
 
 

BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS 
FACULTY OF CHEMICAL TECHNOLOGY AND 

BIOTECHNOLOGY 
  

 
 
 
 

 

 
 
 

Application of elemental sulfur in multicomponent reactions 
 
 

Thesis booklet 
 
 

 
 

 
Author:  

 
Supervisors -Balogh PhD 

scientific research fellow, honorary lecturer 
 
 .Sc. 

 group leader, c. member of HAS 
 

 
 

 
Medicinal Chemistry Research Group, 
Research Centre for Natural Sciences 

 
 
 
 
 
 
 

 
2021  



1 

1. Introduction 

Recently, the appearance of green chemistry promoted the development of environmenta l ly 

friendly, more convenient and more robust chemical methodologies. Telescoped reaction 

designs, in particular, one-pot and multicomponent reactions (MCRs) enable the exclusion of 

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. 

 

2. Background 

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 traditiona l 

sulfurating reagents. Alternatives, such as P2S5, , carbon disulfide or 

thiophosgene are malodourous, toxic, and inconvenient to handle, and most importantly lead to 

worse atom efficiency, less safe and environmentally less benign processes. The evident 

benefits of sulfur gave rise to a large number of novel synthetic methods parallel with the spread 

of green chemistry.1 Due to the chemical stability and relatively inert nature of sulfur, it requires 

either thermal or chemical activation prior to use. One of the most generally applied method for 

the activation of sulfur is the nucleophile- induced heterolytic cleavage of the octasulfur ring. 

Primary and secondary aliphatic amines are very effective in generating polysulfide anions 

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

concentrations (Scheme 1).2  

                                                 
1Nguyen, T. B.: Recent Advances in Organic Reactions Involving Elemental Sulfur, Adv. Synth. Catal. 2017, 359, 
1066 1130; Nguyen, T. B.: Recent Advances in the Synthesis of Heterocycles via Reactions Involving Elemental 
Sulfur, Adv. Synth. Catal. 2020, 362, 3448 3484; Saito, M., Murakami, S., Nanjo, T., Kobayashi, Y., Takemoto, 
Y.: Mild and Chemoselective Thioacylation of Amines Enabled by the Nucleophilic Activation of Elementa l 
Sulfur, J. Am. Chem. Soc. 2020, 142, 8130 8135 
2Thomson, J. W., Nagashima, K., Macdonald, P. M., Ozin, G. A.: 

Boksz, J. Am. Chem. Soc. 2011, 133, 5036 5041. 
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Scheme 1: Nucleophilic activation of sulfur resulting in polysulfide anions 

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

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

Notably, due to their high and versatile reactivity, they are widely used as intermediates in 

organic synthesis. ITCs readily react with nucleophiles such as amines, alcohols or thiols, 

leading biologically active thioureas, thio- and dithiocarbamates respectively. The synthesis of 

ITCs generally relies on the reaction between thiophosgene or CS2 and amines, thus involves 

the use of highly toxic reagents with narrow functional group compatibility. Elemental sulfur, 

however, enables the direct sulfuration of isocyanides under thermal conditions or in the 

presence external additives to yield ITCs (Scheme 2). Chalcogens, such as selenium and 

tellurium or transition metals such as molybdenum and rhodium are able to catalyze the 

insertion of sulfur on isocyanides.3 These approaches, however, suffer from the use of toxic 

chalcogens, heavy metals, special catalysts and/or long reaction times.  

