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1. Introduction 

In our present age the need for the development of environment friendly, 

economical, and green procedures is essential. There are a number of 

approaches in the field, of which one of the most dominant is the use of 

renewable energy sources with wind turbines, hydropower plants and solar 

panels. These applications are not only feasible in daily electricity generation, 

but in chemistry as well, for example the synthesis of polyhydroquinoline 

derivatives was possible in thermochemical reaction using only solar energy 

(direct sunlight).1 

Another approach is the use of natural, earth abundant materials for the 

preparation of valuable end products.2 For example from agricultural residues 

and food wastes γ-valerolactons can be prepared, which can be used as green 

solvents or fuels.3 The use of earth abundant minerals instead of their 

synthetic counterparts can also be categorized as a similar approach. 

Minerals are natural, mostly inorganic substances with well-defined 

structure and composition. Minerals are mostly used in construction industry, 

sculpture, and in the electrical industry. Minerals have already been used in 

chemical reactions in catalysis science. Prebiotic chemistry for example has 

been studying minerals because of their potentially high contribution to the 

 
1. R. A. Mekheimer, A. A. Hameeda, K. U. Sadek Green Chem. 2008, 10, 

592‒593. 
2. P. Ning, G. Yang, L. Hu, J. Sun, L. Shi, Y. Zhou, Z. Wang, J. Yang 

Biotechnol Biofuels 2021, 14, 102. 
3. M. Y. Lui, C. Y. Y. Wong, A. W.-T. Choi, Y. F. Mui, L. Qi, I. T. Horváth 

ACS Sustainable Chem. Eng. 2019, 7, 17799–17807. 
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origin of life.4 Pyrite on the other hand has had various industrial uses as a 

hydrogenating catalyst.5 Lastly modified boehmite6 and zeolite7 compounds 

also had a big impact as catalyst supports in recent years. 

As 775 of the 5800 known minerals are copper containing, it is safe to 

say that copper is one of the most abundant metals on earth. It is widely used 

in many industries, which is shown by copper production in 2019 exceeding 

20 million tons.8 Although it is mainly used elsewhere, copper is of great 

significance in preparative organic chemistry. It is one of the oldest catalysts 

known and can catalyse highly versatile reactions. Its main advantage over 

other transition metals its price and lower toxicity. By using copper minerals 

instead of pure copper compounds, the production and purification of these 

compounds can be bypassed, potentially leading to economical and 

environmentally friendly procedures. 

On the whole, we studied the applicability of these minerals in five 

organic reactions: preparation of propargylamines via A3 reaction, Chan-lam 

arylation of benzimidazoles, Goldberg arylation of amides, the cross-

coupling reaction of terminal alkynes in Glaser-Hay reaction, and the 

preparation of benzoxazoles and benzothiazoles. 

 
4. R. M. Hazen, D. A. Sverjensky Cold Spring Harb. Perspect. Biol. 2010, 2, 

a002162. 
5.  J. R. Morse, J. F. Callejas, A. J. Darling, R. E. Schaak Chem. Commun. 

2017, 53, 4807–4810. 
6.  M. Mohammadi, M. Khodamorady, B. Tahmasbi, K. Bahrami, A. 

Ghorbani-Choghamarani J. Ind. Eng. Chem. 2021, 97, 1‒78. 
7. Y. Chai, W. Dai, G. Wu, N. Guan, L. Li Acc. Chem. Res. 2021, 54, 2894–

2904. 
8.  U.S. Geological Survey, Mineral commodity summaries, 2019. (online: 

https://doi.org/10,3133/70202434) 
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During our study we mainly focused on the catalytical applicability of 

the seven following minerals: chalcocite (Cu2S), chalcopyrite (CuFeS2), 

bornite (Cu5FeS4), bournonite (PbCuSbS3), malachite [Cu2CO3(OH)2], 

azurite [Cu2(CO3)2(OH)2], and chrysocolla [(Cu,Al)2H2Si2O5(OH)4 • n H2O]. 

If the given mineral was found to be a suitable catalyst precursor for the 

reaction, then reusability and scale up experiments were also performed. 

