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Preface. COSMIC Project. 

The PhD Thesis herein described has been funded with a Marie Skłodowska-Curie Actions 

(MSCAs) award. It has been elaborated as outcome of one of the fifteen individual projects 

belonging to the MSCA EU-H2020 COSMIC, the European Training Network (ETN) (Grant 

Agreement No 721290) for Continuous Sonication and Microwave Reactors. 

MSCA is currently financed through the eighth Framework Programme for Research and 

Technological Development, the so-called Horizon 2020. This programme is the biggest EU 

Research and Innovation programme ever with nearly €80 billion of funding available over 7 

years (2014 to 2020) – in addition to the private investment that this money attracts. In this 

way, Horizon 2020 promises more breakthroughs, discoveries and world-firsts by taking great 

ideas from the lab to the market. 

The Marie Skłodowska-Curie actions were established in 1996 by the European Commission 

as tools to fund research in the European Research Area (ERA) and provide grants for all stages 

of researchers' careers; encouraging transnational, intersectoral and interdisciplinary 

mobility. In this way, through MSCAs, universities, companies as well as academic and non-

academic research centres can host talented foreign researchers and create strategic 

partnerships and networking with leading institutions all over the world. These actions are 

open to all areas of research and novelty, from fundamental research to market take-up and 

innovation services, responding to actual challenges that are chosen freely by the applicants 

(individuals and/or organisations) in a fully 'bottom-up' manner. Since 1996, more than 

100,000 researchers have been awarded with a MSCAs fellowship. 

Currently, the conventional technologies in the chemical process industry - and in particular 

the fine chemicals and pharmaceuticals industries - tend to be batch-type, combined with 

mechanical mixing and conduction-based heat transfer, inherently leading to poor process 

control. Thus, COSMIC Project, a four years project started in October 2016, is a key 

instrument for supporting and training these sectors in their transition from batch to 

continuous production. 

The European share of the global chemical market has halved during the period 1996 to 

2013 (from ~31% in 1996 to ~17 % in 2013) and, as a result, the number of EU citizens directly 

employed by this sector has also dramatically fallen (from 1.6 million in 1996 to 1.2 million in 

2013). A key root cause of this decline has been the advent of lower-labour-cost markets in 

the emerging global economies, and as this labour-cost differential is unlikely to be redressed 

in the near future, one of the key strategies for halting this decline and subsequently re-

establishing European growth is to develop competitive technologies that deliver 

performance – in terms of resource efficiency and product quality – beyond that of Europe’s 

rivals, in particular those new industries in Asia and the Near East. In order to design and 

operate these new technologies, new competencies and different skills from scientists and 

engineers are required. The introduction of revolutionary technologies can indeed only 

succeed if sufficient professionals trained in these novel technologies are available on the 

market. Innovative milli-reaction technology – central to COSMIC’s activities – offers the 

potential to address all these issues. 

In this context, COSMIC trains 15 ESRs (Early Stage Researchers) in the transition from 

chemical reactions with poor resource – both material and energy – efficiency and poor 
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product quality to processes with high resource efficiency and excellent product properties. 

The training of 15 ESRs – through responsible research and innovation – leads to further 

understanding of the knowledge gaps described earlier, disseminates the potential of flow 

processes actuated by alternative energy sources for the chemical industry and transfers 

developed technologies into real applications via the involved industrial participants (both 

technology suppliers and end-users). COSMIC’s vision is that of intensified processes, where 

continuous technologies use alternative energy sources to achieve the localized ultrasound 

and microwave actuation of multiphase and milliflow reactors for the purpose of high-value 

product synthesis. COSMIC focuses on the synthesis of organic molecules and nanoparticles 

for use in organic syntheses, catalyst preparation and health applications, all of which are 

important domains in the fine-chemicals and pharmaceuticals industries today and into the 

future (Figure 1). 

 

Figure 1: COSMIC’s foreseen transition for chemical processes. 

In particular, the main goals of my PhD research inside COSMIC project were:  

 Optimization of heat and mass transfer as well as catalytic effects for selected 

reactions by a combination of ultrasound and microwaves.  

 Development of sequential and integrated configurations for the hybrid reactor. 

 To carry out reactions in the hybrid reactor. 

Based on these premises, the research conducted during my PhD and described in this 

thesis concerns the development of new environmentally friendly, efficient and atom-

economic synthetic methodologies for precius target molecules. Clean energy sources such as 

microwave and ultrasound irradiations have been crucial tools to successfully pursue those 

goals. 

The actual environmental concern and the desire of facing the current planetary 

emergency has opened a door for an extensive number of green research procedures1. 

Conventional protocols are replaced with new efficient processes where safer chemicals, 
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solvent free conditions, natural abundant solvents, atom economy and alternative energy 

sources are used to achieve sustainability and scalability. Aiming to develop selective catalysts 

that are able to suppress the undesired noble metals such as Pd and Pt, copper (Cu) as 

heterogeneous catalyst can be consider a “perfect” candidate for being inexpensive, readily 

available and easily handled. Herein, by applying transfer hydrogenation strategy, Cu catalyst 

has been successfully employed in presence of different alcohols as “sacrificial” hydrogen 

sources, for the synthesis of important target and industrially valuable molecules.  

Being part of important building blocks in organic synthesis, the selective reduction of 

aromatic nitrocompounds represents a fundamental procedure in organic synthesis and many 

synthetic routes have been described via the catalytic hydrogenation. Herein, we report a 

mechanochemical reduction of aromatic nitro compounds in a stainless steel jar with formate 

salts without catalyst addition.2 Moreover, a new efficient and hydride free Cu-catalysed 

procedure for the selective reduction of nitroarenes to anilines and azocompounds has also 

been developed, using glycerol and ethanolamine as excellent hydrogen sources. In this way, 

the reaction can be preferably selective to different reduction products when changing the 

hydrogen donor. US has been shown to play an important role in the process via its ability to 

enhance copper nanoparticles (CuNPs) dispersion, favouring mechanical depassivation and 

increasing catalytic active surface area; while MW irradiation shortened the reaction time 

from some hours to a few minutes. In addition, since recovery and reuse of catalysts is an 

important factor for sustainable process management, heterogeneous copper supported 

catalysts has been deeply studied and analyzed. Copper nanoparticles supported over celite 

proved to be an ideal material for the transfer hydrogenation reaction of nitrobenzene in 

continuous flow. In the same manner, a new hybrid organic-inorganic material based on 

copper catalyst on an efficient grafting of β-CD onto the inorganic silica surface has showed to 

behave as an excellent catalyst in the Cu(II)-catalysed alkyne azide reactions in absence of a 

reducing agent. 

Moreover, following the same transfer hydrogenation strategy, in presence of ethylen 

glycol as efficient and eco-base hydrogen source, a wide range of aliphatic and aromatic 

alkynes has been selectively reduced to Z-alkynes, what constitute an important step in the 

synthesis of natural products. 

