfide anions by 

washing the solid with water, resulting in the pure, crystalline product in 55% yield 

(Table 3, entry 1). Raising the temperature significantly shortened the reaction time to 2 hours 

at 40 °C and to 0.5 hour at 60 °C with an excellent 96% yield in the latter case 

(Table 3, entries 2 and 3). Reducing the excess of sulfur or the amidine resulted in the drop of 

the yield, especially below 4 equivalents for the latter component (Table 3, entries 4–6). 

Scaling up the reaction to 0.5 mmol with respect to the isocyanide led to an isolated yield of 

316 in 91% (Table 3, entry 7). The lower yield may result in from the heterogeneous nature of 

the reaction, where the dimensions of the reaction vessel and the stirring profile may have 

significant effects on the process. Moreover, we had the same observation as in the synthesis 

of thio- and dithiocarbamates, observing low concentration of the ITC intermediate 264 in the 
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reaction (page 50, Figure 5). This suggests that the rate-limiting step of the reaction is the 

generation of the ITC, which in fact acylates the amine relatively fast. 

 

Table 3: Optimization of the preparation of thiourea 316 

 

Entry 
Temp. 

[°C] 

Time 

[h] 

Molar excess of 

261 / sulfur atoms / 303 

Yield[a,b] 

[%] 

1 rt 5 1  /  2  /  5 55 

2 40 2 1  /  2  /  5 74 

3 60 0.5 1  /  2  /  5 96 

4[c] 60 0.5 1  /  1.5  /  5 85 

5[d] 60 0.5 1  /  2  /  4 93 

6[e] 60 0.5 1  /  2  /  3 76 

7[f] 60 0.5 1  /  2  /  5 91 

[a] Reaction conditions: 261 (0.2 mmol), polysulfide solution in water (1 mL, 1.0 M DBU (303)/0.4 M sulfur), 

temperature, time. [b] Isolated yields. [c] Polysulfide solution in water (1 mL, 1.0 M DBU (303)/0.3 M sulfur). [d] 

Polysulfide solution in water (1 mL, 0.8 M DBU (303)/0.4 M sulfur). [e] Polysulfide solution in water (1 mL, 0.6 

M DBU (303)/0.4 M sulfur). [f] Performed at 0.5 mmol scale respect to 261. 

 

With the optimized reaction conditions in hand we investigated the scope of polysulfide 

solutions made with other amidines (317, DBN, TBD and MTBD) and a structurally diverse set 

of isocyanides (318, Scheme 56). Using 261 in the reaction with polysulfide solutions made 

with DBN and MTBD at 60 °C provided thioureas 319 and 320 in excellent, 92% and 99% 

yields, respectively. Applying TBD as base, we obtained the desired thiourea (321) in 62% 

yield after 2 hours. The aliphatic adamantyl isocyanide reacted relatively slower, in 4 hours 

with the polysulfide solution made with DBU providing 322 in 70% yield. In this case probably 

the steric hindrance around the isocyanide or the relatively lower solubility of the apolar 

structure may lead to the longer reaction time. Next, we applied heterocyclic isocyanides 

containing indole, quinoline or pyridine ring leading to 323–325 in 67%, 72% and 50% yields, 

respectively. Notably, the reaction tolerated the aromatic bromine on the pyridine ring (323) 

enabling secondary transformations such as transition-metal catalysed cross-couplings or 

aromatic nucleophilic substitution (SNAr). 
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Scheme 56: Scope of isocyanides (318) and amidines (317) in the chromatography-free 

multicomponent synthesis of thioureas (319–325) 

 

Next, we turned our attention towards polysulfide solutions made with bases unlikely to react 

with ITCs under the applied reaction conditions such as DABCO, PMDTA, Et3N, 

N-ethylpiperidine and quinine (Figure 6). The latter three requires MeCN or THF as co-solvent 

and DABCO only enables the preparation of a less concentrated, 0.1 M solution with respect to 

sulfur. Thus, we envisioned the application of the polysulfide solution made with PMDTA in 

the reaction of various isocyanides and amines. In our experience, this reaction setup requires 

a lower excess of the nucleophile (1.5 eq. instead of 5 eq., page 59, Table 3), and in certain 

cases slightly higher temperature (80 °C, instead of 60 °C). Cyclohexyl and tert-butyl 

isocyanides in the reaction with benzylamine lead to the corresponding disubstituted thioureas 

326 and 327 in 81% and 89% yield (Scheme 57). Importantly, the formed thioureas crushed 

out of water and were separated by filtration, no further purification was necessary. Aromatic 

isocyanides equipped with both electron donating and withdrawing groups also provided the 

thioureas 328-330 (85–96%, Scheme 57). Next, we evaluated the scope of aliphatic and 

aromatic amines. Aqueous ammonia, and primary amines, like hexylamine, allylamine, 

(S)-(-)-1-phenylethylamine, tryptamine and cyclohexylamine provided the corresponding 

thioureas (331–336) in good to excellent yields (74–91%), in the case of 331 and 333 at 80 °C. 

Sterically more challenging tert-butylamine and morpholine derivatives 337 and 338 were both 

isolated in 74% yield after 0.5 h at 80 °C, applying 3 equivalents of amine.  
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Scheme 57: Scope of isocyanides (352) and amines (353) in the chromatography-free 

multicomponent synthesis of thioureas (326–351); a10 equivalents of aq. 25% NH3; 
b3 

equivalents of amine (for all of the anilines as well) 

 

1-Adamantylamine was used in 3 equivalents for 1 hour at 80 °C, providing the desired thiourea 

339 in 83% yield. Employing phenylhydrazine and L-tryptophan in the reaction led to the 

formation of the thiosemicarbazide 340 and thiourea 341 in good yields (78% and 66%). The 

latter compound remained in solution, hence, we isolated it in a two-step crystallization 

procedure. First, we precipitated both 341 and sulfur by acidification of the reaction mixture 
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with 1.0 M HCl followed by filtration. Treatment of the solid with 1.0 M NaOH under ambient 

conditions solubilized only the product that was separated from sulfur by filtration. 

Acidification of this mother liquor resulted in the precipitation of the pure carboxylic acid 341. 

Next, we have aimed to investigate the synthesis of diaryl thioureas. As cited in the introduction, 

the preparation of diaryl derivatives has been accomplished only in the presence of a catalyst 

or in organic solvents under inert conditions.141,195 The practical catalyst- and solvent-free 

method of Al-Mourabit and co-workers (page 31, Scheme 32), however, is not suitable for the 

synthesis of these compounds.150 Using the polysulfide solution made of PMDTA (1.0 M) and 

sulfur (0.4 M) in the presence of 3 equivalents of aniline and 2,6-dimethylphenyl isocyanide 

(261) at 80 °C eventually led to full conversion of the isocyanide in 0.5 hour. After removing 

the excess of polysulfide anions and the base with water, the excess of the aniline was washed 

away with 1.0 M aq. HCl providing the thiourea 342 in 74% yield (Scheme 57). The 2-methyl 

and 4-methyl derivatives reacted in 1 hour providing the corresponding thioureas 343 and 344 

in 74% and 81% yields, respectively. However, the 2,6-dimethyl-, 4-methoxy-, 

3,4,5-trimethoxy- and 4-hydroxy aniline reacted faster, giving the thioureas 345–347 and 348 

in only 0.5 hour in good yields (79%, 69%, 62% and 73% respectively). Halogens (Cl, Br, I) 

were generally well tolerated in the reaction, the thioureas 349–351 were obtained in 76%, 77% 

and 63% yields, respectively. Hence, this simple approach was used efficiently for the 

preparation of challenging diaryl thioureas starting from 2,6-dimethylphenyl isocyanide (261), 

aqueous polysulfide solution and the corresponding anilines. 

Next, as an eye-catching example, we have synthesized the marketed drug thiocarlide (Isoxyl®, 

354, Scheme 58).172 At first, 1-(isopentyloxy)-4-nitrobenzene (355) was prepared from the 

commercially available 4-nitrophenol (356) with isopentyl-bromide (357) in refluxing DMF in 

the presence of NaOH in 70 % yield. Then, the reduction of the nitro group by catalytic 

hydrogenation and the subsequent transformation of amine 358 provided the formamide 359 in 

quantitative yield. The formal dehydration of 359 led to the corresponding isocyanide 360 in 

73% yield. The reaction of 358 with 360 and the aqueous polysulfide solution made of PMDTA 

and sulfur led to thiocarlide in full conversion after 1 hour at 60 °C. Compound 354 precipitated 

from water, enabling its separation by filtration. We removed the excess of the polysulfide 

anions, the base and the amine by washing with water and then with 0.5 M aq. HCl resulting in 

an isolated yield of 84%. In conclusion, our method have provided better overall yield (84% for 

the MCR and 61% for 3 steps from the easily available 358) for the synthesis of thiocarlide 

starting from 4-(isopentyloxy)aniline (358) than that of published procedures using carbon 

disulfide265 (53%) or thiophosgene266 (50%). 
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Scheme 58: Multicomponent synthesis of thiocarlide (354) applying aqueous polysulfide 

solution and known literature methods 

 

In conclusion, the mild conditions of our MCR between an amine, an isocyanide and sulfur 

tolerate a wide range of functional groups, e.g. halogen atoms, unsaturated C-C bonds, 

carboxylic group, phenolic OH and heterocyclic NH atoms that enables further chemical 

transformations. One should note the efficient synthesis of the diaryl derivatives 342–351 and 

354, as the literature known methods only obtained these compounds using catalysts or inert 

conditions. The benefit of employing water as solvent does not only lie in its mild, cheap and 

non-toxic nature but its feature of keeping the ionic polysulfide species in solution, retaining 

the excess of the base, amine and polysulfide anions and providing the desired products in solid 

form. Isolation of the product by a simple filtration demonstrates the operational simplicity of 

the process. The full conversion of the isocyanide and the ITC intermediate, together with the 

selectivity of the elementary steps of the MCR enables the exclusion of chromatography at the 

end of the synthesis. 

 

2.4. Continuous-flow synthesis of thioureas 

In the last two decades, continuous-flow (CF) synthesis has become a powerful and versatile 

tool in synthetic organic chemistry. The enhanced mixing properties, heat and mass transfer of 

CF systems leads to the more precise regulation of the reaction conditions, thus better 

reproducibility and selectivity can be realized than in batch processes.267,268 CF chemistry has 
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been used in hazardous reactions (nitration, halogenation, reaction with organolithium reagents 

and azides etc.)269,270 and in synthetic methods requiring high temperature and pressure, as 

well.271–273 In addition, it enables cleaner reaction profiles with better product-side-product 

ratios, and reaction pathways that could hardly be realized in batch processes (e.g. use of highly 

reactive peptidyl donors).274–276 Moreover, CF techniques are suitable for multistep277–280 and 

automated synthetic processes that is a rapidly growing field in modern organic chemistry.281-283 

The heterogeneous nature of sulfur-based reactions makes the transfer of these reactions to CF 

reactors unavailable. We envisioned that the polysulfide solutions might act as the liquid sulfur 

source under mild conditions in a CF reaction. As a model study, we aimed to transfer the 

chromatography-free multicomponent synthesis of thioureas into a CF reactor.  

First, we performed preliminary batch experiments to prepare a homogeneous reaction setup. 

Application of 50% MeCN as co-solvent solubilized both the isocyanide (261) and the desired 

thiourea (316). After evaporation of the co-solvent in vacuo, the product crystallized and was 

isolated by a simple filtration. The aqueous mother liquor retained both the excess of sulfur and 

the amine. Next, we established the CF process applying two HPLC pumps to provide the feeds 

for the solution of 2,6-dimethylphenyl isocyanide (261) in MeCN at 0.2 M and for the 

polysulfide solution made with 1.0 M DBU (303) and 0.4 M sulfur (Figure 9). The two inputs 

met in a T-mixer right before the heated reactor oven, and we collected the output in a flask.  

