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1 Introduction 

Microwave chemistry offers countless tools for the 

design of environmentally friendly synthetic routes. 

In the last two decades the interest on sustainable 

reactions has grown parallel to microwave assisted-

synthesis, consequently it is not surprising that green 

microwave chemistry is a nowadays a top research 

field. Microwave technology brings together several 

remarkable features including the possibility to 

obtain high yield, the flexibility in favouring 

different selectivity and, due to the basics of 

microwave heating, the chance to accomplish 

reactions that usually do not take place under 

conventional heating conditions (e.g. by selective 

heating) [1,2]. In addition, microwave chemistry can 

positively responds to different principles of green 

chemistry such as the energy efficiency (6th 

Principle), due to the low environmental heat lost 

and the high rate of reaction [3,4]. Moreover, 

microwave heating allows operating in greener 

condition in comparison to thermal heating, for 

example by diminishing unwanted side reaction or 

by operating in safer conditions or by giving high 

purity in final products (concepts strictly related to 

the 1st and the 12th Principles of Green Chemistry) 

[5]. 

Our research groups have several years of 

experience in microwave chemistry. In addition, 

since October 2016 we are part of H2020 COSMIC 

Project, which is the European Training Network for 

Continuous Sonication and Microwave Reactors 

(https://cosmic-etn.eu). Herein, we highlight some of 

our last works on sustainable microwave reactions. 

Specifically, we will give an overview of sustainable 

methods for producing photocatalytically active 

copper sulfide exploiting wasted pig bristles [6],  for 

oxidizing benzyl alcohol using iron nanoparticles 

supported on furfuryl alcohol derivatives [7], for 

producing catalytically active Ni nanoparticles [8], 

for synthesizing propargylamines by A-3 coupling 

[9-11] and for producing spirocyclic compounds in 

one pot reactions [12]. 

 

2 Advanced environmentally friendly 
microwave-assisted synthesis 

2.1 Converting pig bristles into valuable 
materials 

Every year EU slaughterhouses produce ~225k tons 

of wasted pig bristles. However, despite this 

enormous amount of waste, the research on new 

ways of valorization of pig bristles has not received 

the pulse to rise yet. In addition, the few reports 

fundable in the literature are limited to hypothetical 

valorization of pig bristles as sources of fodder food 

supplements. Recently, we have developed an 

environmentally friendly, simple and easy method 

for the valorization of pig bristles under microwave-

assisted conditions, through the production of copper 

sulfide carbon composites [6]. The so-produced 

materials showed photocatalytic properties. The 

synthesis was carried out using a multimode 

microwave reactor (Milestone Ethos D). Firstly, the 

pig bristles and the metallic precursor CuCl were 

mixed with ethylene glycol and, where appropriate, 

different amount of NaOH where added in order to 

favour the formation of Chalcocite crystals, which 

are the more photocatalitycally active form of copper 

sulfide. Secondly, the mixture was irradiated with 

microwaves at 500 W for 4’ (max temperature 

200°C). Fig. 1 shows the XRD of the produced 

materials focusing on the addition of different 

amount of NaOH. The formation of copper sulfide 

was related to the thermo-degradation of pig bristles, 

which served as sulphur and carbon sources. By 

approximate calculations, the amount of sulphur 
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contained in pig bristles can be indicated to be ca. 5 

wt%. When pig bristles started to decompose upon 

microwave irradiation, sulphur was released and 

started reacting with Cu+ ions. Copper sulfide 

particles then self-aggregated to minimize the 

surface energy, binding together with the residual 

carbon of pig bristles, as observed in SEM images. 

Copper sulphides composites showed photocatalytic 

properties for the degradation of methyl red, a 

pollutant dye, under visible LED light irradiation, 

reaching the best result of ~40% degradation in 3 

hours. 

 

 

Figure 1: XRD pattern of pig bristles-derived Cu2S produced with different amount of sodium hydroxide. 

2.2 Selectively oxidize benzyl alcohol using 
biomass-derived iron catalysts 

The selective oxidations of organic compounds are 

of huge importance in chemistry. Every day 

industries of all over the World produce tons of 

alcohols, carbonyl compounds and epoxides. 

Consequently, the development of catalytic 

methodologies for the optimization of different 

oxidation reactions is a captivating challenge. 