.
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1.1 Green chemistry 

The ideology of Green Chemistry3,4 calls for the development of new reaction conditions 

that can potentially provide benefits for chemical synthesis in terms of efficiency, selectivity, 

operational simplicity, health and environmental safety. In this context, the aim of Green 

Chemistry is the design of safer chemicals and processes in order to reduce or, if possible, 

eliminate hazards across all the life-cycle stages and limit the risk of accident and damage. 

Going beyond research, this concept of Green Chemistry has touched industry, education, 

environment and public. This new field has demonstrated how next generation products and 

processes can be profitable and, at the same time, be good for human health and the 

environment. 

The concept of Green and Sustainable Chemistry was first formulated at the beginning of 

the 1990s, nearly 30 years ago, and in 1998, Anastas5 and Warner defined a list of Twelve 

Principles (Table 1) outlining an early conception of what would make a greener chemical, 

process or product. 

Table 1. The Twelve Principles of Green Chemistry3 

1. Prevention 
It is better to prevent waste, than to treat it or clean up after it has 

been created 

2. Atom Economy 
Synthetic methods should be designed to maximize the 

incorporation of all materials used in the process into the final product 

3. Less Hazardous 
Chemical Syntheses 

Wherever practicable, synthetic methods should be designed to use 
and generate substances that possess little or no toxicity to human 
health and the environment 

4. Designing Safer 
Chemicals: 

Chemical products should be tailored ad-hoc to affect their desired 
function while minimizing toxicity 

5. Safer Solvents and 
Auxiliaries: 

The use of auxiliary substances (e.g. solvents, separation agents, 
etc.) should be made unnecessary wherever possible and innocuous 
when used 

6. Design for Energy 
Efficiency: 

Energy requirements of chemical processes should be recognized 
for their environmental and economic impacts and should be 
minimized. If possible, synthetic methods should be conducted at room 
temperature and pressure 
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7. Use of Renewable 
Feedstocks 

Raw material or feedstock should be renewable rather than 
depleting whenever technically and economically practicable 

8. Reduce Derivatives 

Unnecessary derivatization (use of blocking groups, 
protection/deprotection, temporary modification of physical/chemical 
processes) should be minimized or avoided if possible, because such 
steps require additional reagents and can generate waste 

9. Catalysis 
Catalytic reagents (as selective as possible) are superior to 

stoichiometric reagents 

10. Design for 
Degradation 

Chemical products should be designed so that at the end of their 
function they break down into innocuous degradation products and do 
not persist in the environment 

11. Real-time analysis 
for Pollution 
Prevention 

Analytical methodologies need to be further developed  to allow for 
real-time, in-process monitoring and control prior to the formation of 
hazardous substances 

12. Inherently Safer 
Chemistry for 
Accident Prevention 

Substances used in a chemical process should be chosen to minimize 
the potential for chemical accidents, including releases, explosions, and 
fires 

 

1.2 Reduction reactions 

Redox reactions are a vital class of chemical reactions confronted in daily processes and 

taking place all around us. In general chemistry, reduction reactions refers to processes in 

which a compound or atom is reduced by gaining electrons, while when losing electrons it is 

called oxidation. These two processes occur always in pairs: if one species is oxidized, another 

must be reduced at the same time - thus the term 'redox reaction'.  

In organic chemistry, redox reactions look a bit different (Figure 2). When a carbon atom 

gains a bond to hydrogen and loses a bond to a heteroatom (or to another carbon atom), it is 

considered to be a reduction process because hydrogen, of all the elements, is the least 

electronegative. Thus, in the process, the carbon atom undergoes an overall gain of electron 

density; and gains of electrons is reduction. 

Conversely, when a carbon atom in an organic compound loses a bond to hydrogen and 

gains a bond to a heteroatom (or to another carbon atom), we say that the compound has 

been oxidised. 
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Figure 2: Redox transformations in organic compounds 

In 2009, W. Hoffmann et al.6 published a review in which highlighted the importance of 

pursuing redox economy when performing organic synthesis. The economics of synthesis 

planning and analysis can be simultaneously examined from the vantage point of atom, step, 

and redox manipulations.  

 In atom economy, the aim is to minimize wasteful steps and encourage the use of 

catalysis to efficiently generate molecular frameworks. It is refer to the conversion 

efficiency of a chemical process in terms of all atoms involved and the desired 

products produced. 

 In step economy, a more“macroscopic” view of the entire synthesis is considered 

and a general reduction in the number of steps is encouraged with powerful 

reactions and strategies that build up complexity as rapidly as possible. 

In redox economic synthesis ( 

 Figure 3), the goals are to minimize unnecessary non-strategic redox manipulations 

within a synthesis. When the oxidation state of intermediates changes, it should do 

so in a linear (or exponential) fashion and steadily increase or decrease throughout 

the course of the synthesis without overshooting the goal and requiring an extra 

redox step. 

 

Figure 3: A schematic view of redox economy in a synthetic sequence inspired by Evans’ lectures on the topic. 
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The benefit of applying the concepts of redox economy is to streamline syntheses of 

complex target molecules to an optimal point, approaching the ideal synthesis as defined by 

Hendrickson already in 1975.7 “The ideal synthesis creates a complex skeleton in a sequence 

only of successive construction reactions involving no intermediary refunctionalizations, and 

leading directly to the structure of the target, not only its skeleton but also its correctly placed 

functionality”.  

Synthetic organic chemists have a wide range of reagents at their disposal for the reduction 

or oxidation of functional groups in organic compounds. The reagent must be chosen carefully 

for any given transformation, in order to ensure that only the desired functional group or 

groups are affected.  

In particular, the reduction of organic compounds is one of the most common reaction 

types in chemical organic synthesis today. The development in this field has been tremendous, 

progressing from the use of stoichiometric reagents to the modern reactions that use cheaper 

and “more sustainable” catalytic methods.  

A wide range of reducing agents have been used for this catalytic transformation. Three of 

the most common one are sodium borohydride (NaBH4), lithium aluminum hydride (LiAlH4), 

and diisobutyl aluminum hydride (DIBAH) (Figure 4).  

 

Figure 4: Common reducing agents. 

Hydrogenation, being one of the most fundamental transformations in organic synthesis, 

is present in lot of different industrial applications, moving from fine chemicals to 

pharmaceuticals synthesis. Two different strategies can be employed for this transformation: 

direct hydrogenation with a pressure of H2 gas and transfer hydrogenation (TH).  

Being the most atom- and cost-efficient reagent used for green reduction reactions, 

inexpensive and, therefore, so suitable at big scale; industrial reduction processes are 

conducted using molecular hydrogen (H2). However, the handling of this gaseous molecule 

has some shortcomings:  

a) Hydrogen is typically stored and transported in pressurized cylinders compromising the 

desired simplicity. 

b) Due to the low solubility of this gas in common laboratory solvents, it will always result 

in two-phase systems.  