 

Figure 9: CF reaction setup for the chromatography-free multicomponent synthesis of 

thiourea 316 

 

To our delight, we observed a significant, 36% conversion in only 26 seconds residence time at 

60 °C according to HPLC-MS measurements. Eventually, raising the temperature to 80 °C and 

the residence time to 6.5 minutes, resulted in full conversion of 261 and the ITC intermediate 



- 65 - 

 

264. We reached steady state at the output after 3 or 4 complete cycles and then started to collect 

the product mixture. Under the optimized reaction conditions, we isolated the thiourea 316 in 

88% yield on a 0.5 mmol scale (Scheme 59, for the complete optimization see 

page 96, Table 11 in the experimental section and reference 295).With the optimized reaction 

conditions in hand, we applied DBN and TBD based polysulfide solutions and isocyanides of 

wide structural diversity obtaining the desired thioureas in moderate to excellent yields 

(Scheme 59). In most cases we did not observe significant difference between the batch and 

CF reaction setup, although, we isolated the indole derivative 325 in slightly lower yield under 

CF conditions. 

 

Scheme 59: Scope of isocyanides (361) and amidines (317) in the multicomponent CF 

synthesis of thioureas applying aqueous polysulfide solutions; batch results in parentheses 

 

Applying the all-purpose PMDTA-based polysulfide solution in the presence of a diverse set 

of isocyanides and amines, we evaluated the scope and limitations of the CF procedure 

(Scheme 60). In this setup, the solution of the isocyanide and the amine in MeCN provided one 

feed, and the other feed contained the aqueous polysulfide solution. Here, an extended, 42 

minutes residence time was needed and in the case of derivative 342 we switched to 50% 

2-MeTHF as the co-solvent to keep the thiourea in solution and avoid clogging. After removing 

the co-solvent in vacuo, all thioureas crystallized from water and were isolated by a simple 

filtration. One should note the significant difference in the yield between aromatic or 

heteroaromatic isocyanides and aliphatic ones that can be explained by the higher reactivity of 
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the formers under the applied reaction conditions. This effect is clearly visible on the yields of 

70–96% for aromatic and heteroaromatic isocyanides compared to those of 42–49% for 

aliphatic ones. A similar drop in yield can be noticed for halogen containing anilines, where we 

observed the appearance of 2,6-dimethylphenyl aniline, presumably from the degradation of 

either the isocyanide or ITC intermediate. In the case of 328 and 334 we reached slightly higher 

yields with the CF protocol, however, in the case of 326, 327, 349 and 350 we obtained the 

desired thioureas in lower yields. Although we validated the suitability of most substrates under 

batch conditions in a relatively narrow yield frame (74–84%, Scheme 57), under CF conditions 

we experienced an unexpected fluctuation in the yield (36–96%). These observations show that 

the applied technology has a solid effect on the output of the reaction and may require further 

development. 

 

Scheme 60: Scope of isocyanides (351) and amines (352) in the multicomponent CF 

synthesis of thioureas applying aqueous polysulfide solutions; batch results in parentheses 

 

In conclusion, we transferred our batch procedure for the chromatography-free multicomponent 

synthesis of thioureas to a CF setup. Introduction of 50% MeCN or 2-MeTHF kept both the 
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isocyanide and the thiourea in solution, thus enabled the convenient CF application of sulfur. 

Evaporation of the co-solvent resulted in the precipitation of the thioureas, which we isolated 

by a simple filtration, no further purification was necessary. Investigation of the scope and 

limitations revealed that aromatic isocyanides are preferred over aliphatic ones, an effect that 

we did not observe under batch conditions. We believe that this approach widens the synthetic 

toolbox for the incorporation of sulfur into organic molecules using polysulfide solution. 

 

2.5. Synthesis of 2-iminothiazolines and 2-aminothiazoles 

Given the efficient and clean multicomponent synthesis of diversely substituted thioureas, we 

aimed to extend the process by introducing a secondary transformation generating complex 

sulfur containing structures. We envisioned a one-pot protocol involving 

2’-bromoacetophenones to synthesize 2-iminothiazolines and 2-aminothiazoles. This novel, 

four-component reaction, in our view, would offer an all-purpose aqueous protocol for the 

design and synthesis of 2,3,4-trisubstituted thiazoline and 1,3-disubstituted thiazole derivatives. 

Starting from 2,6-dimethylphenyl isocyanide (261), benzylamine (367) and the aqueous 

polysulfide solution made from 1.0 M PMDTA and 0.4 M sulfur, we synthesized the thiourea 

328 at 80 °C in 0.5 hour (Scheme 61). This time, however, we did not isolate 328, but added 

2’-bromoacetophenone (368) to the reaction mixture. 

 

Scheme 61: Multicomponent one-pot synthesis of 2-iminothiazoline 356 
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Under basic conditions, we observed the full consumption of 328 but obtained a mixture of the 

intermediate 369 and the iminothiazoline 370 in HPLC-MS. Nonetheless, if we first acidified 

the reaction mixture to pH < 3 with cc aq. HBr, then added 2’-bromoacetophenone and 

continued the reaction at 100 °C, we observed the full consumption of 369 resulting in the 

formation of iminothiazoline 370. HBr was chosen to have the same anion present that is 

leaving from the alkylating agent and might act as the counter anion of the forming salt. The 

hydrogen bromide salt of 370 precipitated from the reaction mixture, which we isolated by 

filtration and washed with 1.0 M aq. NaOH and water providing 370 in 81% yield. Thus, to our 

delight, starting from simple building blocks we have obtained the desired 2,3,4-trisubstituted 

iminothiazoline in a one-pot two–step manner without applying chromatographic purification. 

Although the ring-closure may lead to the regioisomer 371, we did not observed its formation 

in the reaction. Presumably, the significant difference between the pKa values of benzylamine 

and 2,6-dimethylaniline enables the regioselective preparation of 370 (page 37, Scheme 39). 

Initially, we optimized the reaction steps separately, and then combined the two reactions into 

a one-pot protocol. The reaction of 261, 367 and the aqueous polysulfide solution made of 

1.0 M PMDTA and 0.4 M sulfur at 80 °C provided thiourea 328 in 89% yield in 0.5 hour in 

water (Table 4, entry 1). The nucleophilic character of aliphatic amines (e.g. phenethylamine) 

and benzylamine is able to activate sulfur that might provide 328 and then 370 in the absence 

of external bases.150 Applying sulfur powder in the absence of external additives in the reaction 

of 261 and 367 at 80 °C, we only observed traces of the expected thiourea in water 

(Table 4, entry 2). However, addition of 10% MeCN, THF or dioxane had a dramatic effect on 

the reaction, enabling the formation of 328 in quantitative, 90% and 98% yields, respectively 

(Table 4, entries 3–5). Thus, we have decided to use water:MeCN 9:1 in further experiments. 

The reduction of the excess of sulfur to 1.3 equivalents decreased the yield to 91%, however, 

raising the excess to 2 equivalents, did not result in better yields (Table 4, entries 6, 7). 

Performing the reaction at 60 °C led to a longer reaction time providing 328 in a significantly 

lower, 81% yield (Table 4, entry 8). As it was not our intention to isolate the thiourea 

intermediate in this scenario, and as certain amines can activate sulfur due to their 

nucleophilicity, we decided to apply sulfur powder instead of polysulfide solution. Moreover, 

acidification of the reaction mixture to promote the cyclization with 2’-bromoacetophenones 

make the process more convenient without basic additives. 
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Table 4: Optimization of the reaction conditions for the synthesis of thiourea 328 starting 

from benzylamine (367) 

 

Entry 
Temp. 

[°C] 
Co-solvent 

Molar excess of 

261 / sulfur atoms / 367 

Yield[a,b] 

[%] 

1[c] 80 - 1 / 2 / 1.5 89 

2 80 - 1 / 1.5 / 1.1 Traces 

3 80 10% MeCN 1 / 1.5 / 1.1 >99 

4 80 10% THF 1 / 1.5 / 1.1 90 

5 80 10% dioxane 1 / 1.5 / 1.1 98 

6 80 10% MeCN 1 / 1.3 / 1.1 91 

7 80 10% MeCN 1 / 2 / 1.1 97 

8[d] 60 10% MeCN 1 / 1.5 / 1.1 81 

[a] Reaction conditions: 261 (0.5 mmol), sulfur, 367, water and co-solvent mixture (2.5 mL), temperature, 0.5 

hour. [b] Isolated yields. [c] Applying aqueous polysulfide solution (1.0 M PMDTA (300)/0.4 M sulfur in H2O, 

2.5 mL). [d] 1 hour reaction time. 

 

Next, we have performed a brief optimization for the ring annulation leading to 

2-iminothiazoline 370 in the presence of co-solvent. Employing 10% dioxane at 100 °C led to 

the formation of 370 in 0.5 hour in 90% yield (Table 5, entry 1). Increasing the temperature to 

110 °C did not enhance the yield (Table 5, entry 2). Applying either dioxane or MeCN as 

co-solvent at 80 °C resulted in slightly lower 87% and 82% yields, respectively 

(Table 5, entries 3, 4). Decreasing the excess of 2’-bromoacetophenone to 1.2 equivalent 

reduced the yield to 85% (Table 5, entry 5). Finally, we concluded that the formation of 

thiourea 317 from benzylamine (353) without an external base requires 80 °C, and 10% 

co-solvent for the full conversion in 0.5 h. The annulation went also smoothly at 100 °C in 

dioxane as co-solvent. 
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Table 5: Optimization of the reaction conditions for the ring-closure between the thiourea 328 

and the 2’-bromoacetophenone 368 

 

Entry 
Temp. 

[°C] 
Co-solvent 

Yield[a,b] 

[%] 

1 100 10% dioxane 90 

2 110 10% dioxane 89 

3 80 10% dioxane 87 

4 80 10% MeCN 82 

5[c] 100 10% dioxane 85 

[a] Reaction conditions: 328 (0.5 mmol), 368 (0.75 mmol), water and co-solvent mixture (2.5 mL), temperature, 

0.5 hour. [b] Isolated yields. [c] 0.6 mmol of 368 was employed. 

 

Using the optimized reaction conditions, we performed the reaction of isocyanide 261, sulfur 

and benzylamine (367) at 80 °C in a mixture of water:dioxane 9:1 for 0.5 hour, then added 

2’-bromoacetophenone (368) and continued the reaction at 100 °C for 0.5 hour until HPLC-MS 

showed the total consumption of the in situ generated thiourea. The hydrogen bromide salt of 

370 precipitated from the reaction mixture, which we isolated by filtration, then washed with 

1.0 M aq. NaOH and water providing 370 in an excellent 91% yield (Scheme 62). Since the 

process provided the product in higher yield with co-solvents than that in the presence of an 

external base, we have chosen the former conditions for follow-up. In fact, in the absence of 

external additives, the cyclization did not require the addition of HBr, we obtained the desired 

heterocycle smoothly. Next, we have evaluated the scope of this multicomponent one-pot 

reaction using the optimized conditions. Electron rich 2’-bromoacetophenones provided the 

corresponding 2-iminothiazolines in moderate to good yields (372–377, 43–85%). No evident 

electronic effects influenced the reaction, 2’-bromoacetophenones equipped with 

electron-withdrawing groups provided the corresponding iminothiazolines also in good yields 

(378–382, 63–77%). This reaction setup tolerated nitrile and nitro groups and all of the halogen 

atoms offering functionalities for further modifications. Next, applying the allylamine and 

aliphatic hexyl- and ethanolamine, we have obtained 2-iminothiazolines 383–385 in 76%, 92% 

and 87% yields, respectively. 2-Aminomethylfurane and 2-aminomethylthiophene both gave 

the corresponding 2-iminothiazolines 386 and 387 in 83% yield. 2-Phenetylamine and 
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tryptamine reacted smoothly and selectively leading to the desired heterocycles 388 and 389 in 

excellent 82% and 93% yields, respectively. 