 

Scheme 2: Direct generation of ITCs from isocyanides and sulfur 

 

Al-Mourabit and co-workers established a three-component protocol for the synthesis of 

thioureas starting from isocyanides, aliphatic amines and sulfur (Scheme 3).4 They assumed, 

that the reaction goes through an ITC intermediate, generated in the reaction of the isocyanide 

and the polysulfide anions. Application of aliphatic amines as activating agents, however, does 

not enable the introduction of other nucleophiles, thus the synthesis of structurally related thio -  

and dithiocarbamates. In addition, aromatic amines are not nucleophilic enough to cleave 

sulfur-sulfur bonds, therefore this methodology is only suitable for the preparation of thioureas 

of a limited chemical space. Finally, the excess of sulfur makes chromatography indispensab le 

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

                                                 
3Fujiwara, S.-I.; Shin-Ike, T.; Sonoda, N.; Aoki, M.; Okada, K.; Miyoshi, N.; Kambe, N.: Novel selenium catalyzed 
synthesis of isothiocyanates from isocyanides and elemental sulfur, Tetrahedron Lett. 1991, 32, 3503 3506;  
Arisawa, M.; Ashikawa, M.; Suwa, A.; Yamaguchi, M: Rhodium-catalyzed synthesis of isothiocyanate from 
isonitrile and sulfur, Tetrahedron Lett. 2005, 46, 1727 1729. 
4Nguyen, T.B.; Ermolenko, L.; Al-Mourabit, A.: Three-component reaction between isocyanides, aliphatic amines 
and elemental sulfur: Preparation of thioureas under mild condit ions with complete atom economy, Synthesis 2014, 
46, 3172 3179.  
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Scheme 3: Three-component reaction for the synthesis of thioureas through ITC 

intermediates 

 

Electron deficient alkenes undergo nucleophilic and radical reactions with sulfur. In the last 5 

years several new methods appeared -unsaturated carbonyl 

-oxo-enaminones as starting materials, which are suitable 

for divergent synthetic applications.5 In particular, the reaction of chalcones with sulfur gave 

access to sultams, benzothiophenes, thioaurones, dithioles and thiophenes. The careful selection 

of reaction conditions enables the selective synthesis of the heterocycles. The published 

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

accessible electron deficient unsaturated structures remaining undisclosed. Representative 

examples may be acrylamides, vinylketones, vinylsulfones, and electron deficient heterocyclic 

olefins (Scheme 4). 

 
Scheme 4: Representative examples for electron deficient alkenes as potential substrates in 

the reaction with sulfur 

 

3. Experimental methods 

All melting points were determined on a Jasco SRS OptiMelt apparatus and are uncorrected. 

1H and 13C 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 APT 

NMR spectra, respectively), with the residual solvent signal as the lock and TMS as the interna l 

                                                 
5Nguyen, T. B., Retailleau, P.: DIPEA-Promoted Reaction of 2-Nitrochalcones with Elemental Sulfur: An Unusual 
Approach to 2-Benzoylbenzothiophenes, Org. Lett. 2017, 19, 4858 4860; Gan, L., Gao, Y., Wei, L., Wan, J. P.: 

-Keto Thioamides by Metal- , J. 
Org. Chem. 2019, 84, 1064 1069. 



1 

HPLC MS measurements were performed using a Shimadzu LCMS-2020 device equipped 

-negative double ion 

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. 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

at 215 and 254 nm; all starting compounds are known, purchased or synthetically feasible and 

>95% pure. 

 

4. Results 

Building on the multicomponent synthesis of thioureas (Scheme 3), we developed a new, mild 

three-component method for the synthesis of thio- and dithiocarbamates through an ITC 

intermediate. During the optimization of the MCR, we replaced the aliphatic amines to NaH or 

NaOH as efficient activating agents for sulfur, enabling the introduction of other nucleophiles 

than amines. Starting from isocyanides, sulfur and aliphatic alcohols or thiols we validated the 

procedure on a set of 26 derivatives, showing its tolerance towards halogen atoms, olefin and 

nitrile and nitro groups (Scheme 5). In addition, we isolated the 2,6-dimethylphenyl 

isothiocyanate intermediate in excellent yield, revealing a new, mild method for the direct, 

catalyst-free synthesis of ITCs from isocyanides. 

 

Scheme 5: Synthesis of thio- and dithiocarbamates and through an ITC intermediate 

 

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 
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separation of the excess of sulfur from apolar products by a simple filtration. In addition, it 

opens up the chemical toolbar by enabling the application of sulfur in continuous flow (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 enough respective to sulfur (1.0 M for the base and 0.4 M 

for sulfur) for convenient synthetic applications (Scheme 6). We also characterized the 

polysulfide solutions by NMR spectroscopy.