Therefore, the use of hydrogen gas for industrial application is undesirable and large price 

tag equipment are required. For this reason, during the last years, the desire of facing this 

problem has awaken a great interest in developing attractive and “greener” alternatives for 

this method. 
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1.2.1 Hydrogen transfer (HT) 

Aiming to overcome the problems listed above when working with H2 gas, transfer 

hydrogenation reactions has been embraced as a great alternative. These reactions have 

gained much attention during the last decades due to the ideal conditions achieved in terms 

of catalytic activity, selectivity and high atom economy. 

The concept of hydrogen transfer refers to a process where a hydrogen molecule is added 

onto a multiple bond, using a different hydrogen source than gaseous H2,in the presence of a 

catalyst.8 The catalyst transfers a hydride and a proton from an organic substrate behaving as 

a hydrogen donor (DH2) to an unsaturated substrate that acts as hydrogen acceptor (Scheme 

1). In this way, a convenient and powerful method to access various hydrogenated compounds 

is performed. 

 

Scheme 1: Hydrogen transfer from a donor molecule (DH2) to an unsaturated functional group (acceptor). 

The increasing success of this technique arises from its operational simplicity: no hydrogen 

pressure is used, no special equipments are required, the major side products can be recycled 

and both the hydrogen donors and catalysts are usually readily available, inexpensive, and 

easy to handle. Thanks to their low toxicity and low cost, the most frequently used hydrogen 

donors are 2-propanol, formic acid and formate salts. Acetone is formed as by-product when 

2-propanol is used, while gaseous CO2 leaves the reaction mixture when formic acid or its salts 

are employed. Suitable hydrogen acceptors (H-acceptors) are ketones, α,β-unsaturated 

carbonyl compounds, α,β-unsaturated acids and esters, imines and nitro-compounds. 

The first transfer hydrogenation reaction comes from Knoevenagel (1903) and from 

Wieland (1912), who saw dihydroarene disproportionation to give arene and tetrahydroarene 

with a heterogeneous Pd catalyst at elevated temperature. Two decades later, in the mid-

1920s, Meerwein and Schmidt, Ponndorf and Verley (VPM)9 (Scheme 2) reported the earliest 

examples of transfer hydrogenation reactions with carbonyls compounds. In the original 

version of this reduction, stoichiometric amount of aluminium isopropoxide was used to 

promote hydrogen transfer from 2-propanol to aldehydes and ketones, giving the 

corresponding primary and secondary alcohols. Over a decade later, Oppenauer reported the 

reverse reaction, where alcohols were oxidised to aldehydes and ketones by aluminium tert-

butoxide, using acetone as the hydrogen acceptor. 

 

Scheme 2: MPV reduction and Oppenauer oxidation 

In this homogeneous VPM reduction, a direct TH through the formation of a cyclic six-

membered transition state in which both the reducing alcohol and the carbonyl are 

coordinated to the same metal centre was proposed to take place, and the reversibility of the 

catalytic cycle of the MPV reduction was exploited (Scheme 3). In this way, transfer 

hydrogenation–dehydrogenation reaction, in which hydrogen is transferred from an alcohol 
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to an unsaturated bond, is an environmentally benign method for reducing unsaturated 

compounds or oxidizing alcohols.  

 

Scheme 3: TH in the MPV reduction via cyclic transition state. 

This one-pot oxidation-reaction-reduction synthesis has been further developed during the 

last past decades, traditionally employing precious transition metal catalysts (such as Ru, Rh, 

Ir or Os) in homogeneous catalysis. In the 1960s, Henbest10 reported the first example of a 

transition metal-catalysed hydrogen transfer using an iridium hydride DMSO complex as a 

catalyst (Scheme 4). In 1975, Sasson11 reported the first ruthenium-catalysed hydrogen 

transfer reaction using RuCl2(PPh3)3. 

 

Scheme 4: First example of a transition metal-catalysed hydrogen transfer 

Some years later, in 1991, Bäckvall et al.12 described the effect of NaOH on the 

[RuCl2(PPh3)3]-catalysed transfer hydrogenation. While in the presence of 2.4 mol% of base, 

the Ru complex (0.1 mol%) catalyses efficient transfer hydrogenation from iso-propanol to 

both aliphatic and aromatic ketones with rates up to 900 turnovers per hour (T: 82 °C); in the 

absence of NaOH no hydrogenation occurs. Later Bäckvall et al.12 showed that the increased 

reactivity is due to the formation of a highly active dihydride species, [RuH2(PPh3)3]. 

Significant breakthroughs and developments of TH have been achieved in the past few 

years. This great progress was witnessed in several aspects of the published studies, such as 

exploration of catalyst diversity, design of more efficient ligands or stabilizers to improve 

precious metal catalysts, use of abundant biometal catalysts involving Fe, Co, and Ni, 

development of recyclable catalysts and exploration of “green” hydrogen donors. Notably, 

in 2015, Sadler’s group13 disclosed TH catalysis in cell in the presence of Noyori-type 

ruthenium complexes using nontoxic concentrations of formate as a hydride donor, a new 

anticancer strategy.  

Although remarkable progress in TH reductions has been made, many unsolved problems 

and challenges remain in many reported results. For instance, most of the known catalytic 

reactions with abundant metal catalysts are either limited in scope or do not qualify for 

practical applications. Further work is also required to seek artificial enzymes for the 

extremely efficient catalytic TH, to use the TH process in convenient cascade reaction by 

combination with other transformations, and to push these catalysts, especially supported 

heterogeneous catalysts, to their use in multikilogram scale synthesis toward industrial 

production. 

1.2.2 Hydrogen borrowing (HB). Glycerol as hydrogen source 
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Combining the advantages of transfer hydrogenation with additional in situ 

transformations, borrowing hydrogen (BH) methodology has received great attention in 

recent years as a greener alternative to conventional alkylation reactions. 

The BH principle, also called hydrogen auto-transfer, is a powerful strategy which combines 

TH (avoiding the direct use of molecular hydrogen) with one or more intermediate reactions 

to form more complex molecules without the need for tedious separation or isolation 

processes.14  

A basic scheme of this concept is depicted in Scheme 5. This strategy typically relies on 

three steps: (i) dehydrogenation, (ii) intermediate reaction, and (iii) hydrogenation. The 

borrowing hydrogen strategy begins with a metal-catalysed dehydrogenation, by virtue of 

which a usually less reactive donor molecule is temporarily converted into a more reactive 

substrate (e.g., an alkane transforms into an alkene, an alcohol into an aldehyde, or a ketone 

and an amine into an imine). The more activated intermediate can undergo further 

transformations to give an unsaturated compound that will be reduced with the intervention 

of the metal hydrides generated during the first dehydrogenation step.  

 

Scheme 5: Basic scheme of the BH methodology 

The key of this concept is that the hydrogen from a donor molecule will be stored by a 

catalytic metal fragment to afterwards, be released in a final hydrogenation step; hence the 

reaction name. Following the above Scheme 5, the development of catalytic systems in 

borrowing hydrogen catalysis involves metal complexes or stabilized metal particles in which 

H2 dissociation and recombination is simple, preferably without requiring severe reaction 

conditions.  