 

Scheme 62: Scope of 2’-bromoacetophenones (392) and aliphatic amines (390) in the 

synthesis of 2-iminothiazolines 
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Next, we turned our attention to develop a procedure that would be able to include anilines as 

amine components. The weak nucleophilicity of anilines makes them unable to cleave 

sulfur-sulfur covalent bonds and unlike to benzylamine, allylamine and aliphatic amines it does 

not activate sulfur. Therefore, in this case we have applied the aqueous polysulfide solution 

made from 1.0 M PMDTA and 0.4 M sulfur. The reaction of phenethyl isocyanide (393), aniline 

and the aqueous polysulfide solution made of PMDTA and sulfur at 80 °C was followed by 

HPLC-MS, and after full conversion of the isocyanide, the reaction mixture was acidified with 

cc. aq. HBr below pH 3 (Scheme 63). Then, we added 368, and continued the reaction at 100 °C 

for another 0.5 hour. After full consumption of the thiourea intermediate, we filtered the 

reaction mixture and washed the product with 1.0 M aq. NaOH that provided the 

2-iminothiazoline 394 in 68% yield. In contrast to the reaction setup demonstrated on 

Scheme 61 and Scheme 62, here the isocyanide provided the thiourea NH group with higher 

pKa value. Eventually, this leads to the regioselective incorporation of the isocyanide in the 

heterocycle, with the aniline ending up at the 2nd position, giving flexibility to the reaction 

design. Anilines equipped with electron donating groups led to the corresponding 

iminothiazolines 395, 396 and 397 in 52%, 66% and 77% yields respectively. As the 4-OMe 

derivative 398 have remained an oil both as a salt and in neutral form, this was isolated after 

flash chromatography. Applying the anilines equipped with halogen atoms resulted in the 

formation of the iminothiazolines 399-401 in good 68–81% yields. 

 

Scheme 63: Scope of anilines (402) in the synthesis of 2-iminothiazolines (394–401) 
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Finally, after iminothiazolines, we aimed to get aminothiazoles with the application of ammonia 

in order to have a non-substituted nitrogen that can participate in the formation of the aromatic 

ring. Employing aqueous ammonia, and the polysulfide solution made of PMDTA and sulfur 

at 80 °C led to the full conversion of the isocyanide derivatives 405 to the corresponding 

thioureas (406) in 1 hour. Adjusting the pH of the reaction below pH 3 with cc aq. HBr followed 

by the addition of 2’-bromoacetophenone resulted in the precipitation of the HBr salt of 407 

after 1 hour at room temperature. After filtration, the product was washed with 1.0 M aq. NaOH 

providing the 2-aminothiazole 407 in 72% yield (Scheme 64). 4-Fluorophenyl and 

4-methoxyphenyl isocyanides led to the desired thiazoles 408 and 409 in 95% and 67% yield 

respectively. Phenethyl isocyanide gave rise to the anti-inflammatory fanetizole 410 and 

cyclohexyl and tert-butyl isocyanide provided the corresponding thiazoles 411 and 412 in 

moderate yields.221 The salts of 408, 411 and 412 were oils and therefore these products were 

purified by flash chromatography. Various 2’-bromoacetophenones underwent the reaction 

smoothly, providing the thiazoles 413–416 in moderate to excellent yields (55–93%). 

 

Scheme 64: Scope of isocyanides (405) and 2’-bromoacetophenones (417) in the synthesis of 

2-aminothiazoles (407–416) 
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To demonstrate the robustness of the reaction we performed the 40-fold scale-up synthesis of 

386 (20 mmol respect to 261, Scheme 62). To our delight, both the preparation of the thiourea 

and thiazolimine was ready in 1 hour leading to the desired heterocycle (Scheme 65). Filtration 

of the crude product, treatment with 1.0 M aq. NaOH and washing with water provided 386 in 

90% yield (6.51 g). 

 

Scheme 65: Scaled-up synthesis of 386 

 

In summary, we have developed an aqueous multicomponent one-pot method for the synthesis 

of a large and diverse set of 2,3,4-trisubstituted 2-iminothiazolines and 2,4-disubstituted 

2-aminothiazoles, starting from isocyanides, sulfur or polysulfide solution, aliphatic amines, 

anilines or ammonia and 2’-bromoacetophenones. Depending on the nucleophilicity of the 

amines, the reaction could be performed in pure water or with 10% dioxane as co-solvent. This 

one-pot protocol features excellent atom economy, functional group tolerance and short 

reaction times. Isolation of the pure products from the aqueous reaction mixture by a simple 

filtration in most cases, if solids, provide a convenient experimental execution. The method 

offers an expedient access to library synthesis which we demonstrated on a diversely 

functionalized set of 37 compounds from those 31 are first synthesized here, and also enables 

scale-up to multiple grams. 

 

2.6. Synthesis of thiols and their derivatives 

Recently, considerable efforts have been made to investigate the reactivity of sulfur towards 

electron-deficient alkenes (page 39 and 41, Scheme 42 and Scheme 44). In particular, 

α,β-unsaturated carbonyl surrogates, such as enamides and chalcones were applied in the 

preparation of thiophenes, benzothiophenes, thiazoles and thiadiazoles among others. The 

reported synthetic methods showed that the same substrates might undergo divergent synthetic 

transformations. Even slight changes in the applied reaction conditions, such as the nature of 

the tertiary amine additive may promote fundamentally different regioselectivity, showed by 

Nguyen and Retailleau in the synthesis of benzothiophenes and sultams 
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(page 40, Scheme 43).231,232 Moreover, careful investigation of the literature revealed that only 

a small part of the relevant chemical space of potential substrates have been investigated. 

Encouraged by these observations, we aimed to find new chemical reactions involving sulfur 

and electron-deficient alkenes. 

First, we sampled the chemical space looking for suitable alkenes (419) that may lead to new 

chemical reactions (Scheme 66). We have taken the selected alkenes to reaction with the 

aqueous polysulfide solution (1.0 PMDTA and 0.4 M sulfur) in the presence of copper catalyst 

between room temperature and 80 °C. We hypothesized that the metal catalyst may interact 

with the carbon-carbon double bond and additionally may enhance the reactivity of the 

generated polysulfide anions (page 23, Scheme 19).284 Following the reactions by HPLC-MS, 

in the case of β-nitrostyrene (420), 4-vinylpyridine (421), phenyl vinyl sulfone (422), 

1-vinylimidazole (423) and acrylophenone (424) we observed the formation of complex 

reaction mixtures. On the other hand, chalcone (425) and cinnamic acid (426) did not undergo 

any reaction at all, the latter compound probably due to the electron donating nature of the 

carboxylate group under basic conditions.  

  

Scheme 66: Reactivity of electron-deficient alkenes with sulfur 
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The reaction of cinnamaldehyde (427) with sulfur led to the formation of the literature known 

trisubstituted thiophene 428.285 We isolated thiophene 428 in significantly better yield of 32% 

compared to the reported 1.5%, thus we envision that this process may be further optimized, 

which is out of the scope of this dissertation. In the case of 2-nitrochalcone (429) we observed 

the formation of 2-acylbenzophenone 430, already reported by Nguyen and Retailleau 

(page 39, Scheme 42).232 To our delight, the pseudo MCR of N-phenylacrylamide (431) and 

sulfur provided a mixture of amide dimers linked with sulfur chains of various length. We 

observed the thioether 432 (n=1), the disulfide 433 (n=2) and polysulfanes 434 (2<n<7). We 

envisioned that the reduction of this mixture (except of 432) might lead to the corresponding 

thiol then undergo secondary transformations to provide complex sulfur containing structures. 

Initially, we performed a HPLC-MS based optimization starting from N-phenylacrylamide 

(431) and sulfur. We aimed to shift the selectivity of the reaction towards disulfides (433) and 

polysulfanes (434; in the followings I refer both to 433 and 434 as polysulfanes [434]), as the 

thioether (432) is unavailable to undergo reduction and considered as a side-product. We 

determined the selectivity by the relative MS intensity of the thioether and the polysulfanes 

based on their tight structural similarity, which also results in a similar ionization profile. 

Acrylamide 431 was added at 80 °C to the aqueous polysulfide solution made of 1.0 M PMDTA 

and 0.4 M sulfur in the presence of 20 mol% CuI and 1,10-phenantroline. We observed full 

conversion of the starting material after 1 hour (Table 6, entry 1). Switching to the polysulfide 

solution made of 1.0 M N-ethylpiperidine and 0.4 M sulfur in a mixture of H2O:MeCN 9:1 

dramatically improved the selectivity (Table 6, entry 2). Repeated experiments revealed an 

inconsistency in the distribution of the polysulfanes possibly due to the different distribution of 

sulfur chains in different batches. Our goal was to establish and optimize a new MCR that is 

based on the polysulfanes, therefore we wanted to eliminate this effect. Thus we decided to use 

sulfur powder with N-ethylpiperidine at the beginning of the reaction to provide the consistency 

of the reagents and intermediates. To our delight, this approach resulted in consistent HPLC-MS 

reaction profiles (Table 6, entry 3). The absence of copper catalyst did not affect the selectivity 

of the reaction and moreover, a significantly shorter, 1 hour reaction time was enough, 

indicating an inhibitory effect of the metal (Table 6, entry 4). Therefore, we decided to keep 

copper out from the reaction setup in the followings. The first two experiments demonstrated 

the fundamental effect of the base on the selectivity of the reaction, thus we continued the 

optimization by probing a large pool of bases. Application of N-ethylpiperidine almost totally 

suppressed the formation of 417, while in the presence of hydroxides and Na2S the selectivity 

shifted completely (Table 6, entries 5–8). Interestingly, in the absence of sulfur, sodium sulfide  
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Table 6: Optimization of the preparation of polysulfanes 

 

Entry Base Solvent 431/S8/Base 
Temp. 

[°C] 

Ratio of 432:434[a,b] 

[%] 

1[c,d] PMDTA H2O 

1/3/7.5 

80 

39:61 

2[c,d] N-ethylpiperidine 

H2O:MeCN 9:1 

5:95 

3[d] N-ethylpiperidine 2:98 

4 N-ethylpiperidine 2:98 

5 LiOH 91:9 

6 NaOH 91:9 

7 KOH 90:10 

8 Na2S 99:1 

9 Na2S Complex 

10 Cs2CO3 12:88 

11 K2CO3 11:89 

12[e] Na2CO3 

nr 

13[e] Pyridine 

14[e] NMM 

15[e] DABCO 

16[e] TMEDA 

17[e] DMAP 

18 Et3N 5:95 

19 DIPEA 9:91 

20 TBAOH 34:66 

21 

N-ethylpiperidine 

1/2/7.5 Low conv. 

22 1/5/7.5 2:98 

23 1/3/5 4:96 

24 1/3/2.5 6:94 

25 1/3/1.5 12:88 

26 1/3/1 22:78 

27 1/3/0.1 
Low conv. 

28 
1/3/7.5 

60 

29 100 3:97 

30 DMF 

1/3/7.5 80 

Complex 31 DMSO 

32 NMP 

33[e] Toluene 

nr 34[e] Dioxane 

35[e] THF 

[a] Reaction conditions: 431 (0.2 mmol), sulfur, solvent (1 mL), temperature, 2 hours. [b] Based on ratio of MS 

intensity of 432 and the sum of all polysulfanes (434). [c] Aqueous polysulfide solution consisting of 1.0 M base 

and 0.4 M sulfur (1.5 mL). [d] In the presence of 20 mol% CuI and 20 mol% 1,10-phenantroline. [e] nr: no reaction. 
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led to a complex mixture with unidentified side-products (Table 6, entry 9). This suggests that 

the active sulfur species in the reaction are not sulfide ions. Potassium and caesium carbonates 

favoured the formation of the disulfide and polysulfanes, however, no reaction occurred in the 

presence of Na2CO3 (Table 6, entries 10–12). Generally, tertiary amines having pKa values 

below 10, such as pyridine, NMM, DABCO, TMEDA and DMAP did not initiate the reaction 

(Table 6, entries 13–17).286 Et3N and DIPEA suppressed the formation of the thioether to 5% 

and 9%, respectively, TBAOH, however, did not promote significant selectivity 

(Table 6, entries 18–20). The amount of sulfur did not influence the selectivity, but the 

application of 3 equivalents was necessary to fully consume 431 (Table 6, entries 21 and 22). 