Specifically, the objective of the research is the 

design of new catalysts that can operate under mild 

conditions and with green oxidizing agents such as 

hydrogen peroxide or oxygen. Different metal 

complexes as well as some mixed oxides have been 

proposed as efficient heterogeneous catalysts for 

selective oxidations. In the last year, we have studied 

a new iron catalyst for the efficient microwave-

assisted oxidation of benzyl alcohol [7]. The 

preparation of the catalyst and its successive 

catalytic tests are illustrated in Figure 2. The catalyst 

was supported by a mechanochemical technique on 

a resin derived from furfuryl alcohol, which is the 

hydrogenated form of furfural, a biomass derived 

material. The oxidation reactions were accomplished 

using a monomode CEM-DISCOVER Microwave 

reactor. Benzyl alcohol (0.2 ml, 1.92 mmol) 

dissolved in acetonitrile (2 ml), was mixed with 

different amounts of hydrogen peroxide (50 w/v% 

aqueous solution, 1.5 or 2.3 eq.). The catalyst was 

sequentially added to the solution, which was heated 

with microwave irradiation at 300 W, achieving 

temperatures in the 90–132 °C range. Microwave 

reactions were performed in both open and closed 

vessel mode. The best outcome of 31% conversion 

with 78% selectivity to benzaldheyde was observed 

operating in closed vessel mode, after only 5 minutes 

of microwave irradiation. 

https://www.sciencedirect.com/topics/chemical-engineering/microwave
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Figure 2: Scheme for the preparation of iron nanocatalysts 

supported on furfuryl alcohol derived resin  

and its catalytic activity. 

2.3 Easy synthesis of catalytically active 
magnetic Ni nanoparticles  

Nanomagnetic catalysts have attracted significant 

interest due to their easy recovery and reutilization. 

Between all, nickel nanoparticles are particularly 

emerging for their characteristics of high magnetism, 

high surface area, large surface energy, good 

chemical stability, low melting point and low cost. 

Several techniques for the synthesis of nickel 

materials are reported, but only a few reports on the 

synthesis of pure Ni magnetic nanoparticles are 

available. Aiming to develop an easy and 

environmentally friendly synthesis, we have recently 

designed a new methodology for the preparation of 

pure metallic Ni nanoparticles exploiting microwave 

heating [8]. The experiments were performed using 

a monomode CEM-DISCOVER microwave. The 

synthesis was carried out employing an 

environmentally friendly mixture of ethylene glycol 

(EG) and ethanol as solvent and reducing agent, and 

NiCl2 as metal precursor. Interesting, the formation 

of the nickel nanoparticles depended on the 

concentration of NiCl2, the molar fraction of the 

ethylene glycol-ethanol solution, the irradiation time 

and the temperature. The formation of the metallic 

precipitate was observed at a concentration of Ni2+ 

ions up to 0.182 mol/l and an EG molar fraction 

between 0.85 and 0.97. Best results (up to 71% yield) 

were obtained at 250°C with an irradiation time of 5 

minutes. As schematized in Fig.3, the reduction of 

Ni2+ was attributed to the action of EG as a reducing 

agent, while ethanol was increasing the penetration 

depth of the MWs irradiation and lowering the 

bubble point of the mixture. Without the addition of 

ethanol, the production of nickel nanoparticles 

would have requested hardly condition to occur. This 

was confirmed by successfully substituting ethanol 

with water and isopropanol. The nanoparticles 

showed good activity in the hydrogenolysis of 

benzyl phenyl ether, a lignin model compounds. The 

experiments were run in a monomode microwave 

CEM-Discover reactor at 230°C, employing 

isopropanol as green solvent and H donor. Results 

showed a maximum conversion of 24%, and 

reusability up to 5 cycles without sensible loss of 

activity. 

 

 

Figure 3: Reaction scheme of the reduction of Nickel via the microwave-assisted synthesis. 
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2.4 Expeditious synthesis of biologically active 
propargylamines 

Propargylamines are gaining attention in organic 

synthesis due to their usefulness as precursors for the 

synthesis of N-heterocyclic molecules. In addition, 

they are a key intermediate for the construction of 

many biologically active compounds such as 

isosters, beta-lactams and some other therapeutic 

drugs.  Microwave-assisted A-3 coupling of amines, 

isocianates and aldheyde is widely used to achieve 

diverse type of propargylamines. Before the 

development of metal catalysed A-3 coupling, 

propargylamines were synthesize by the aid of strong 

bases, such as butyl lithium, organomagnesium 

reagents or lithium diisopropylamide (LDA), using 

the relatively high acidity of the terminal acetylene 

to form alkynyl metal compounds. The 

stoichiometric quantities of the reagents required, as 

well as their high sensitivity to moisture and they 

high toxicity, made these processes unattractive. 