Borrowing hydrogen methodology is very attractive for its potential, operational simplicity 

and atom economy, offering several environmental benefits over traditional approaches. 

Today BH is used in numerous applications that show a good tolerance of other functional 

groups in both C-C and C-N bond forming processes (Witting reactions, N-heterocycles 

synthesis, N-Alkylation of amines/amides, etc). 

The increasing global challenge to develop more sustainable catalytic methodologies and 

the effort to switch precious metals to earth-abundant first row transition metals in catalysis, 

has developed a branch based on Mn, Fe, Co, Ni and Cu. In this context, Morrill et al.15 
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published in 2019 a review describing the recent advances in homogeneous borrowing 

hydrogen catalysis using those metals.  

N-alkylation of amines using alcohols via the borrowing hydrogen approach has been 

reported using different homogeneous catalysts. In 2015, Kempe and co-workers employed 

Co(II) PNP pincer precatalyst (2 mol%) and KOt-Bu (1.2 equiv.) as base and obtained a wide 

range of secondary amine products in high yields, working at 80ºC. Fe(II) phthalocyanine16 and 

a (cyclopentadienone)iron carbonyl precatalyst17 were also reported as suscessful catalysts in 

the N-alkylation by borrowing hydrogen approach. 

In the same way homogeneous Co18, Fe19, Mn20-catalysed C-alkylation processes via HB 

method has also been widely developed during the last decade. 

However, the objective to develop new processes to achieve green and sustainable 

synthesis of chemicals, place one-pot procedures with heterogeneous catalysis as an 

encouraging alternative to homogeneous processes. Separation and recycling of the catalyst 

and easiest purification of products allows a decrease in energy consuming operations. In 2015 

Shimizu21 reviewed the use of heterogeneous catalysts for C–C, C–N and C–S bond formation 

reactions by borrowing hydrogen methodology. As reported, N-alkylation of amines 

employing alcohols has been effective described by using nobel metal catalysts such us Pd, 

Ru, Ag, Au, Pt,… and also non-nobel metal catalysts like Fe22, Cu23, Ni and Mn. Shi et al.24 

reported in 2013 that NiCuFeOX/Al2O3 acted as an effective catalyst under additive-free 

conditions showing a wide substrate scope. Beller25 described also the catalysed N-alkylation 

of sulfnamides with benzylalcohols by Ru/Fe3O4 producing sulfonamide derivatives as 

intermediates in drug synthesis.  

N-alkylation of NH3 or urea26 with alcohols, alkylation at acidic CH2 and CH3 groups27,28 with 

alcohols, self and cross-alkylation29 of alcohols, synthesis of quinolones30 from nitroarenes and 

alcohols, alkylation of amines31 with amines or asymmetric transfer hydrogenation catalysts32; 

are all well described procedures that employs borrowing hydrogen methodologies. 

Despite the range of innovative strategies that have been developed in this area, mechanistic 

details based on theoretical studies as well as novel preparation methods of structurally well-

defined multifunctional catalysts for the development of new and more efficient strategies 

are always welcome. 

Being the main by-product in the manufacture of biodiesel fuel (∼10% w/w glycerol is 

typically formed in the process), glycerol constitute a non-toxic, biodegradable and recyclable 

compound with excellent features to be used as building block (Figure 5), green solvent and 

hydrogen source in TH reactions. 
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Figure 5: Glycerol as building block 

Because of its unique combination of physical and chemical properties, the possibility of 

using glycerol as an environmentally friendly ‘donor solvent’ in transfer hydrogenation-

dehydrogenation reactions has gained increasing attention during the last years. Replacing 

the most commonly employed hydrogen sources in transfer hydrogen (TH) reactions, such as 

2-propanol, tetralin or formic acid/triethylamine mixtures; by the use of glycerol, reactions 

are not only economically appealing but also more environmentally friendly. In contrast to 

transfer hydrogenation with EtOH, where acetaldehyde is formed, the corresponding 

dehydrogenation product from glycerol is dihydroxyacetone (Scheme 6), which, as a ketone, 

is expected to have a much lower tendency for potentially deleterious CO transfer to the metal 

catalyst. The oxidized form of glycerol is also considered as an industrial relevant molecule33,34 

and so, constitute another interest in TH processes from glycerol. As already reviewed in 2013 

by Cadierno et al.,35 glycerol constitutes a promising reducing agent for metal-catalysed 

transfer hydrogenation reactions of organic compounds, such as aldehydes, ketones36–38, 

olefins39 and nitroarenes36,37.  

 

Scheme 6: Generation of dihydroxyacetone from glycerol by transfer hydrogenation (TH). 

Glycerol as hydrogen donor was first used by Crotti and co-workers40 in 2009 for the 

reduction of acetophenone catalysed by Ir(diene)(N-N)X. They observed that glycerol 

dehydrogenation 41 does selectively occur at the secondary hydroxyl group giving 

dihydroxyacetone, whereas acetophenone was reduced to phenylethanol. 

The same year, the first example of the reduction of carbon-carbon double bonds in 

glycerol was described by Wolfson and co-workers.42 As they reported, by employing Pd/C in 
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the presence of glycerol, styrene and cyclohexane were fully hydrogenated, while bulky 

alkenes and linear aliphatic were only partially reduced. 

Reduction of aromatic nitrocompounds was also studied using glycerol as solvent and 

reducing agent in presence of Ni Raney as catalyst by Wolfson and co-workers41. In 2011, D. 

Tavor et al 36successfully produced aniline using Ni Raney and employing glycerol as solvent 

and hydrogen source. Milder conditions were described by Gawande et al.37 in 2012 using 

magnetic nanoparticles of Fe3O4-Ni, obtaining a wide range of anilines with different 

substituents.  

Although glycerol shows encouraging features as sustainable and green solvent, some 

drawbacks can be pointed, such as its high viscosity at room temperature and the low 

solubility with high hydrophobic compounds and gases, reducing in this way the mass 

transport competences. To overcome these limitations, microwaves and ultrasound 

irradiation43 has already been employed, improving heat and mass transfer capabilities and 

therefore, accelerating the reactions. 

1.2.3 Nitroarenes 

Aminocompounds, and specifically aniline and its derivatives, represent a huge market 

portion in the organic chemical industry. Aniline was firstly isolated almost 200 years ago 

(1826) as product of the dry distillation of indigo by the German chemist Otto Unverdorben 

(Scheme 7). Some years later, aniline was prepared for the first time by reduction of 

nitrobenzene in the presence of sodium sulfides as stoichiometric reductants, reaction that 

maintains the name of its discoverer, Nikilay N.Zinin.44 

 

Scheme 7: In 1826, aniline was first isolated as dry distillation product of indigo. 