Decreasing the excess of the base slightly shifted the selectivity towards the thioether, and 

catalytic amount was not enough to reach full conversion under the applied reaction conditions 

(Table 6, entries 23–27). The selectivity of the reaction remained the same at 60 °C and 100 

°C, although, in the former case we reached low conversion in 2 hours (Table 6, entries 28, 

29). The reaction led to complex mixtures in aprotic polar solvents, such as DMF, DMSO and 

NMP and no reaction occurred in aprotic apolar solvents such as toluene, dioxane or THF 

(Table 6, entries 30–35). 

Next, we decided to briefly optimize the reduction following the conversion by HPLC-MS 

measurements, and then finalize the optimization of the pseudo MCR by isolating the thiol 435. 

After full conversion of 431 in the presence of N-ethylpiperidine at 80 °C, we added the 

reducing agent to the reaction mixture and continued the reaction at 80 °C (Table 7).  

 

Table 7: Optimization of the reduction of polysulfanes to thiol 435 

 

Entry Reducing agent Results[a] 

1 PCy3 Complex mixture 

2 NaBH4 + 1 mL MeOH  Complex mixture 

3 TCEP Mixture of 433 and 435 

4 PPh3 433 

5 PBu3 435 

[a] Reaction conditions: 431 (0.2 mmol), sulfur (0.6 mmol), H2O:MeCN 9:1 (2 mL), 80 °C, 1 hour. Reducing agent 

(0.6 mmol), 80 °C, 0.5 h. 
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Tricyclohexyl phosphine or the simultaneous addition of NaBH4 and methanol resulted in the 

formation of complex reaction mixtures (Table 7, entries 1 and 2). Addition of 

tris(2-carboxyethyl)phosphine (TCEP) resulted in the drop of the pH, which eventually led to 

the partial oxidation of 435 to disulfide 433 (Table 7, entry 3). In the presence of 

triphenylphosphine, we only obtained 433, however, tributylphosphine enabled the selective 

generation of the thiol (Table 7, entries 4 and 5). The reduction was smooth and efficient below 

80 °C as well, still, in later work-up procedures, we observed the reappearance of trisulfides. 

This suggests that unreacted sulfur may remain in the reaction mixture after the reduction step, 

leading to oxidation of the thiol and incorporation of a sulfur atom. Thus, we decided to 

maintain the reaction temperature at 80 °C during the reduction to eliminate any unreacted 

sulfur. 

Having the optimized reduction conditions in hand, we decided to complete the pseudo 

multicomponent preparation of polysulfanes by isolating the thiol 435. Applying the solvent 

mixture of H2O:MeCN 9:1 used in the HPLC optimization, we observed the full conversion of 

431 in 1 hour, then added PBu3 and continued the reaction for 30 minutes. After work-up, we 

isolated 435 by flash column chromatography in hexane–ethyl acetate in 57% yield 

(Table 8, entry 1).  

 

Table 8: Optimization of the preparation of thiol 435 

 

Entry Solvent 
Yield[a] 

[%] 

1 H2O:MeCN 9:1 57 

2 MeCN 62 

3[b] - 49 

4 5 eq. H2O 63 

5 10 eq. H2O 65 

6 MeCN+5 eq. H2O 72 

7[c] Dioxane+5eq. H2O 61 

8[d] IPA+5 eq. H2O 75 

9[d] EtOH+5 eq. H2O 72 

[a] Reaction conditions: 431 (0.5 mmol), sulfur (1.5 mmol), N-ethylpiperidine (3.75 mmol), solvent (2 mL), 80 

°C, 1 h; PBu3 (1.5 mmol), 80 °C, 0.5 h. [b] 0.5 h reaction time. [c] 3 h reaction time. [d] Overnight reaction time. 
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We characterized the pure thiol by 1H-, 13C-NMR. In neat MeCN, the yield dropped to 62% 

(Table 8, entry 2). Although the reaction went faster under solvent-free conditions, we obtained 

435 in only 49% yield (Table 8, entry 3). Addition of 5 or 10 eq. water, however, had a great 

effect on the reaction resulting in 63% and 65% yields, respectively (Table 8, entries 4 and 5). 

Switching back to MeCN using 5 eq. water further enhanced the yield to 72% 

(Table 8, entry 6). Next, we applied dioxane, isopropyl alcohol (IPA) and ethanol in the 

presence of 5 eq. water, and observed an elongated reaction time in all cases and even decreased 

yields with dioxane (Table 8, entries 7–9). Eventually, we determined the optimal reaction 

conditions at 80 °C in a mixture of MeCN and 5 eq. water, 3 eq. sulfur, 7.5 eq. 

N-ethylpiperidine, followed by a reduction step using 3 eq. PBu3 at 80 °C for 0.5 hour. 

With the optimized reaction conditions in hand, we aimed to investigate the scope of the pseudo 

MCR by isolating the corresponding thiols after reduction. Phenyl acrylamides equipped with 

electron-withdrawing groups provided the thiols 436–444 in 26–71% yield (Scheme 67).  

 

Scheme 67: Scope of acrylamide derivatives (457) in the multicomponent synthesis of 

aliphatic thiols (436–456) 
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One should note that the 2-NO2 derivative 444 may participate to intramolecular cyclization 

reactions, unidentified until this moment. Repeating the experiment in dark, we obtained 

444 in 24% yield, eliminating the presumed photolysis (uncaging) side reaction. Acrylamide 

derivatives equipped with electron-donating groups underwent the reaction smoothly, resulting 

in the formation of 445–448 in 54–65% yield. The 58% yield of 448 showed that no steric 

effects might compromise the reaction. We isolated the α-naphthalene derivative 449 in 53% 

yield. The reaction of N-phenylmethylacrylamide and N-phenylbut-2-enamide with sulfur went 

significantly slower at 80 °C, thus, we performed these reactions at 100 °C, obtaining 450 and 

451 in 33% and 45% yield after overnight stirring. We obtained the N,N-disubstituted thiol 

452 in 51% yield, showing that the NH group does not participate to the reaction and also 

isolated the heteroaromatic thiol 453 in 36% yield. Electron donated aliphatic acrylamides 

(454–456) generally reacted slower than the slightly less electron rich aromatic and electron 

withdrawn heteroaromatic analogs, therefore we conducted these reactions also at 100 °C. Next, 

we turned our attention to secondary transformations leading to more complex sulfur containing 

structures (Scheme 68).  

 

Scheme 68: One-pot secondary transformations of aliphatic thiol 435 starting from 

N-phenylacrylamide (431) 
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Applying the optimized reaction conditions we synthesized thiol 435 and sequentially in a one-

pot manner we added N-phenylmaleimide (458) at room temperature that led to the thioether 

459 in a Michael-addition in 52% yield respect to the acrylamide 431. We also performed 

alkylation with benzyl bromide (460) at room temperature and SNAr with 

2-chloro-5-nitropyridine (461) at 60 °C leading to the corresponding thioethers 462 and 463 in 

37% and 66%, respectively. We obtained the S-acyl derivative 464 in 60% yield in a 

Schotten-Baumann acylation at room temperature using benzoyl chloride (465). Oxidation with 

benzylthiol (466) in the presence of excess iodine led to the unsymmetrical disulfide in 

63% yield (467). 

In order to get mechanistic insights on the reaction, we performed control experiments. First, 

switching from H2O to D2O, we isolated the thiol 468 deuterated on the β-carbon atom in 66% 

yield (Scheme 69, A). Characterization of 468 by 1H-NMR revealed that water serves as a 

proton source in the reaction. No reaction happened in the absence of sulfur or 

N-ethylpiperidine (Scheme 69, B and C). We also isolated the polysulfane intermediates 433 

and 434a–d by flash column chromatography and characterized their structure by 1H-NMR and 

HRMS measurements (Scheme 69, D). The yields of the various polysulfanes corresponds to 

their distribution observed in the HPLC, being 38% for the disulfide 433 and 34%, 18%, 7% 

and 2% for polysulfanes of increasing sulfur numbers (3–6), respectively (434a–d). 

 

Scheme 69: Control experiments for the synthesis of thiols and polysulfanes 433 and 434a–d 
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Based on literature data and the control experiments, we propose a mechanism for the formation 

of polysulfanes 469 (Scheme 70). The first step is the cleavage of the octasulfur ring by 

N-ethylpiperidine (470), resulting in open-chained polysulfide anions 471. Conjugate addition 

of the polysulfide on the acrylamide (472), followed by proton transfer leads to the intermediate 

473. Next, cleavage of the polysulfane by another N-ethylpiperidine molecule generates 

polysulfides of different chain length (474), which may recombine with the acrylamide in a 

second conjugate addition offering polysulfanes 469. The crucial effect of the base on the 

selectivity between thioether and polysulfanes may depend on their behaviour against the 

intermediate 473. The presumed role of the base and the plausible elimination of 

bis(N-ethylpiperidine)-polysulfane 475 consuming sulfur and N-ethylpiperidine might explain 

the need for a large excess of base for the efficient reaction. As we did not detect traces of 475 

by HPLC-MS, it might hydrolyze under the applied reaction conditions. 

 

Scheme 70: Proposed mechanism for the pseudo multicomponent formation of polysulfanes 

 

In conclusion, we developed a new, pseudo MCR starting from acrylamides and sulfur for the 

synthesis of polysulfanes. The one-pot reduction leads to the corresponding aliphatic thiol that 

may either be isolated or used in secondary transformations. In fact, we performed alkylation, 

arylation, acylation, oxidation and Michael-addition leading to complex sulfur containing 

structures. Investigation of the reaction mechanism by control experiments revealed the role of 

water as proton source. We also proposed a reaction mechanism based on literature data and 

empirical observations.  



- 84 - 

 

Chapter 3. Experimental Section 

3.1. General Methods 

All melting points were determined on a Jasco SRS OptiMelt apparatus and are uncorrected. 

1H-, 13C- and 19F-NMR spectra were recorded in DMSO-d6, CDCl3 or CD3CN solution at room 

temperature, on a Varian Unity Inova 500 spectrometer (500 and 125 MHz for 1H- and 13C-

NMR spectra, respectively), with the residual solvent signal as the lock and TMS as the internal 

standard. Chemical shifts (δ) and coupling constants (J) are given in ppm and Hz, respectively. 

HPLC-MS measurements were performed using a Shimadzu LCMS-2020 device equipped with 

a Reprospher 100 C18 (5 µm; 100 × 3 mm) column and positive-negative double ion source 

(DUIS±) with a quadrupole MS analyzer in a range of 50–1000 m/z. The samples were eluted 

with gradient elution using eluent A (0.1% formic acid in water) and eluent B (0.1% formic 

acid in acetonitrile). Flow rate was set to 1.5 mL·min-1. The initial condition was 5% B eluent, 

followed by a linear gradient to 100% B eluent by 1.5 min, from 1.5 to 4.0 min 100% B eluent 

was retained; and from 4.0 to 4.5 min back to initial condition with 5% B eluent and retained 

to 5 min. The column temperature was kept at room temperature, and the injection volume was 

1–10 µL. The purity of the compounds was assessed by HPLC with UV detection at 215 and 

254 nm; all starting compounds are known, purchased or synthetically feasible and >95% pure. 