 
1. Figure: Organic chemical reactions performed in the presence of copper-containing 

minerals. 

As it was mentioned earlier, minerals are natural substances, and 

depending on the origin they can have inconsistencies in the composition. To 

further prove how robust can methods based on copper mineral catalysis be, 

the used minerals were compared to natural and when possible, commercially 

available synthetic counterparts, as well as trace metal pure copper 

compounds, to see if their origin has any effect on their usability. 

To prove that the catalytical reactions truly occur because of the 

introduced minerals, in depth analytical studies are necessary. Therefore, the 
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used minerals were characterized by XRDP, IR, XRF, ICP, BET and SEM 

measurements. Furthermore, their copper content was measured by titration 

as well. 

2. Experimental Methods 

The reaction mixtures were analysed by thin layer chromatography, 

HPLC-MS, and GC-MS measurements. The produced compounds were 

purified using flash column chromatography or recrystallization. The 

analytical measurements were executed using pure products after multiple 

recrystallizations or preparative thin layer chromatography. The gained 

products were characterised by their melting point, 1H, 13C NMR and IR 

spectra, furthermore HRMS measurements were carried out for every all new 

chemical entities. 

The used minerals were first grinded in a mortar until their particle size 

was in the appropriate range which was checked by a light microscope. After 

reaching the adequate range, the minerals were analysed using X-ray powder 

diffraction for crystal phases, X-ray fluorescence and ICP for elemental 

composition, IR for further characterization, scanning electron microscope 

for better quality pictures of the mineral particles and lastly BET for their 

specific surface area. Furthermore, the copper content of the carbonate 

minerals was measured by titration as well. The mol% data mentioned later 

in the thesis is calculated for copper ions based on the actual copper content 

of the mineral precatalyst and not for their chemical formula. 

3. Results 

A3 reaction was the first pillar in our studies regarding copper mineral 

catalyst precursors. A total of 12 minerals and 6 solvents were tested in this 

reaction, of which the best performance was observed when using ~2 mol% 



  

6 
 

malachite, brochantite, chrysocolla and azurite as precatalysts in toluene as 

solvent under reflux conditions. The desired product could even be purified 

by distillation instead of flash column chromatography, and the model 

reaction could be scaled up to ten times of its original size.  During the 

reaction scope a total of 30 substances have been synthesized with good to 

high yields. 

 
2. Figure: Preparation of propargylamines vie A3 reaction in the presence of malachite. 

Next the Chan-Lam arylation of benzimidazoles was performed in the 

presence of 9 copper minerals. For the reaction optimum a total of 6 ligands 

and 5 solvents were tested. The best results were observed when using bornite 

or chalcocite in the presence of TMEDA in room temperature methanol. A 

continuous air bubbling was also necessary for a smooth reaction. The scope 

of the reaction, as well as reusability experiments were performed using both 

mineral precatalysts. A total of 15 molecules were synthesized in up to 98% 

yield. 3 Benzimidazole derivatives, as well as imidazole, and a lot of 

substituted phenylboronic acids were tested. Of the two minerals bornite was 

found to be reusable until the 4th cycle, when the yield decreased to 47%. 

 
3. Figure: Chan‒Lam reaction preformed in the presence of bornite mineral. 



  

7 
 

The Goldberg arylation of amides was also possible under copper-

mineral catalytic conditions. The best performers were malachite and 

chrysocolla in the presence of ethylenediamine and caesium carbonate using 

2-methyltetrahydrofuran solvent. A total of 41 arylated amides were prepared 

using our technique with yields up to 96%. The reusability of the catalyst 

precursors was also studied, although only malachite was found to be 

reusable for only one cycle. The reused minerals, as well as the filtered raw 

product were measured via ICP, XRF and XRPD to gain a better insight into 

the reason for the decrease in activity over the repeated application. From the 

data it is obvious that a potential copper leaching is the cause. 