In 1851, Piria reported a two-step procedure for the synthesis of anilines from nitroarenes: 
in the first step the nitro group is converted into an aminosulfonic acid which is then 
transformed into the final product by hydrolysis with mineral acids. Piere J.A Bechamp 
demonstrated the use of metallic iron in acidic media as reducing agent in the nitrobenzene 
reduction in 1854 and for a long time, and even nowadays, the main manufacturing process 
for anilines was based on this method. However, this classic stechiometric process is becoming 
much less attractive due to the environmental concern, and much effort has been spent on 
the development of efficient methodologies for reduction of nitroarenes. In this respect, 
catalysis represent the cornerstone for efficient production of such molecules and during the 
last years, many catalytic systems have been developed by different chemical industries (Table 
2). 
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Table 2: Industrially applied processes for the reduction of nitrobenzene to aniline. Reproduces from Beller et al.45 

Catalyst Company Reaction conditions 

Ni sulfides Bayer, Allied 300-475 ºC 

Cu, Mn, Fe ICI 300-475 ºC 

Pd/Al2O3 Bayer 250-350 ºC 
7 bar 

Cu/SiO2 
(Cr, Ba and Zn as promoters) BASF, Cynamide, Lonza 

270-290 ºC 
5 bar 

Pd-Pt/C (Fe as modifier) DuPont (Dow Chemicals) 90-200 ºC 
6 bar 

 

The classical scheme of the nitrobenzene reduction to aniline follows the mechanism of 

hydrogenation described by Haber-Lukashevich (Scheme 8) in 1898 (based on electrochemical 

experiments), and updated by V.P. Shmonina. As shown in Scheme 8, two different pathways 

can be proposed: a) the direct route, in which the nitro compound is reduced to the 

corresponding nitroso, aryl/alkyl hydroxylamine, and finally aniline; and b) the condensation 

route, which involves the condensation of nitroso with N-aryl/alkyl hydroxylamine species 

giving rise to the corresponding azoxy-intermediate. Further on, the latest is converted into 

azo-, hydrazo-, and finally aniline. This hydrogenation scheme has been recognized by most 

authors, who confirmed the reaction mechanism by experimental methods in lot of different 

works. However, as recently reviewed by Sassykova et al.46, there are alternative judgments 

for the nitrobenzene reduction that have been reported in literature. 

 

Scheme 8: Proposed Mechanism by Haber and co-workers 

The hydrogenation of nitrobenzene is a very well-established reaction that does not imply 
important selectivity problems. However, the situation is different when working in presence 
of functionalized nitro compounds containing C-C, C-heteroatoms multiple bonds, halogen 
atoms, carboxylic acid derivatives, or heterocycles. Unfortunately, under operative conditions, 
these substrates do not show sufficient selectivity and therefore, modifications of existing 
catalysts or their tailor-made versions are required. 
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Starting with Bechamp reduction47, a century-old process where a lot of metallic waste is 

generated, recent advances provide methods using catalytic metals and clean reaction 

conditions. 

Molecular hydrogen in the presence of metal/metal oxide can cause clean reduction of a 

nitro group into an amine, and therefore, it has been commonly employed for this 

transformation. The use of this gas in combination with Fe-based metal/metal oxide NPs and 

nitrogen-doped carbonaceous supports for nitrobenzene hydrogenation was first reported in 

2013 by Beller et al.48 and has been shown to be promising for other various reductive 

transformations. The group of Q. H. Yang reported a similar material using CNTs as support 

instead of carbon, what was further demonstrated by Z. Hou and co-workers48 in 2016. 

Catalytic activity of Ag and Co using H2 as reductant was first published in 192149 by O. W. 

Brown and later on, in 1975, Bayer A.D patent the use of Co for this transformation. 

However, as previously discussed, despite of being the first option when performing 

industrial scaling up, the use of hydrogen gas comes with several disadvantages. Thence, in 

situ generation of gaseous H2 during a reduction process can avoid the use of sophisticated 

equipment and wastage due to excess use of gas under pressure. Therefore, typically, in 

laboratory scale, different non-gaseous reducing agents have been employed for this 

transformation. 

Hydrazine is often an alternative, which formally decomposes into di-hydrogen and di-

nitrogen under catalytic conditions and allow the reduction transformation (Scheme 9). 

 

Scheme 9: Reduction of nitroarenes in presence of hydrazine hydrate 

Reduction of aromatic nitro compounds to anilines with N2H4 as reducing agent take place 

at low temperature and has been successfully performed in the presence of different 

catalysts. In 2012 polymeric PEG-35k–Pd NPs were used by Yadav et al.50 giving anilines in 

quantitative yield. One year later, Yu et al.51 claim the selective reduction of nitro group in the 

presence of other reducible vinyl and aldehyde groups, employing Pd NPs (1.36%) immobilized 

on carbon nanospheres. Similarly Pd/C was also studied for selective reduction of halogenated 

nitrobenzenes using hydrazine hydrate under reflux or microwave (MW) conditions by Li and 

coworkers52. Iron in different forms (Fe(Acac)3,53 Graphene–Fe3O4,54,55 FeSO4–Fe 

phthalocyanine56) have also exhibited excellent activities for the selective reduction of 

nitroarenes in the presence of hydrazine. Compared with Fe, only few reports using 

heterogeneous Co-based catalysts for the reduction of nitro compounds were published with 

N2H4. In 2017, Rawat and co-workers57, prepared a catalyst composed of Co3O4 supported 

onto SiO2/Al2O3-mixed oxide by an impregnation method that showed good activity even in 

presence of reducible functional groups. In a related work, X.Wang et al.58 reported the 

preparation of a mesoporous γ-Al2O3-supported Co catalyst by coprecipitation/impregnation 
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followed by treatment at 700 °C in N2 atmosphere that were applied for a variety of functional 

nitroarenes to the corresponding arylamines with hydrazine. 

However, the toxicity of hydrazine and its well-known use as rocket fuel may have to be 

taken into account during large-scale reduction processes. 

In the same way, sodium borohydride under aqueous or protic conditions (Scheme 10) is 

hydrolysed giving H2, and therefore is widely used as reducing agent. In fact, a multitude of 

catalysts based on coinage (Au, Ag, Cu)59–63, noble (mostly Pd and Pt)64, and non-noble (Ni, Co, 

Fe)65–67 metals can catalyse this reaction. 

 

Scheme 10: Reduction of nitroarenes in presence of sodium borohydride 

Metallic Fe NPs were proposed by the groups of K. Hanna67 and Y. Cai.65 In the first case, 

they demonstrated that the NaBH4 enhanced significantly the reactivity of nanoscale zero-

valent iron in oxygen environments. Y. Cai and coworkers developed an operationally simple 

protocol for the one-pot preparation of citrate-coated Fe(0) NPs, which allow for nitro 

reductions. A complex of Fe(II) and citrate was in situ prepared and reduced with NaBH4 in the 

same vessel containing the nitro compounds. 