High resolution measurements were performed on a Sciex TripleTOF 5600+ high resolution 

tandem mass spectrometer equipped with DuoSpray ion source (Sciex, MA, USA). 

Electrospray ionization was applied in positive ion detection mode. Samples were dissolved in 

acetonitrile and flow injected into acetonitrile:water 50:50 flow. The flow rate was 0.2 mL/min. 

The resolution of the mass spectrometer was 35000. Data acquisition and processing were 

performed using Analyst TF Software 1.7.1 (Sciex, MA, USA). 

 

3.2. Synthetic Procedures 

Only the non-published synthetic procedures are presented in this thesis work. In the case of 

literature known compounds (433, 435, 445–447, 450, 456, 462, 464), the reference melting 

points and NMR measurements are indicated if available.  

 

3.2.1. General procedure for the synthesis of thiols 435–456 

Acrylamide (431 and 457, 0.5 mmol) was added to the mixture of sulfur (48 mg, 1.5 mmol), 

N-ethylpiperidine (515 µL, 3.75 mmol), water (45 µL, 2.5 mmol) and acetonitrile (2 mL) and 

stirred vigorously at 80 or 100 °C until the total consumption of the acrylamide monitored by 
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HPLC-MS. Then, tributylphosphine (370 µL, 1.5 mmol) was added and the mixture was stirred 

for another 30 minutes at 80 °C. Afterwards, the reaction mixture was quenched with 0.5 M 

hydrochloric acid (30 mL) and extracted with dichloromethane (4×15 mL). The merged organic 

phases were washed with brine (20 mL) and dried over magnesium sulfate. Evaporation of the 

solvent followed by purification by flash column chromatography on silica gel 

(hexane:ethyl acetate) provided the thiol 435–456 in 26–72% yield. 

 

3.2.1.1. 3-Mercapto-N-phenylpropanamide (435) p. 79 

N-Phenylacrylamide (74 mg, 0.5 mmol) provided 3-mercapto-N-phenylpropanamide in 72% 

yield (65 mg). 

 

White crystals, mp. 67–70 °C, ref.287 86–87 °C (65 mg, 72%); 1H-NMR: (500 MHz, DMSO-

d6) δ 9.92 (s, 1H), 7.59 (d, J = 7.3 Hz, 2H), 7.29 (t, J = 7.9 Hz, 2H), 7.03 (t, J = 7.4 Hz, 1H), 

2.79–2.71 (m, 2H), 2.62 (t, J = 6.9 Hz, 2H), 2.36 (t, J = 7.8 Hz, 1H) ppm; 13C-NMR: (125 MHz, 

DMSO-d6) δ 169.2, 139.0, 128.6, 123.0, 119.1, 40.2, 19.7 ppm. 

 

3.2.1.2. 3-Mercapto-N-(4-nitrophenyl)propanamide (436) p. 80 

N-(4-Nitrophenyl)acrylamide (96 mg, 0.5 mmol) provided 

3-mercapto-N-4-nitrophenyl)propanamide in 61% yield (69 mg). 

 

Yellow crystals, mp. 135–136 °C (69 mg, 61%); 1H-NMR: (500 MHz, DMSO-d6) δ 10.55 (s, 

1H), 8.21 (d, J = 9.2 Hz, 2H), 7.84 (d, J = 9.2 Hz, 2H), 2.79–2.69 (m, 4H), 2.41 (t, J = 7.8 Hz, 

1H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 170.9, 145.7, 142.6, 125.4, 119.2, 41.0, 19.8 

ppm. 

 

3.2.1.3. N-(4-Cyanophenyl)-3-mercaptopropanamide (437) p. 80 

N-(4-Cyanophenyl)acrylamide (86 mg, 0.5 mmol) provided 

N-(4-cyanophenyl)-3-mercaptopropanamide in 64% yield (66 mg). 

 

Off-white crystals, mp. 123–124 °C (66 mg, 64%); 1H-NMR: (500 MHz, DMSO-d6) δ 10.37 

(s, 1H), 7.88 – 7.65 (m, 4H), 2.78 – 2.72 (m, 2H), 2.68 (dd, J = 7.9, 6.3 Hz, 2H), 2.40 (t, J = 7.9 

Hz, 1H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 170.1, 143.2, 133.2, 119.02, 118.97, 104.8, 

40.4, 19.4 ppm. 
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3.2.1.4. N-(4-Acetylphenyl)-3-mercaptopropanamide (438) p. 80 

N-(4-Acetylphenyl)acrylamide (95 mg, 0.5 mmol) provided N-(4-acetylphenyl)-3-

mercaptopropanamide in 65% yield (73 mg). 

 

White crystals, mp. 135–136 °C (73 mg, 65%); 1H-NMR: (500 MHz, CDCl3) δ 7.99–7.84 (m, 

3H), 7.64 (d, J = 8.7 Hz, 2H), 2.89 (dt, J = 8.4, 6.6 Hz, 2H), 2.73 (t, J = 6.6 Hz, 2H), 2.57 (s, 

3H), 1.70 (t, J = 8.4 Hz, 1H) ppm; 13C-NMR (125 MHz, CDCl3) δ 197.1, 169.4, 142.1, 133.0, 

129.7, 119.0, 41.4, 26.4, 20.0 ppm. 

 

3.2.1.5. Ethyl 4-(3-mercaptopropanamido)benzoate (439) p. 80 

Ethyl 4-acrylamidobenzoate (110 mg, 0.5 mmol) provided ethyl 

4-(3-mercaptopropanamido)benzoate in 71% yield (90 mg). 

 

White crystals, mp. 91–92 °C (90 mg, 71%); 1H-NMR: (500 MHz, DMSO-d6) δ 10.28 (s, 1H), 

7.90 (d, J = 8.7 Hz, 2H), 7.73 (d, J = 8.7 Hz, 2H), 4.27 (q, J = 7.1 Hz, 2H), 2.75 (t, J = 7.3 Hz, 

2H), 2.67 (t, J = 6.6 Hz, 2H), 2.39 (t, J = 7.9 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H) ppm; 13C-NMR: 

(125 MHz, DMSO-d6) δ 169.9, 165.3, 143.3, 130.1, 124.1, 118.4, 60.3, 40.4, 19.5, 14.2 ppm. 

  

3.2.1.6. 4-(3-Mercaptopropanamido)benzoic acid (440) p. 80 

4-Acrylamidobenzoic acid (96 mg, 0.5 mmol) provided 4-(3-mercaptopropanamido)benzoic 

acid in 46% yield (52 mg). 

 

Off-white solid, mp. 267–268 °C (52 mg, 46%); 1H-NMR (500 MHz, DMSO-d6) δ 12.64 (s, 

1H), 10.27 (s, 1H), 7.89 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 2.75 (bs, 2H), 2.67 (t, J 

= 6.8 Hz, 2H), 2.39 (bs, 1H) ppm; 13C-NMR (125 MHz, DMSO-d6) δ 169.9, 166.9, 143.0, 

130.3, 125.1, 118.3, 40.4, 19.5 ppm. 

 

3.2.1.7. 3-Mercapto-N-(4-fluorophenyl)propanamide (441) p. 80 

N-(4-Fluorophenyl)acrylamide (83 mg, 0.5 mmol) provided 3-mercapto-N-(4-

fluorophenyl)propanamide in 56% yield (56 mg). 

 

Off-yellow crystals, mp. 62–63 °C (56 mg, 56%); 1H-NMR: (500 MHz, DMSO-d6) δ 9.99 (s, 

1H), 7.64–7.57 (m, 2H), 7.12 (t, J = 8.9 Hz, 2H), 2.79–2.70 (m, 2H), 2.62 (t, J = 6.8 Hz, 2H), 

2.36 (s, 1H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 169.1, 157.8 (d, J = 239.6 Hz), 135.5 (d, 
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J = 2.9 Hz), 120.8 (d, J = 7.7 Hz), 115.1 (d, J = 22.1 Hz), 40.1, 19.6 ppm; 19F-NMR: (300 MHz, 

DMSO-d6) δ 114.8 ppm. 

 

3.2.1.8. N-(4-Bromophenyl)-3-mercaptopropanamide (442) p. 80 

N-(4-Bromophenyl)acrylamide (86 mg, 0.5 mmol) provided 

N-(4-bromophenyl)-3-mercaptopropanamide in 66% yield (86 mg). 

 

Off-yellow crystals, mp. 128–129 °C (86 mg, 66%); 1H-NMR: (500 MHz, DMSO-d6) δ 10.07 

(s, 1H), 7.57 (d, J = 8.7 Hz, 2H), 7.47 (d, J = 8.8 Hz, 2H), 2.74 (q, J = 7.2 Hz, 2H), 2.63 (t, J = 

6.8 Hz, 2H), 2.37 (t, J = 8.0 Hz, 1H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 169.4, 138.4, 

131.4, 120.9, 114.6, 40.3, 19.5 ppm. 

 

3.2.1.9. N-(3,5-bis(Trifluoromethyl)phenyl)-3-mercaptopropanamide (443) p. 80 

N-(3,5-bis(Trifluoromethyl)phenyl)acrylamide (142 mg, 0.5 mmol) provided N-(3,5-

bis(trifluoromethyl)phenyl)-3-mercaptopropanamide in 61% yield (96 mg). 

 

Off-yellow crystals, mp. 92–93 °C (96 mg, 61%); 1H-NMR (300 MHz, CD3CN) δ 8.81 (s, 1H), 

8.16 (d, J = 1.6 Hz, 2H), 7.72–7.64 (m, 1H), 2.87–2.77 (m, 2H), 2.74–2.66 (m, 2H), 1.85 (t, J 

= 8.1 Hz, 1H) ppm; 13C-NMR: (75 MHz, CD3CN) δ 171.4, 141.5, 132.5 (q, J = 32.5 Hz), 124.4 

(q, J = 272.5 Hz), 120.0 (d, J = 3.8 Hz), 118.2, 117.5 (dt, J = 3.8 Hz), 41.5, 20.4 ppm. 

 

3.2.1.10. N-(2-Nitrophenyl)-3-mercaptopropanamide (444) p. 80 

N-(2-Nitrophenyl)acrylamide (86 mg, 0.5 mmol) provided 

N-(2-nitrophenyl)-3-mercaptopropanamide in 26% yield (29 mg). 

 

Off-yellow gum (29 mg, 26%); 1H-NMR: (500 MHz, DMSO-d6) δ 10.30 (s, 1H), 7.94 (dd, J = 

8.2, 1.5 Hz, 1H), 7.70 (ddd, J = 8.6, 7.3, 1.5 Hz, 1H), 7.64 (dd, J = 8.2, 1.4 Hz, 1H), 7.37 (ddd, 

J = 8.5, 7.3, 1.5 Hz, 1H), 2.77–2.68 (m, 2H), 2.69–2.65 (m, 2H), 2.39 (t, J = 7.8 Hz, 1H) ppm; 

13C-NMR: (125 MHz, DMSO-d6) δ 169.5, 142.5, 133.8, 130.9, 125.3, 125.2, 124.8, 39.9, 19.4 

ppm. 

 

3.2.1.11. 3-Mercapto-N-(4-methoxyphenyl)propanamide (445) p. 80 

N-(4-Methoxyphenyl)acrylamide (89 mg, 0.5 mmol) provided 

3-mercapto-N-(4-methoxyphenyl)propanamide in 54% yield (57 mg). 
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Off-yellow crystals, mp. 60–61 °C, ref.288 74–75 °C (57 mg, 54%); 1H-NMR: (500 MHz, 

DMSO-d6) δ 9.78 (s, 1H), 7.54–7.45 (m, 2H), 6.90–6.83 (m, 2H), 3.71 (s, 3H), 2.74 (q, J = 7.2 

Hz, 2H), 2.59 (t, J = 6.9 Hz, 2H), 2.34 (t, J = 8.0 Hz, 1H) ppm; 13C-NMR: (125 MHz, DMSO-

d6) δ 168.7, 155.1, 132.2, 120.6, 113.8, 55.1, 40.1, 19.7 ppm. 