Scheme 6: Preparation of aqueous polysulfide solution and selected bases (A); aqueous 

polysulfide solutions 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 7). The pure products 

precipitated from the reaction mixture that enabled us to isolate them by a simple filtrat io n. 

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 biaryl 

thioureas, inaccessible in the absence of organic solvents or catalysts.6 We synthesized a 

compound library of 36 diversely substituted derivatives including the marketed drug 

thiocarlide.

                                                
6Zhu, T.-H., Xu, X.-P., Cao, J.-J., Wei, T.-Q., Wang, S.-Y., Ji, S.-J.: Cobalt(II)-Catalyzed Isocyanide Insertion 
Reaction with Amines under Ultrasonic Conditions: A Divergent Synthesis of Ureas, Thioureas and 
Azaheterocycles, Adv. Synth. Catal. 2014, 356, 509 518; Tan, W., Wei, J., Jiang, X.: Thiocarbonyl Surrogate via 
Combination of Sulfur and Chloroform for Thiocarbamide and Oxazolidinethione Construction , Org. Lett. 2017, 
19, 2166 2169.
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Scheme 7: Chromatography-free synthesis of thioureas with aqueous polysulfide solutions

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 8). 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 in 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 trends, 

as we did not observe relations between the structure of the compounds and the applied 

technology.
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Scheme 8: CF chromatography-free synthesis of thioureas using aqueous polysulfide 

solutions

Based on the multicomponent synthesis of thioureas, we established the one-pot, four 

component preparation of 2-iminothiazolines and 2-aminothiazoles. Here, we did not isolate 

-bromoacetophenones to the reaction mixture resulting in 

the formation of the desired heterocycles (Scheme 9). In the case of aliphatic amines as they 

are able to activate sulfur due to their nucleophilicity we used sulfur powder. 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 functional ized 

compound library of 37 members and by scale-up to multiple grams.

Scheme 9: 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 
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pseudo MCR of acrylamides with sulfur leading to a mixture of symmetrical thioethers, 

disulfides and polysulfanes (Scheme 10). We optimized the reaction to shift the selectivity 

towards the formation of disulfides and polysulfanes, which are suitable for reduction that 

generate thiols. The reaction tolerated a wide range of functional groups including halogen 

atoms, nitro-, nitrile-, ester-, carboxyl-, ketone-group and heteroaromatic NH atoms. In 

addition, 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. Control reactions gave us insight into the reaction mechanism and 

eventually we proposed a possible reaction pathway. 

 
Scheme 10: Synthesis of aliphatic thiols in a pseudo MCR one-pot reduction, followed by 

one-pot secondary transformations to more complex sulfur-containing structures 

 

5. Thesis points 

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 continuo us 

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 
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thiazoles has been established. (P5) 

T4 A new pseudo multicomponent reaction starting from acrylamides and sulfur for the 

synthesis of disulfides and polysulfanes has been established. The one-pot reduction of the 

product mixture led to the formation of aliphatic thiols, which may be further transformed 

to more complex sulfur containing structures. 

 

6. Applicability 

The new, mild catalyst-free synthesis of ITCs opens up the chemical toolbar towards the 

multicomponent or one-pot derivatization of ITCs leading to more complex structures and 

heterocycles even in one preparative step. By introducing the aqueous polysulfide solutions, the 

organic products might be separated from a reaction mixture by a simple filtration, no 

chromatography is needed for the removal of sulfur. In addition, these solutions enabled the 

application of sulfur under CF conditions, opening CF reactors to a wide range of sulfur based 

reactions. Finally, the development of new methodologies and reactions for the synthesis of 

2-iminothiazolines, 2-aminothiazoles, aliphatic thiols and its derivatives widens the toolbar of 

synthetic methods towards important sulfur-containing compounds. 
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