Pd(II) phthalocynine was used with low catalyst loading (1 mol%) along with NaBH4 in 

ethanol by Verma et al.68 in 2014. Numerous Co-based catalysts using NaBH4 as reductant 

were explored for the reduction of nitroarenes to anilines, especially in the reduction of 4-NP 

to 4-AP as model system. Both bulk catalysts, supported and unsupported Co-based69 NPs 

were found to be active, leading to a large amount of reports on this topic. 

Nevertheless, the price of this reductant as well as the formation of salts as byproducts 
prevent, in most cases, larger scale applications. 

CO2 gas along with H2 can be both obtained by decomposition of formic acid or its salts and 

by the CO–H2O mixture (commonly known as water gas) in the presence of a metal support 

(Scheme 11). This molecular H2 evolved can be used for reduction reactions, leaving no 

residual wastes. 

 

Scheme 11: Reduction of nitroarenes in presence of of formic acid and by the CO–H2O mixture. 

Continuous hydrogenation of nitrobenzene to aniline was developed by Poliakoff and 

coworkers in high-temperature pressurized water (HTPW) using H2 generated by thermal 

decomposition of HCOOH.70 This reaction was carried out in the absence of any added catalyst 

and can be conveniently performed on a laboratory scale. Ru and Ir catalysts71, which are not 

particularly selective under the conditions of conventional hydrogenation carried out with 

molecular hydrogen, when used in the aqueous-phase reforming/hydrogenation (APR/Hyd) 
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process, become >99.9% selective for hydrogenation of o-chloronitrobenzene to o-

chloroaniline.  

Also hypophosphites have been used as reducing agents, since they get oxidized to 

phosphonates as shown in Scheme 12.72 

 

Scheme 12: Oxidation of hypophosphites to phosphonates 

In 2013, Oba et al.73 reported the used of sodium hypophosphite as hydrogen source in 
water (containing 1% w/w Tween 20) for reduction of nitro compounds catalysed by Pd/C (10 
mol%). Aromatic as well as aliphatic nitro compounds were reduced to amines at 50 ºC in 
more than 99% yields. Also in 2013, a similar procedure was described by Popowycz and 
coworkers,74 where nitroarenes were reduced to corresponding anilines in the presence of 
CN, ester, keto and halogen groups. 

However, even if formic acid is cheap and shows low toxicity in diluted solutions, it is 

corrosive with metals, and especially in heterogeneous catalysis, what constitutes a 

challenging task since many nanostructured catalysts are degraded by HCOOH.  

Metal reductions as such are very selective in reducing the nitro functionality75–77, but 

stoichiometric requirement of metals makes these processes unattractive. Active metal can 

react with water to liberate hydrogen and this liberated hydrogen in the presence of metal 

can bring about reduction of a nitro group.  

Aiming to overcome these problems, transfer hydrogenation reactions has also been 

embraced as a great alternative in this field. In this way, transfer hydrogenation–

dehydrogenation reaction, in which hydrogen is transferred from an alcohol to an unsaturated 

bond, has become an environmentally benign method for reducing unsaturated compounds 

or oxidizing alcohols (Scheme 13).  

 

Scheme 13: Transfer hydrogenation nitroarenes reduction. 

In 2012, Ru(0) NPs78 were generated by incipient impregnation of RuCl3 into the nanopores 

of an acid activated montmorillonite clay followed by polyol reduction. This system showed 

efficient catalytic activity in the chemoselective transfer hydrogenation reduction of 

substituted nitrobenzenes to corresponding anilines with high yield of conversion and 

selectivity. Ag-mesoporous polytriallylamine catalyst was reported under similar conditions 

by Salam et al.79 In 2014, S. Velmathi et al.80 studied the catalytic activity of Fe-SBA-15 for the 

catalytic hydride transfer reaction of aromatic nitro compounds using 2-propanol as hydrogen 

source. Pinacol as a chemoselective and environmentally benign reducing agent for sulfoxides 

and nitroaromatics assisted by readily available dichlorodioxomolybdenum(VI) complexes as 
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catalysts was employed by R. Sanz et al.81, showing good yields under MW conditions and 

acetone and water are the only by-products in this reduction. D-Glucose, an abundantly 

available carbohydrate, was reported by Kumar et al.82 as a source of hydrogen in a catalyst-

free aqueous system. Pd-based catalyst in presence of cyclohexadiene or MeOH83 have also 

shown effective properties as hydrogen transfer source in this reaction. A heterogeneous 

Fe3O4–Ni magnetic NP catalyst was demonstrated for hydrogen-transfer reactions by using 

the environmentally friendly solvent glycerol as a hydrogen donor by Gawande et al.84 

Despite the high number of publications on this topic, this area of research involving 

methods for the reduction of nitroarenes continues to attract synthetic chemists due to 

problems associated with selectivity and cost of process. This indicates that the topic 

remained of high interest to academic and industrial chemists alike and there is every sign to 

expect similarly active developments in the future. 

1.2.4 Alkynes 

Chemo- and stereo-selective semi-hydrogenation of alkynes leading to the preferential 

formation of cis- or trans-alkenes, and avoiding over-hydrogenation or reduction of other 

functional groups, is an important reaction that can be achieved by using either a 

homogeneous or a heterogeneous catalyst (Scheme 14). 

 

Scheme 14: Major facets of alkyne hydrogenation85 

Many biologically active molecules incorporate carbon-carbon double bond(s) with well-

defined configurations (E or Z), such as β-carotene, polyene antifungal drugs, crocacine, but 

also polyunsaturated fatty acids (PUFAs), pheromones, and cruentaren. In the last few 

decades, several methods have been developed to stereochemically control the desired 
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configurations: (i) creation of carbon-carbon double bonds (e.g., Wittig,86 Horner-Emmons-

Wadsworth,86 Julia-Kocienski,87 Peterson,88 Takai olefination,89 olefin metathesis90); (ii) cross-

coupling reactions91; (iii) reduction of alkynes92–94; and (iv) elimination of halides. 

However, most of the above-mentioned reactions led to (E)-isomers or isomerization of (Z)- 

to (E)-alkenes, side reactions, poor stereoselectivity and function tolerance, etc. Among the 

reactions providing (Z)-alkenes, the selective semihydrogenation of internal alkynes constitute 

an important step in the synthesis of vitamins, natural products, polymerization; and it can be 

accomplished by two different ways: using H2 gas or by transfer hydrogenation reactions.  

Catalytic hydrogenation employing Lindlar catalyst95 constitute the most popular method 

for preparing cis-alkenes from alkynesis. This heterogeneous catalyst consists of palladium 

(5%) deposited on calcium carbonate, treated with lead acetate. However, despite its 

widespread use, it has several disadvantages including possible over-reduction to alkanes, 

isomerization, double bond migration, poor reproducibility, small tolerance with other 

reducible functional groups and safe handling requirements due to the use of H2. Actually, 

very few chemists reported that they preferred this procedure in comparison with other 

methods.  

Some of those drawbacks have been partially overcome when performing the 

hydrogenation reactions over Pd/BaSO4 catalyst (Scheme 15), known as well as the “modified” 

Lindlar catalyst. This reaction is generally run at room temperature at atmospheric pressure, 

and in methanol or ethanol96,97. Many natural products have been prepared via this system. 