 

3.2.1.12. 3-Mercapto-N-(p-tolyl)propanamide (446) p. 80 

N-(4-Methylphenyl)acrylamide (81 mg, 0.5 mmol) provided 3-mercapto-N-(p-

tolyl)propanamide in 65% yield (63 mg). 

 

Off-yellow crystals, mp. 73–74 °C, ref.288 86–87 °C (63 mg, 65%); 1H-NMR: (500 MHz, 

DMSO-d6) δ 9.83 (s, 1H), 7.47 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 7.9 Hz, 2H), 2.74 (q, J = 7.4 

Hz, 2H), 2.60 (t, J = 7.0 Hz, 2H), 2.35 (t, J = 8.1 Hz, 1H), 2.24 (s, 3H) ppm; 13C-NMR: (125 

MHz, DMSO-d6) δ 169.5, 137.1, 132.4, 129.5, 119.6,  110.0, 20.9, 20.2 ppm. We could not 

detect one of the methylene groups in the spectrum due to overlap with DMSO-d6. 

 

3.2.1.13. 3-Mercapto-N-(o-tolyl)propanamide (447) p. 80 

N-(o-Tolyl)acrylamide (81 mg, 0.5 mmol) provided 3-mercapto-N-(o-tolyl)propanamide in 

54% yield (53 mg). 

 

Off-yellow crystals, mp. 57–58 °C, ref.288 74–75 °C (53 mg, 54%); 1H-NMR: (500 MHz, 

DMSO-d6) δ 9.31 (s, 1H), 7.38 (d, J = 7.8 Hz, 1H), 7.20 (d, J = 7.3 Hz, 1H), 7.15 (t, J = 7.4 Hz, 

1H), 7.07 (t, J = 7.3 Hz, 1H), 2.76 (q, J = 7.2 Hz, 2H), 2.65 (t, J = 6.9 Hz, 2H), 2.35 (t, J = 7.9 

Hz, 1H), 2.20 (s, 3H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 169.2, 136.2, 131.7, 125.8, 

125.12, 125.08, 39.6, 19.9, 17.9 ppm. 

 

3.2.1.14. N-([1,1'-Biphenyl]-2-yl)-3-mercaptopropanamide (448) p. 80 

N-([1,1'-Biphenyl]-2-yl)acrylamide (112 mg, 0.5 mmol) provided 

N-([1,1'-biphenyl]-2-yl)-3-mercaptopropanamide in 58% yield (75 mg). 

 

Off-yellow crystals, mp. 81–82 °C (75 mg, 58%); 1H-NMR: (500 MHz, CD3CN) δ 7.82 (d, J = 

8.1 Hz, 1H), 7.72 (s, 1H), 7.46 (dd, J = 8.1, 6.8 Hz, 2H), 7.43–7.21 (m, 6H), 2.69 (q, J = 7.2 

Hz, 2H), 2.46 (t, J = 6.7 Hz, 2H), 1.71 (t, J = 8.3 Hz, 1H) ppm; 13C-NMR: (125 MHz, CD3CN) 

δ 139.8, 135.8, 131.4, 130.3, 129.8, 129.0, 128.7, 126.5, 125.8, 111.1, 41.4, 20.9 ppm. 
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3.2.1.15. 3-Mercapto-N-(naphthalen-2-yl)propanamide (449) p. 80  

N-(Naphthalen-2-yl)acrylamide (99 mg, 0.5 mmol) provided 3-mercapto-N-(naphthalen-2-

yl)propanamide in 53% yield (61 mg). 

 

White crystals, mp. 82–83 °C (61 mg, 53%); 1H-NMR: (500 MHz, CDCl3) δ 7.87 (m, 3H), 7.72 

(m, 2H), 7.62–7.41 (m, 3H), 2.94 (t, J = 7.2 Hz, 2H), 2.81 (t, J = 6.5 Hz, 2H), 1.77 (t, J = 8.4 

Hz, 1H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 170.0, 134.1, 132.1, 128.6, 126.3, 126.2, 126.0, 

125.6, 121.7, 121.2, 110.0, 41.0, 20.5 ppm. 

 

3.2.1.16. 3-Mercapto-2-methyl-N-phenylpropanamide (450) p. 80 

N-Phenylmethacrylamide (81 mg, 0.5 mmol) provided 

3-mercapto-2-methyl-N-phenylpropanamide in 33% yield (32 mg). 

 

Off-yellow crystals, mp. 75–77 °C (32 mg, 33%); 1H-NMR: (500 MHz, DMSO-d6, ref.289) δ 

9.93 (1H, s), 7.61 (d, J = 8.2 Hz, 2H), 7.29 (t, J = 7.9 Hz, 2H), 7.03 (t, J = 7.4 Hz, 1H), 2.79–

2.53 (m, 3H), 2.25 (t, J = 8.1 Hz, 1H), 1.16 (d, J = 6.6 Hz, 3H) ppm; 13C-NMR: (125 MHz, 

DMSO-d6) δ 173.0, 139.2, 128.6, 123.1, 119.2, 44.4, 27.2, 17.4 ppm. 

 

3.2.1.17. 3-Mercapto-N-phenylbutanamide (451) p. 80 

N-Phenylbut-2-enamide (81 mg, 0.5 mmol) provided 3-mercapto-N-phenylbutanamide in 45% 

yield (44 mg). 

 

Yellow crystals, mp. 74–75 °C (44 mg, 45%); 1H-NMR: (500 MHz, DMSO-d6) δ 9.91 (s, 1H), 

7.59 (d, J = 7.4 Hz, 2H), 7.29 (t, J = 7.9 Hz, 2H), 7.03 (t, J = 7.4 Hz, 1H), 3.41–3.33 (m, 1H), 

2.65–2.53 (m, 3H), 1.33 (d, J = 6.8 Hz, 3H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 168.8, 

139.0, 128.6, 123.1, 119.1, 47.5, 31.4, 24.7 ppm. 

 

3.2.1.18. 3-Mercapto-N,N-diphenylpropanamide (452) p. 80 

N,N-Diphenylacrylamide (112 mg, 0.5 mmol) provided 3-mercapto-N,N-diphenylpropanamide 

in 51% yield (66 mg). 

 

Colorless oil (66 mg, 51%); 1H-NMR (500 MHz, CD3CN) δ 7.79–6.93 (m, 10H), 2.72 (dt, J = 

8.4, 6.7 Hz, 2H), 2.53 (t, J = 6.7 Hz, 2H), 1.80 (t, J = 8.3 Hz, 1H) ppm; 13C-NMR (125 MHz, 

acetonitrile-d3) δ 171.8, 130.4 (bs), 128.6 (bs), 40.0, 21.0 ppm. 
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3.2.1.19. N-(Benzo[d]thiazol-2-yl)-3-mercaptopropanamide (453) p. 80 

N-(Benzo[d]thiazol-2-yl)acrylamide (102 mg, 0.5 mmol) provided 

N-(benzo[d]thiazol-2-yl)-3-mercaptopropanamide in 36% yield (43 mg). 

 

Off-white solid, mp. 184–185 °C (43 mg, 36%); 1H-NMR (500 MHz, CD3CN) δ 10.01 (s, 1H), 

7.89 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 8.1 Hz, 1H), 7.44 (td, J = 7.3, 1.3 Hz, 1H), 7.32 (td, J = 

7.1, 1.1 Hz, 1H), 2.90 – 2.79 (m, 4H), 1.88 (t, J = 7.8 Hz, 1H) ppm; 13C-NMR (125 MHz, 

acetonitrile-d3) δ 171.7, 158.2, 150.3, 133.5, 127.6, 125.2, 122.9, 122.2, 41.1, 20.6 ppm. 

 

3.2.1.20. N-(2-(1H-Indol-3-yl)ethyl)-3-mercaptopropanamide (454) p. 80 

N-(2-(1H-Indol-3-yl)ethyl)acrylamide (107 mg, 0.5 mmol) provided 

N-(2-(1H-indol-3-yl)ethyl)-3-mercaptopropanamide in 40% yield (50 mg). 

 

White crystals, mp. 81–82 °C (50 mg, 40%); 1H-NMR: (500 MHz, DMSO-d6) δ 10.77 (s, 1H), 

7.96 (s, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.14 (s, 1H), 7.06 (t, J = 7.6 Hz, 

1H), 6.97 (t, J = 7.5 Hz, 1H), 3.40–3.28 (m, 2H), 2.82 (t, J = 7.5 Hz, 2H), 2.66 (q, J = 7.3 Hz, 

2H), 2.38 (t, J = 7.1 Hz, 2H), 2.25 (t, J = 8.0 Hz, 1H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 

170.0, 136.2, 127.2, 122.6, 120.8, 118.2, 118.1, 117.8, 111.3, 35.0, 33.9, 25.2, 19.9 ppm. 

 

3.2.1.21. N-(Adamantan-1-yl)-3-mercaptopropanamide (455) p. 80 

N-(Adamantan-1-yl)acrylamide (103 mg, 0.5 mmol) provided 

N-(adamantan-1-yl)-3-mercaptopropanamide in 36% yield (43 mg). 

 

Off-yellow crystals, mp. 86–87 °C (43 mg, 36%); 1H-NMR: (500 MHz, DMSO-d6) 7.30 (s, 

1H), 2.60 (q, J = 7.2 Hz, 2H), 2.32 (t, J = 7.0 Hz, 2H), 2.16 (t, J = 7.9 Hz, 1H), 2.03–1.97 (m, 

3H), 1.95–1.88 (m, 6H), 1.64–1.58 (m, 6H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 169.4, 

50.7, 41.0, 39.8, 36.0, 28.8, 20.1 ppm. 

 

3.2.1.22. N-Benzyl-3-mercaptopropanamide (456) p. 80 

N-Benzylacrylamide (81 mg, 0.5 mmol) provided N-benzyl-3-mercaptopropanamide in 55% 

yield (54 mg). 

 

White crystals, mp. 36–37 °C, ref.290 60–61 °C (54 mg, 55%); 1H-NMR: (500 MHz, DMSO-

d6, ref.291) δ 8.37 (s, 1H), 7.42–7.14 (m, 5H), 4.28 (d, J = 6.0 Hz, 2H), 2.69 (q, J = 8.0 Hz, 2H), 
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2.46 (t, J = 6.9 Hz, 2H), 2.28 (t, J = 8.0 Hz, 1H) ppm; 13C-NMR: (125 MHz, DMSO-d6, ref.291) 

δ 170.2, 139.4, 128.2, 127.1, 126.7, 42.0, 39.2, 19.9 ppm. 

 

3.2.2. General procedure for the synthesis of compounds 459, 462–464, 467 

Acrylamide 431 (74 mg, 0.5 mmol) was added to the mixture of sulfur (48 mg, 1.5 mmol), 

N-ethylpiperidine (515 µL, 3.75 mmol), water (45 µL, 2.5 mmol) and acetonitrile (2 mL) and 

stirred vigorously at 80 °C for 1 hour. Then, tributylphosphine (370 µL, 1.5 mmol) was added 

and the mixture was stirred for another 30 minutes at 80 °C. Afterwards, the corresponding 

electrophile was added and the reaction was continued at the given temperature for 30 minutes. 

The reaction mixture was quenched with 0.5 M hydrochloric acid (30 mL) and extracted with 

dichloromethane (4×15 mL). The merged organic phases were washed with brine (20 mL) and 

dried over magnesium sulfate. Evaporation of the solvent followed by purification by flash 

column chromatography on silica gel (hexane:ethyl acetate) provided the 459, 462–464, 467 in 

37–66% yield. 