 
4. Figure: Arylation of amides via Goldberg reaction in the presence of malachite. 

Next, the activity of the copper mineral catalyst precursors was tested in 

the Glaser-Hay coupling of terminal alkynes. The best results were obtained, 

when using 15‒21 mol% chalcocite and bornite minerals in the presence of 

pyrrolidine or tetramethyl ethylenediamine. The applicability of copper 

minerals was demonstrated in 18 examples, as the desired products could be 

isolated in up to 99% yield. A wide variety of phenylacetylene derivatives, 

with electron withdrawing and donating groups, alongside with 

heteroaromatic, cyclic and acyclic alkynes were tested, including racemic 

rasagiline. 
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5. Figure: Glaser‒Hay coupling of terminal alkynes in the presence of chalcocite. 

Last, the preparation of benzoxazoles and benzothiazoles was 

accomplished in the presence of 7 readily available copper mineral 

precatalysts applying an Ullmann type intramolecular ring closure reaction. 

The starting material of the reaction could be prepared from 2-bromoanilines 

and the appropriate acyl chloride, from which the thioamide compound for 

the preparation of benzothiazoles can be synthesized using Lawesson reagent. 

Every tested mineral proved to be a suitable catalyst precursor for the ring 

closure reaction. 

 
6. Figure: The preparation of benzoxazoles and benzothiazoles in the presence of copper 

minerals. 

Only ~2 mol% was enough loading for the reaction when using 

chalcocite, chalcopyrite, bornite, chrysocolla, malachite or azurite. Bornite 

was used for the reaction scope and a total of 18 benzoxazoles and 5 

benzothiazoles were prepared up to 99% yield. In certain cases, the originally 

used 20 hours of reaction time was not enough for the reaction to fully 

complete. In these instances, instead of bornite, chalcocite, chalcopyrite, 

chrysocolla, malachite and azurite were also tested, and chalcocite, 

chrysocolla, malachite and azurite proved to be a better fit to precatalyse these 

reactions than bornite as the desired product could be isolated in more than 

90% yields. 
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4. Theses 

I. We successfully developed a more economical A3 reaction in the 

presence of 12 copper minerals, from which the best results were 

obtained, when using chrysocolla, brochantite, malachite and azurite. A 

total of 30 compounds were synthesized, furthermore the desired 

product of our model reaction could be purified by distillation rather 

than flash column chromatography [1]. 

II. The sulphide type chalcocite and bornite minerals were found to be 

excellent catalyst precursors in the Chan‒Lam arylation of imidazole 

and benzimidazoles, using phenylboronic acid derivatives as arylating 

agents. A total of 17 substances were prepared with good to high yields 

and chalcocite was found to be reusable up to 3 cycles [2]. 

III. Malachite and Chrysocolla were excellent precatalysts for the Goldberg 

arylation of amides with iodobenzenes. During the substrate scope 41 

molecules were prepared, and reusability experiments were also done. 

The reused minerals, as well as the filtered raw product were measured 

with ICP, XRF, and XRPD, from which it was obvious that copper 

leaching is the cause of the poor reusability [3]. 

IV. The Glaser–Hay coupling of terminal acetylenes was also performed 

under copper mineral catalytic conditions. Using naturally occurring 

chalcocite and bornite, a total of 18 symmetrical and 2 non-symmetrical 

diyne products were prepared further proving the applicability of the 

used sulphide minerals [4]. 

V. The preparation of benzoxazoles and benzothiazoles with an Ullmann 

type intramolecular ring closure reaction was also developed in the 

presence of 7 naturally occurring copper-containing minerals. The 
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reaction was feasible in the presence of every tested mineral loading 

only ~2 mol% of the catalyst precursors.  During the substrate scope a 

total of 18 benzoxazoles and 5 benzothiazoles were prepared. 

VI. The used minerals were compared to natural and when possible, 

commercially available synthetic counterparts as well as trace metal 

pure copper compounds. Based on these experiments the origin of these 

substances showed no effect to their applicability [1‒4]. 

VII. With the use of hot filtration test it was proven that homogeneous 

catalysis takes place, therefore, the used minerals act as precursors for 

the formation of catalytically active copper complexes during these 

reactions. 

5. Application of these scientific results 

A large number of drug-like bioactive substances can be prepared with 

all of our developed methods, and with the utilization of naturally occurring 

copper-containing minerals, these substances can be prepared in a more 

economical, eco-friendly, and green way. 
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