During recent years, several transition metal 

catalysts have been reported to be activator of the C-

H bond of terminal alkynes. Transition metal, such 

as AuI, CuI and AgI in ionic liquid and supported 

nano-metal catalyst, were successfully used to 

catalyse A-3 coupling. However, A-3 coupling 

reactions have been mainly applied to aniline and 

secondary amine, limiting the production to tertiary 

propargylamines. Aiming to overpassing this limit, 

our group developed a new, fast and efficient 

synthesis of secondary propargylamines under 

microwave irradiation, using with copper(I) salt as a 

catalyst (Fig.4) [9]. The reaction was carried out in a 

CEM-Discover monomode microwave under 

different conditions.  
 

 

Figure 4: Proposed mechanism of A-3 coupling. 

We achieved the highest yield employing CuBr 

as catalysts and operating at 100 °C (80W of 

microwave power) in toluene. Different primary 

amine, aldehyde and alkyne were combined to 

produce the products under optimized condition, 

achievieng the preparation of a large library of 

compounds. Furthermore, we developed the 

solventless scope of microwave assisted A-3 

coupling by using ketone as a coupling partner. This 

was the first report in which a ketone was used 

instead of aldehyde [10]. In that case, CuI was 

working better than CuBr. Various ketones were 

employed in combination with different primary 

amines and alkynes, allowing the preparation of 

diverse libraries of propargylamine. More recently, 

our group reported the microwave assisted A-3 
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coupling in water, using a combination of Cu(I) and 

Cu(II) salt [11]. The role of the copper (II) was not 

truly accountable but it may acted as a Lewis acid, 

promoting the immine formation as well as the 

subsequent attack. Due to the efficient dielectric 

heating of microwave, we achieved high conversion 

within 25 min. 

 

2.5 One pot microwave assisted synthesis of 
Spirocyclic compounds 

Spirocyclic compounds have attracted lot of interest 

due to their resemblance to some biologically active 

natural compounds, such as the spiroindolines, 

which have antitumor activity. In the last 20 years, 

pharmacautical industries have been looking for 

efficient and green methodologies to synthesize 

these compounds reducing costs and wastes. In 

recent times, post-Ugi-gold catalyse hetero-

annulation has been studied as promising path to 

produce spirocyclic compounds in one step. Based 

on our experience in post-Ugi transformations, we 

reported the microwave-assisted cycloisomerization 

of indole based propargylamide using 

mechanochemically synthesized gold and silver 

catalyst supported on zeolites (SBA15 and Al-

SBA15) [12]. Between all the tested catalysts, 

Au@AlSBA-15 emerged for its high activity. In the 

optimized conditions, we were able to achieve 96% 

yield within 20 minutes, employing 200W 

microwave irradiation. As a comparison, the same 

results were obtained in 3 hours under conventional 

heating conditions (oil bath). To further improve the 

efficacy of the procedure, we reported the one pot 

cascade synthesis of diazepino[1,2-b]indazole. We 

were able to introduce from three to four points 

diversity, producing more than 25 spirocyclic 

compounds (Fig.5). Remarkably, Au@AlSBA-15 

catalyst was stable under reaction condition (no 

leaching) and successfully yielded product with 

minimum turn over number of 2599.  

 

  

Figure 5: Some examples of cycloisomerization products.  

3 Conclusion 

These works on sustainable microwave assisted 

synthesis are just some examples of the potentiality 

of microwave chemistry for a green development. 

The examples describe several procedures in which 

the microwave technique allowed a considerable 

reduction of time, the utilization of water instead of 

organic solvents, and the selective oxidation to 

desired products. Despite the design of a whole-
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green microwave assisted reaction is still an 

ambitious challenge, these examples are proves that 

there are several possible ways to positively 

complete it. 

 

For further reading: 

1. A. Corma and H. Garcia, Chemical Society Reviews, 2008, 

37, 2096-2126. 

2. M. Nuchter, B. Ondruschka, W. Bonrath and A. Gum, 

Green Chemistry, 2004, 6, 128-141. 

3. J. Monzo-Cabrera, J. L. Pedreno-Molina and A. Toledo, 

Measurement, 2009, 42, 1257-1262. 