 

3.2.2.1. 3-((2,5-Dioxo-1-phenylpyrrolidin-3-yl)thio)-N-phenylpropanamide (459) p. 81 

Addition of N-phenyl maleimide (173 mg, 1.0 mmol) at room temperature provided 3-((2,5-

dioxo-1-phenylpyrrolidin-3-yl)thio)-N-phenylpropanamide in 52% yield (92 mg). 

 

White crystals, mp. 150–151 °C (92 mg, 52%); 1H-NMR: (500 MHz, CDCl3) δ 7.98 (s, 1H), 

7.53 – 7.36 (m, 5H), 7.33 – 7.23 (m, 5H), 7.09 (t, J = 7.4 Hz, 1H), 3.90 (dd, J = 9.4, 4.2 Hz, 

1H), 3.36 – 3.21 (m, 2H), 3.18 – 3.05 (m, 1H), 2.83 – 2.63 (m, 3H) ppm; 13C-NMR (125 MHz, 

CDCl3) δ 176.4, 173.4, 137.7, 131.5, 129.3, 129.0, 128.9, 126.4, 124.4, 119.9, 102.5, 40.7, 37.9, 

36.3, 28.8 ppm. 

 

3.2.2.2. 3-(Benzylthio)-N-phenylpropanamide (462) p. 81 

Addition of benzyl bromide (119 µL, 1.0 mmol) at room temperature provided 3-(benzylthio)-

N-phenylpropanamide in 37% yield (50 mg). 

 

White crystals, mp. 63–64 °C, ref.292 80–82 °C (92 mg, 52%); 1H-NMR: (500 MHz, CDCl3, 

ref.292) δ 7.98 (s, 1H), 7.53–7.36 (m, 5H), 7.33–7.23 (m, 5H), 7.09 (t, J = 7.4 Hz, 1H), 3.90 (dd, 

J = 9.4, 4.2 Hz, 1H), 3.36–3.21 (m, 2H), 3.18–3.05 (m, 1H), 2.83–2.63 (m, 3H) ppm; 13C-NMR 

(125 MHz, CDCl3, ref.292) δ 169.5, 138.2, 137.7, 128.9, 128.8, 128.6, 127.1, 124.3, 120.0, 37.4, 

36.8, 27.3 ppm. 
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3.2.2.3. 3-((5-Nitropyridin-2-yl)thio)-N-phenylpropanamide (463) p. 81 

Addition of 2-chloro-5-nitropyridine (119 mg, 0.75 mmol) at 60 °C provided 3-((5-nitropyridin-

2-yl)thio)-N-phenylpropanamide in 66% yield (100 mg). 

 

Yellow crystals, mp. 104–105 °C (100 mg, 66%); 1H-NMR: (500 MHz, CDCl3) δ 9.24 (s, 1H), 

8.22 (dd, J = 8.9, 2.6 Hz, 1H), 7.50 (d, J = 7.9 Hz, 2H), 7.41–7.27 (m, 4H), 7.11 (t, J = 7.4 Hz, 

1H), 3.62 (t, J = 6.9 Hz, 2H), 2.85 (t, J = 6.9 Hz, 2H) ppm; 13C-NMR (125 MHz, CDCl3) δ 

168.9, 167.2, 145.0, 141.3, 137.6, 130.4, 129.0, 124.5, 121.8, 119.8, 37.2, 26.0 ppm. 

 

3.2.2.4. S-(3-Oxo-3-(phenylamino)propyl) benzothioate (464) p. 81 

Addition of benzoyl chloride (87 µl, 0.75 mmol) at room temperature provided S-(3-oxo-3-

(phenylamino)propyl) benzothioate in 60% yield (85 mg). 

 

White crystals, mp. 127–128 °C, ref.293 140–141 °C (85 mg, 60%); 1H-NMR: (500 MHz, 

CDCl3) δ 7.95 (d, J = 7.6 Hz, 2H), 7.62 (s, 1H), 7.60–7.48 (m, 3H), 7.44 (t, J = 7.7 Hz, 2H), 

7.30 (t, J = 7.9 Hz, 2H), 7.10 (t, J = 7.4 Hz, 1H), 3.41 (t, J = 6.9 Hz, 2H), 2.77 (t, J = 6.9 Hz, 

2H) ppm; 13C-NMR (125 MHz, CDCl3) δ 192.3, 169.0, 137.7, 136.8, 133.6, 129.0, 128.6, 127.2, 

124.4, 119.9, 37.6, 24.7 ppm. 

 

3.2.2.5. 3-(Benzyldisulfaneyl)-N-phenylpropanamide (467) p. 81 

Addition of iodine (381 mg, 1.50 mmol) and benzylthiol (293 µl, 2.50 mmol) at room 

temperature provided 3-(benzyldisulfaneyl)-N-phenylpropanamide in 63% yield (95 mg). 

 

Off-white crystals, mp. 75–77 °C (95 mg, 63%); 1H-NMR: (500 MHz, CDCl3) δ 7.49 (d, J = 

8.0 Hz, 2H), 7.42 (s, 1H), 7.37–7.23 (m, 11H), 7.11 (t, J = 7.4 Hz, 1H), 3.90 (s, 2H), 2.73 (t, J 

= 7.1 Hz, 2H), 2.55 (t, J = 7.1 Hz, 2H) ppm; 13C-NMR (125 MHz, CDCl3) δ 169.1, 137.4, 129.4, 

129.0, 128.6, 127.5, 124.4, 119.9, 43.4, 36.9, 33.2 ppm. 

 

3.2.3.  Synthesis of polysulfanes 433 and 434a–c 

N-phenylacrylamide (431, 0.5 mmol) was added to the mixture of sulfur (48 mg, 1.5 mmol), 

N-ethylpiperidine (515 µL, 3.75 mmol), water (45 µL, 2.5 mmol) and acetonitrile (2 mL) and 

stirred vigorously at 80 °C for 1 hour. Then, the reaction mixture was quenched with 0.5 M 

hydrochloric acid (30 mL) and extracted with dichloromethane (4×15 mL). The merged organic 



- 93 - 

 

phases were washed with brine (20 mL) and dried over magnesium sulfate. Evaporation of the 

solvent followed by purification by flash column chromatography on silica gel 

(water:acetonitrile) provided the polysulfanes 433, 434a–c in 2–8% yield. 

 

3.2.3.1. 3,3'-Disulfanediylbis(N-phenylpropanamide) (433) p. 82 

N-phenylacrylamide (74 mg, 0.5 mmol) provided 3,3'-disulfanediylbis(N-phenylpropanamide) 

in 8% yield (14 mg). 

 

Beige crystals, mp. , ref.294 170–171 °C (14 mg, 8%); 1H-NMR: (500 MHz, DMSO-d6, ref.294) 

δ 9.98 (s, 1H), 7.58 (d, J = 8.0 Hz, 2H), 7.28 (t, J = 7.8 Hz, 2H), 7.03 (t, J = 7.4 Hz, 1H), 3.02 

(t, J = 7.1 Hz, 2H), 2.74 (t, J = 7.1 Hz, 2H) ppm; 13C-NMR: (125 MHz, DMSO-d6, ref.294) δ 

169.0, 139.0, 128.6, 123.1, 119.1, 36.0, 33.5 ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. 

for C18H21N2O2S2 361.1044; found 361.1036. 

 

3.2.3.2. 3,3'-Trisulfanediylbis(N-phenylpropanamide) (434a) p. 82 

N-phenylacrylamide (74 mg, 0.5 mmol) provided 3,3'-trisulfanediylbis(N-phenylpropanamide) 

in 5% yield (10 mg). 

 

Beige crystals (10 mg, 5%); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for 

C18H21N2O2S3 393.0765; found 393.0760. 

 

3.2.3.3. 3,3'-Tetrasulfanediylbis(N-phenylpropanamide) (434b) p. 82 

N-phenylacrylamide (74 mg, 0.5 mmol) provided 3,3'-tetrasulfanediylbis(N-

phenylpropanamide) in 4% yield (8 mg). 

 

Beige crystals (8 mg, 4%); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for 

C18H21N2O2S4 425.0485; found 425.0482. 

 

3.2.3.3. 3,3'-Pentasulfanediylbis(N-phenylpropanamide) (434c) p. 82 

N-phenylacrylamide (74 mg, 0.5 mmol) provided 3,3'-pentasulfanediylbis(N-

phenylpropanamide) in 2% yield (5 mg). 

 

Beige crystals (5 mg, 2%); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for 

C18H21N2O2S5 457.0206; found 457.0200. 
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3.3. Detailed reaction optimizations 

3.3.1. Optimization of the synthesis of O-thiocarbamates 

 

Table 9: Optimization of the synthesis of O-thiocarbamates starting from 261 and 262 

  

Entry Base Solvent 
Time 

[h] 

Molar excess 

262 / S8 / Base 

Yield[a,b] 

[%] 

1 

NaH THF 
1 

1.5 / 1.5 / 1.5 58c 

2 1.5 / 1.5 / 1.5 72 

3 2 / 2 / 2 91 

4 2.5 / 2.5 / 2.5 80d 

5 1.5 / 1.5 / 2 61 

6 2.5 / 2.5 / 2 88 

7 2 1.5 / 1.5 / 1.5 84 

8 NaH THF 2 2 / 2 / 2 94d 

9 

NaH 

THF 

2 2 / 2 / 2 

72e 

10 Dioxane 67 

11 MTBE 29 

12 Toluene 12d 

13 MeCN 92d 

14 DCM 30 

15 MeTHF 87d 

16 

THF 

72f 

17 Cs2CO3 0 (26)g 

18 DIPEA 0 (30)g 

19 DBU 39 

20 NaOEt 0 (53)g 

21 - n.r. 

[a] Reaction conditions: 261 (1 mmol), S8, 262, base, solvent (3 mL), time, under argon atmosphere at 40 °C.  

[b] Isolated yields. [c] Flash column chromatography performed on aluminium oxide stationary phase. [d] Average 

of two runs. [e] Room temperature. [f] Lack of inert atmosphere. [g] Yield of isothiocyanate intermediate. n.r. = 

No reaction. 
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3.3.2. Optimization of the synthesis of dithiocarbamates 

 

Table 10: Optimization of the synthesis of dithiocarbamates starting from 261 and 

benzylthiol (466) 

 

Entry Base Solvent 
Temp. 

[°C] 

Molar excess 

466 / S8 / Base 

Yield[a,b] 

[%] 

1 NaH THF 40 2/2/2 0c 

2 NaOH DMSO 40 2/2/2 22 

3 NaOH DMSO 70 2/2/2 38 

4 NaOH DMSO 100 2/2/2 34 

5 NaOH DMSO 70 3/3/3 23 

6 NaH DMSO 70 2/2/2 36 

7 Cs2CO3 DMSO 70 2/2/2 14 

8 NaOH DMF 70 2/2/2 43 

9 NaOH DMAc 70 2/2/2 45 

10 NaOH NMP 70 2/2/2 34 

11 NaOH DMAc 70 2/1.2/2 59 

[a] Reaction conditions: 261 (1 mmol), S8, 466, base, solvent (3 mL), temperature, 3 h under argon atmosphere. 

[b] Isolated yield, unless noted otherwise. [c] Isothiocyanate intermediate detected by HPLC-MS. 
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3.3.3. Optimization of the CF synthesis of thioureas 

 

Table 11: Optimization of the CF synthesis of thioureas starting from 261 and DBU (303) 

 
 

Entry 
Temp. 

[°C] 

Flow rate 

[mL×min-1] 

Residence 

time 

HPLC conversion of 261 

 [%] 

1 60 1.0 26 sec 36 / 64 

2 60 0.4 1 min 6 sec 50 / 50 

3 80 0.4 1 min 6 sec 62 / 38 

4 80 0.2 2 min 12 sec 84 / 16 

5 80 0.6 3 min 16 sec 93 / 7 

6 80 0.4 4 min 54 sec 98 / 2 

7 80 0.3 6 min 32 sec 99 / 1 (88) 

[a] Reaction conditions: 261 (0.2 M in MeCN), polysulfide solution (1.0 M 303, 0.4 M sulfur in H2O); [b] 

Conversion is based on UV–VIS absorbance at 190 nm; [c] Isolated yield in parentheses for 0.5 mmol scale. 