For instance, Karrer et al.98 reported already in 1950 the synthesis of β-carotene and lycopins, 

one of the commonest natural pigments, with a good yield. However, besides these good to 

excellent yields, many reactions proceeded with moderate yields only, meaning therefore 

poor selectivity. 

 

Scheme 15: Alkyne hydrogenation over Pd/BaSO4 catalyst97 

Since Brown’s publication99 in 1973 showing the potential in the semihydrogenation of 

alkynes, chemists emphasized the effectiveness of P2−Ni catalyst for the hydrogenation of 

some very complex molecules and several authors concluded that this catalyst is far superior 

than other reduction methods. For instance, starting from a diyne containing both CH2OH and 

CH2OTBS groups, Feutrill et al.100 preferred the P2−Ni catalyst rather than the Lindlar catalyst, 

which gave erratic results. Nowadays the Brown catalyst is widely used for achieving high 

stereo-, chemo-, and regioselectivity. Thus, as for the Lindlar catalyst, the Brown system has 

shown its appealing potential for the partial reduction of skipped dienes,101,102 trienes,103–105 

and tetraenes.106,107 

The Ti-mediated process and hydroboration reaction together with the Zn-activated 

system108,109 seem appealing, since they are much easier to set up than the hydrogenation 

reaction involving hydrogen gas. In addition, interestingly, no overreduction is observed. 

However, those processes did not catch too much the chemists’ attention, mostly because of 

the disappointing yields (rather weak in comparison with the ones obtained in Lindlar or 



Introduction 

23 
 

Brown procedures; the limitation of some functional groups' resistance; and significant risk of 

isomerization). 

Despite the impressive number of contributions and results obtained, it seems that it is 

always a challenge to succeed with alkyne reduction in the presence of other alkynes and/or 

alkenes. Thus, new and better chemo- and stereo-selective procedure are required. 

As already mentioned, transfer hydrogenation reactions has become popular during the 

last few years thanks to better chemo- and stereo-selective transformation, as well as more 

sustainable nature. As mentioned above, most often the transfer agent is an alcohol (such as 

2-propanol) or formic acid, giving respectively acetone and CO2 as by-products after the 

hydrogenation reaction. As depicted in Table 3, a number of TH reactions in presence of 

different metal catalysts has been reported for this transformation. Sato et al.110(Table 3, entry 

1) showed transfer hydrogenation of alkynes using HC02H-NEt3 as hydrogen donor in the 

presence of Pd0-catalys affording cis-alkenes with excellent yields. In 2008 Hauwert and co-

workers111 (Table 3, entry 2) described the transfer semihydrogenation of alkynes catalysed 

by a zero-valent palladium N-heterocyclic carbene complex using also HC02H-NEt3 as the 

hydrogen donor. The same hydrogen source was used by Belger et al.112 and Monfredini and 

coworkers113 using a Ru-catalyst and a tri-palladium complex, respectively (Table 3, entries 3 

and 4). In 2010, Hua and co-workers114 found that DMF/KOH acted as an efficient hydrogen 

source for the palladium-catalysed chemo- and stereo-selective transfer semihydrogenation 

of alkynes to afford the corresponding (Z)-alkenes in good yields (Table 3, entry 5). 

Polymethylhydrosiloxane (PMHS) has also been widely used as hydrogen source115–118 in this 

kind of reaction. The catalytic system comprising Cu(OAc)2 with PMHS as the hydrogen source 

was shown by Wang et al.119 to be efficient in the catalytic semihydrogenation of internal and 

terminal alkynes (Table 3, entry 7). Another convenient method for the (Z)-selective 

semihydrogenation of alkynes under copper catalysis by using silane and alcohol as 

hydrogenating agents was reported by Tsuji co-workers116 (Table 3, entry 8). 2-propanol was 

used by Kominami et al.120 as solvent and hydrogen source for the photocatalytic 

hydrogenation of alkynes over Cu-TiO2 (Table 3, entry 9). 

Table 3: Transfer hydrogenation of alkynes. 

Enter Catalytic conditions  H2 transfer agent Reference 

1 
[Pd2(dba)3]-PBu3 (Pd 5 mol%, phosphine 
10 mol%), HCO2H/NEt3 (6 equiv), THF, 40 

 C, 1–2.5 h 

HCO2H/Et3N 

110 

2 
[Pd] Catalyst (1 mol%), HCO2H/NEt3 (5 

equiv), CH3CN or THF, reflux 
111 

3 
Ru(PPh3)2H2 (1.25 mol%), DMF/HCO2H 

(1:2, 4–5 equiv), rt, 1–7.5 h 
112 

4 
[Pd3]+ (0.03 mol%, P(4-Me-C6H4)3 (0.09 

mol%), N2, 80 ºC 
113 

5 
Pd(OAc)2 (2 mol%), DMF 920 equiv)/KOH (15 equiv), 

145 ºC, 6–9 h 
DMF/KOH 114 

6 

[IPrCuO-t-Bu] (0.5 mol% or 2 mol%), PMHS 
(1.2 / 2 equiv), i-BuOH ( terminal 

alkyne, 1.2 equiv,) or t-BuOH (internal 
alkyne, 2.5 equiv); toluene 25–45 ºC, 1–8 h 

PMHS 115 
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7 
Cu(OAc)2 H2O (0.05 equiv), IPr.HCl (0.05 
equiv), t-BuOK (0.1 equiv), t-BuOH (2.0 

equiv), toluene 

119 

8 
Cu(OAc)2 H2O (2 mol%), CF3Ar-Xan (4 mol 

%), hexane:THF (1:1), 25–65  C, 20 h 
116 

9 
Cu/TiO2 (0.5 wt% of substrate), 2-propanol 

(5 mL), hm, rt, 2–8 h 
2-propanol 120 

 

In the past decades, remarkable achievements have been made and many efficient 

reactions catalysed by Pd- Rh- Ru- Ni- Va-Bi and Au- have been reported for the hydrogenation 

of alkynes to give selectively alkenes. However, replacement of these metals, the use of safer 

hydrogen sources and over-hydrogenation are still the key issues for this hydrogenation 

reaction. 

1.3 Copper catalysis 

As it is already well known, one of the most dire ct ways of pursuing sustainable chemistry 

is the development of more selective catalytic approaches toward the synthesis of chemical 

products. In this way, the creation of more economical and environmentally friendly new 

synthetic technologies constitute a key target in both industry and academic laboratories. The 

design of chemical products and processes that reduce or eliminate the use and generation of 

hazardous substances constitute one of the fundamental pillars of green chemistry.121 

Catalysis122,123 plays a central role in the achievement of high atom-economy for reactions and 

offers numerous green chemistry benefits including lower energy requirements, catalytic 

versus stoichiometric amounts of materials, higher selectivity, and a minor use of processing 

and separation agents. 