4. G. Sumnu and S. Sahin, Emerging Technologies for Food 

Processing, 2005, 419-444. 

5. Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and 

Practice, Oxford University Press: New York, 1998. 

6. A. Zuliani, M. J. Munoz-Batista and R. Luque, Green 

Chemistry, 2018, 20, 3001-3007. 

7. F. Mangin, P. Prinsen, A. Yepez, M. Gilani, G. B. Xu, C. 

Len and R. Luque, Catalysis Communications, 2018, 104, 

67-70. 

8. A. Zuliani, A. M. Balu and R. Luque, Acs Sustainable 

Chemistry & Engineering, 2017, 5, 11584-11587. 

9. J. B. Bariwal, D. S. Ermolat'ev and E. V. Van der Eyeken, 

Chemistry-a European Journal, 2010, 16, 3281-3284. 

10. O. P. Pereshivko, V. A. Peshkov and E. V. Van der Eycken, 

Organic Letters, 2010, 12, 2638-2641. 

11. T. T. T. Trang, D. S. Ermolat'ev and E. V. Van der Eycken, 

Rsc Advances, 2015, 5, 28921-28924. 

12. F. Schroder, M. Ojeda, N. Erdmann, J. Jacobs, R. Luque, 

T. Noel, L. Van Meervelt, J. Van der Eyckend and E. V. 

Van der Eycken, Green Chemistry, 2015, 17, 3314-3318. 

 

Acknowledgements  

Grants from the European Union's Horizon 2020 

research and innovation Programme under the Marie 

Skłodowska-Curie grant agreement No 721290. This 

publication reflects only the author’s view, 

exempting the Community from any liability. Project 

website: http://cosmic-etn.eu/. The publication has 

been prepared with support of RUDN University 

program 5-100. 

 

About the authors 

Alessio Zuliani was born in 1990 in Italy. 
He received his Master's degree in 
industrial chemistry in 2015 at the 
University of Milan. He has a 
postgraduate specialization in biomass 
energy and bioproducts. After two years 
experiences in formulations companies, 
in 2017 he started his PhD the group of 

Professor Rafael Luque. He is one of the 15 researchers of 

COSMIC, the European Training Network for Continuous 
Sonication and Microwave Reactors. His research interests are 
in the development of microwave assisted synthesis and 
biomass/waste valorization. 
 

Prabhat Ranjan received his master’s 
degree in chemistry from Indian Institute 
of technology Roorkee, India in 2016. He 
has postgraduate specialization in 
organic chemistry. In 2017, he became a 
doctoral student in the group of Prof. Erik 
Van der Eycken at the University of 
Leuven. He is the one of the 15 

researchers of COSMIC, the European Training Network for 
Continuous Sonication and Microwave Reactors. His research 
interests lie in the area the nano-metal catalyze synthesis of 
heterocycles under batch and continuous flow condition. 
 

Erik Van der Eycken received his PhD 
degree (1987) in organic chemistry from 
the University of Ghent, with Professor 
Maurits Vandewalle. During 1988 to 
1992 he worked as a scientific researcher 
at the R&D laboratories of AGFAGevaert, 
Belgium, and moved back to the 

University of Ghent in 1992. In 1997 he became a Doctor 
Assistant at the University of Leuven (KU Leuven). He spent 
time as a visiting scientist at the University of Graz (C. Oliver 
Kappe), at The Scripps Research Institute (K. Barry Sharpless), 
and at Uppsala University (Mats Larhed, Anders Hallberg). He 
was appointed Professor at the University of Leuven (KU 
Leuven) in 2007. 
 

Rafael Luque (Departamento de Quimica 
Organica, Universidad de Cordoba) has a 
significant experience on biomass and 
waste valorization practices to materials, 
fuels and chemicals as well as flow and 
nanoscale chemistry and green 
engineering. He has published over 330 
peer-reviewed research articles, filed 4 

patent applications and edited 10 books as well as numerous 
contributions to book chapters and keynote and plenary 
lectures in scientific events worldwide. Among recent awards, 
Rafael received the RSC Environment, Sustainability and 
Energy Early Career Award (2013) from the Royal Society of 
Chemistry UK, the 2015 Lu Jiaxi lectureship from the College of 
Chemistry and Engineering in Xiamen University (China) and 
more recently the 2018 ACS Sustainable Chemistry & 
Engineering Lectureship award. 

http://cosmic-etn.eu/