 

3.3. Analytical data for published compounds 

The synthetic procedure, 1H- and 13C-NMR spectra, melting points and HRMS spectra for 

published compounds may be found in references 240, 260, 295 and 296, supplementary 

information (Table 12).240,260,295,296  

 

Table 12: Reference for published compounds 

Compounds References 

263, 264, 266–290, 294 240 

316, 319–351, 354, 355, 358–360 260 

361, 363, 364 295 

370, 372–389, 394–401, 407–416 296 
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Chapter 4. Conclusions 

Recently, the appearance of green chemistry and the usual application of limited number of 

robust reactions highlighted the importance of the introduction of new chemical methodologies. 

Besides efficiency and convenience, new concepts consider environmental aspects as well. 

Telescoped reaction designs, more specifically, MCRs enable the exclusion of the work-up and 

purification procedures of the intermediates. This approach spares significant amount of 

resources and maintains the safe execution of synthetic procedures due to the in situ generation 

and application of toxic and reactive intermediates. In addition, the popularity of MCRs lies in 

its feature of giving access to a versatile set of products in an easy and fast fashion. Elemental 

sulfur is a cheap, easy-to-handle, non-toxic powder that may undergo chemical reactions in the 

presence of external additives. Replacing hazardous and inconvenient sulfurating reagents with 

sulfur offers modern, environmentally more benign chemical procedures. During my PhD 

research at the Medicinal Chemistry Research Group, I mostly worked on the development of 

new MCRs involving sulfur. 

Building on recent results on the large and emerging field of sulfur based MCRs we started to 

develop a new three-component chemical reaction for the synthesis of thio- and 

dithiocarbamates. Starting from isocyanides, sulfur and aliphatic alcohols or thiols we validated 

the procedure on a set of 26 derivatives, showing its good functional group tolerance (Scheme 

71). The development of this methodology also revealed the catalyst-free, efficient generation 

of ITCs from isocyanides and sulfur in the presence of bases under mild conditions.  

 

Scheme 71: Synthesis of thio- and dithiocarbamates through ITC intermediates 

 

Based on our experiences and results acquired during the synthesis of thio- and 

dithiocarbamates, we envisioned the preparation of the aqueous solution of polysulfide anions, 

resulting from the treatment of sulfur with bases. The aqueous polysulfide solutions enable the 

separation of the excess of sulfur from apolar products by a simple filtration. In addition, it 

opens up the chemical toolbar by introducing sulfur into CF reactors. We probed a large pool 

of 36 bases of nucleophilic nature for the preparation of polysulfide solutions. Eventually we 

found 14 that were suitable for this purpose of which we considered 8 that were concentrated 
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enough respective to sulfur for convenient synthetic applications (Scheme 72). We also 

characterized the polysulfide solutions by NMR spectroscopy. 

 

Scheme 72: Preparation of aqueous polysulfide solution and selected bases (A); aqueous 

polysulfide solution in different concentrations made with PMDTA (B) 

 

Next, we applied the aqueous polysulfide solutions in the multicomponent synthesis of 

thioureas starting from isocyanides and amines or amidines (Scheme 73). The pure products 

precipitated from the reaction mixture that enabled us to isolate them by a simple filtration. 

Retaining the excess of sulfur, base and amine in the mother liquor eventually freed us from the 

otherwise mandatory chromatographic purifications. The procedure was suitable for the 

synthesis of variously substituted aliphatic and aromatic amines, highlighting challenging diaryl 

thioureas and altogether 36 derivatives, including the marketed drug thiocarlide. 

 

Scheme 73: Chromatography-free synthesis of thioureas with aqueous polysulfide solutions 
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Application of organic co-solvents kept both the reagents and products in solution, which 

encouraged us to transfer this MCR into a CF reactor (Scheme 74). One feed provided the 

solution of the isocyanide in MeCN and the other provided the aqueous polysulfide solution 

and the amine. The two feeds met in a T-mixer and the reaction was conducted at a heated 

reactor coil. Collection of the product mixture followed by the evaporation of the co-solvent 

provided the crystalline product, which was separated from the excess of sulfur, base and amine 

by a simple filtration. Comparison of the batch and CF results did not reveal any clear 

tendencies, as we did not observe relations between the structure of the compounds and the 

applied technology. 

 

Scheme 74: Continuous-flow chromatography-free synthesis of thioureas with aqueous 

polysulfide solutions 

 

Based on the multicomponent synthesis of thioureas, we established the one-pot, 

four-component preparation of 2-iminothiazolines and 2-aminothiazoles (Scheme 75). Here, 

we did not isolate the thiourea but sequentially added 2’-bromoacetophenones to the reaction 

mixture resulting in the formation of the desired heterocycles. In the case of aliphatic amines – 

as they are able to activate sulfur due to their nucleophilicity – we used powder as sulfur source. 

Anilines and ammonia being less nucleophile were unable to initiate the reaction, thus we 

applied aqueous polysulfide solutions. The developed methodology enabled the isolation of the 

pure products from the aqueous reaction mixture by a simple filtration in most cases. In 

addition, we demonstrated the robustness of the process by synthesizing a diversely 

functionalized compound library of 37 members and by scale-up to multiple grams. 
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Scheme 75: One-pot four-component synthesis of 2-iminothiazolines and 2-aminothiazoles 

using sulfur or aqueous polysulfide solutions 

 

Finally, it was our intention to exploit the chemistry of electron-deficient alkenes with 

nucleophile-activated sulfur to synthesize thiols and its derivatives. We discovered a new 

pseudo MCR of acrylamides with sulfur leading to a mixture of symmetrical thioethers, 

disulfides and polysulfanes. We optimized the reaction to shift the selectivity towards the 

formation of disulfides and polysulfanes, which are suitable for reduction that generate thiols 

(Scheme 76). The reaction tolerated a wide range of functional groups including halogen atoms, 

nitro-, nitrile-, ester-, carboxyl-, ketone-group and heteroaromatic NH atoms. The reaction 

conditions enabled the secondary transformation of thiols in a one-pot manner, such as 

alkylation, acylation, arylation and oxidation to provide more complex sulfur containing 

structures. In addition, we performed control reactions to gain insight into the reaction 

mechanism and eventually proposed a possible reaction pathway. 

 

Scheme 76: Synthesis of aliphatic thiols in a pseudo MCR one-pot reduction, followed by 

one-pot secondary transformations to more complex sulfur-containing structures 
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4.1. Thesis highlights 

T1. A new multicomponent reaction starting from isocyanides, sulfur and alcohols or thiols 

for the synthesis of O-thiocarbamates and dithiocarbamates has been developed. In addition, 

the isothiocyanate intermediate of the reaction was generated in situ through a new, catalyst-free 

and mild sulfuration method of isocyanides with sulfur. (P1, P2) 

 

T2. Preparation of aqueous polysulfide solutions made from bases and sulfur has been 

developed and characterized. This new sulfurating reagent enabled the batch and 

continuous-flow multicomponent chromatography-free synthesis of thioureas and the 

preparation of challenging diaryl derivatives. (P3, P4) 

 

T3. Based on the multicomponent synthesis of thioureas, the aqueous, multicomponent, 

chromatography-free one-pot synthesis of trisubstituted iminothiazolines and disubstituted 

thiazoles has been established. (P5) 

 

T4. A new pseudo multicomponent reaction starting from acrylamides and sulfur for the 

synthesis of polysulfanes has been established. The one-pot reduction of polysulfanes led to the 

formation of aliphatic thiols, which may be further transformed to more complex sulfur 

containing structures. 

 

4.2. Publications 

4.2.1. Publications related to the PhD dissertation 

P1: András György Németh, György Miklós Keserű, Péter Ábrányi-Balogh: A novel 

three-component reaction between isocyanides, alcohols or thiols and elemental sulfur: a 

mild, catalyst-free approach towards O-thiocarbamates and dithiocarbamates, Beilstein J. 

Org. Chem. 2019, 15, 1523–1533. [IF: 2.622, I(FI): 6(4), SZA: 100%] 

 

P2: András György Németh, Péter Ábrányi-Balogh: Recent advances in the synthesis of 

isothiocyanates using elemental sulfur, Catalysts 2021, 11(9), 1081. [IF: 4.146, I(FI): 

0(0), SZA: 100%] 

 

P3: András György Németh, Renáta Szabó, Attila Domján, György Miklós Keserű, Péter 

Ábrányi-Balogh: Chromatography-Free Multicomponent Synthesis of Thioureas Enabled 
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by Aqueous Solution of Elemental Sulfur, ChemistryOpen 2021, 10, 16–27. [IF: 2.911, 

I(FI): 1(0), SZA: 80%] 

 

P4: András György Németh, Renáta Szabó, György Orsy, István M. Mándity, György Miklós 

Keserű, Péter Ábrányi-Balogh: Continuous-Flow Synthesis of Thioureas, Enabled by 

Aqueous Polysulfide Solution, Molecules 2021, 26(2), 303–311. [IF: 4.411, I(FI): 2(1), 

SZA: 80%] 

 

P5: András György Németh, Bence Marlok, Attila Domján, György Miklós Keserű, Péter 

Ábrányi-Balogh: Convenient Multicomponent One-Pot Synthesis of 2-Iminothiazolines 

and 2-Aminothiazoles Using Elemental Sulfur Under Aqueous Conditions, Eur. J. Org. 

Chem. 2021, 3587–3597. [IF: 3.021, I(FI): 2(1), SZA: 80%] 

 

4.2.2.  Other publications 

P6: Bálint Nyulasi, András György Németh, Márta Porcs-Makkay, József Kupai, Gyula 

Lukács, Gyula Simig, Balázs Volk: Lithiation of 2-aryl-2-methyl-1,3-dioxolanes with 

PMDTA-complexed butyllithium, Tetrahedron, 2017, 73, 298–306. [IF: 2.125, I(FI): 

4(4), SZA: 45%] 

 

P7: Bálint Nyulasi, András György Németh, Márta Porcs-Makkay, József Kupai, Gyula 

Lukács, Gyula Simig, Balázs Volk: Benzotiadiazinok előállítására alkalmas 

acetofenon-ketál származékok szintézise metallálási reakcióban 

N,N,N’,N’,N’’-pentametildietiléntriamin komplexképző jelenlétében, XXXVIII. Kémiai 

Előadói Napok, 2015, ISBN 978-963-9970-64-9, 165–169. [IF: 0, I(FI): 0(0), SZA: 95%] 

 

4.2.3. Oral presentations 

P8: Németh András György, Szabó Renáta, Keserű György Miklós, Ábrányi-Balogh Péter: 

Elemi kén alkalmazása multikomponensű reakciókban, MTA Alkaloid- és 

Flavonoidkémiai Munkabizottság ülése, 2019.04.11–12., Mátrafüred. 

 

P9: Németh András György, Szabó Renáta, Orsy György, Mándity M. István, Keserű György 

Miklós, Ábrányi-Balogh Péter: Elemi kén alkalmazása multikomponensű reakciókban, 

SZKI Szakmai Napok, 2020.01.22–24., Telki. 
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P10: András György Németh, Bence Marlok, Attila Domján, György Orsy, István M. Mándity, 

György Miklós Keserű, Péter Ábrányi-Balogh: Application of elemental sulfur in 

multicomponent reactions, 9th European Young Engineers Conference, 2021.04.19–21., 

Online. 

 

4.2.4. Poster presentations 

P11: András György Németh, György Orsy, István M. Mándity, György Miklós Keserű, Péter 

Ábrányi-Balogh: Application of elemental sulfur in multicomponent reactions, 21st 

Tetrahedron Symposium, 2021.06.21–24., Online 
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