The application of catalysts is ubiquitous in the chemical industry,124–127 in areas ranging 

from pharmaceuticals128 to polymers to petroleum processing. More than 90% of all industrial 

processes are based on this topic. The widespread utilization by industry of catalytic processes 

reflects the economic and environmental benefits achieved by this field.  

Two different ways of performing catalysis can be defined, homogeneous and 

heterogeneous129–131. This distinction is linked to the fact that the catalyst operates 

respectively in the same phase where the reaction occurs (homogeneous catalysis) or in a 

different phase (heterogeneous catalysis). A great variety of homogeneous catalysts are well 

known and have been widely used in organic synthesis such us Bronsted and Lewis acids132, 

metal complexes,133,134 metal ions or biocatalysts (enzymes).135,136 However, recovery and 

reuse of expensive catalysts after catalytic reactions is an important factor for sustainable 

process management. Therefore, heterogeneous catalysis 126,137,138 addresses the goals of 

green chemistry by providing the ease of separation of product and catalyst, thereby 

eliminating the need of performing distillation or extraction.  

As already anticipated, attractive alternatives to nobel metal catalysts are requested. Due 

to this, during the most recent decade, an explosive develop of copper catalysed reactions has 

been observed.139,140 

This growth may be driven by a couple of factors: 



Introduction 

25 
 

a) Copper chemistry is highly diverse. The variety of copper oxidation states (Cu0, CuI, CuII) 

allow the possibility of developing a wide number of reactions, and so, a number of 

applications. Copper coordinates easily to heteroatoms and to π-bonds and is well-

known to activate terminal alkynes. The Ullman141 and Goldberg C–C and C–N cross-

coupling142 reactions were discovered over a century ago and their development has 

really blossomed over the past twenty years. The simplicity and efficiency of this metal 

has also opened a door for an extensive number of research procedures such as click 

reactions143, oxidations144, reductions 145 and C-H activations.142 

b) Compared with other metal transition catalysts, copper is an earth-abundant metal, 

making its use more cost effective and more sustainable. 

However, compared to other catalytic methodologies, Cu-catalysed couplings are still 

affected by some drawbacks: despite all the efforts put into the research so far, these Cu-

mediated processes have not yet reached the high levels which characterise Pd chemistry, 

either in rate, efficiency or scope. Moreover, Cu-based coupling reactions are still in some 

sense unpredictable the mechanism not being yet completely understood. On the other hand, 

however, Cu catalysis shows some interesting advantages over Pd or other metals. First of all, 

Cu is cheaper than many of the other metals used in catalysis, and has attracted recently high 

interest from the industry. The range of nucleophiles suitable for Ullmann arylations has 

become wider with time, and nowadays N-, O-, S-, P- and C-aryl bonds formation are easily 

accessible through these processes. Such bonds can be found in many bioactive organic 

compounds, as well as in material chemistry. Also, the scope of Cu-catalysed cross coupling 

reactions is increasing, and it seems to be somewhat complementary to that of Pd-based 

methodologies. Finally, in many cases, Cu-catalysed reactions work well without any ligand, 

and when required, the ligands are usually structurally quite simple and inexpensive (ligands 

for Pd chemistry are often complex, expensive and air-sensitive). 

1.3.1 Nanoparticles 

Nanosynthesis deserves special concern and over the past decades, nanoparticle synthesis 

has received enormous attention thanks to the extensive applications in catalysis, sensing, 

electronics, photonics and medicine. Back in 1993, Bawendi and co-workers146 pioneered the 

controlled synthesis of nanoscale CdE (E = S, Se, Te) with narrow size distribution using a very 

simple pyrolysis method. 

From that moment, and especially during the last years, metallic nanoparticles147 have 

been broadly used as catalysts due to their high active surface area and high reactivity. 

Compared with other conventional heterogeneous catalysts, these particles are great valuable 

in terms of low catalyst loading, high atom economy and, therefore, more sustainable nature. 

An understanding of the mechanisms by which NPs form and grow is important for the 

development of their synthetic methods. NP growth, the size and shape of the products are 

mainly controlled by the properties of the precursor and the reaction conditions. In this 

regard, capping agent, reducing agent and solvent used for their synthesis should be 

considered from a green chemistry perspective, involving the utilization of nontoxic capping 

agents, less hazardous reducing agents, and selection of environmentally benign solvents. 

Unfortunately, despite many experiments and computational studies, the exact mechanisms 

involved in these processes are still not entirely clear. 
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Synthesis of CuNPs148 is commonly perform by applying the same procedures that has been 

described for the preparation of other metal nanoparticles. Two principal methods can be 

named: “bottom-up”, in which atomic level precursors are used to synthesize the nanosize 

material; and “top-down”, in which a bulk solid is broken down into smaller components in 

order to obtain the desire species. Generally, the bottom-up approach has become more 

widely held thanks to the advantages in offering the possibility of controlling and modulating 

stability, properties and morphology of the final nanoparticles. This synthesis is mainly divided 

in seven methods, including thermal reduction, sonochemical reduction, metal vapour 

synthesis, chemical reduction, vacuum vapour deposition, radiation methods and micro 

emulsion techniques. Among all these methods, the greatest feasibility and so, the most 

extended thanks to its simplicity and low cost is the chemical reduction. The growth of CuNPs 

is assumed to occur in accordance with the Ostwald ripening process (i.e., “the smaller NPs 

sacrifice themselves to make the larger NPs in order to decrease surface-to-bulk ratios”). Cu 

atoms or clusters that dissociate from the surfaces of smaller particles can be entrapped in 

the polyimide matrix, after which they can diffuse into the bulk phase of the matrix to enable 

further NP growth. This process has been described as “diffusion-controlled aggregative 

growth of CuNPs”149. 

Cu-based nano-catalysts have found many applications in nanotechnology, including 

catalytic organic transformations143, electro-catalysis150, and photo-catalysis151. As when using 

homogeneous catalysis, these particles have been used in heterogeneous catalysis with 

various oxidation states. 

When working with Cu0 based NPs, one of the main issues is their susceptibility to be 

oxidised under ambient air or some other oxidant conditions giving CuI and/or CuII species, 

and so hindering their applications. For overcoming this problem, some antioxidants as citric 

acid, or stabilizing and capping agents such as PVP152, some surfactants like cetyltrimethyl 

ammonium bromide (CTAB)153,154 or some ligands as polyols155 have been widely used. 

Unsupported CuNPs have been barely studied compared with the supported one due to 

their inherent tendency toward particle agglomeration, what makes the presence of 

stabilizing agents or solid supports mandatory in most cases. Pioneering work by the groups 

of Rothenberg156 and Orgueira with Cu(0) nanoclusters was followed by the use of mixed 

Cu/Cu oxide nanoparticles157 and poly- (vinylpyrrolidone)-stabilized CuNPs158, all of which 

catalysed the reaction of preformed azides and terminal alkynes. 

Aiming to increase the catalyst recyclability as well as decrease the metal loading, 

catalysts composed of CuNPs over different supports : activated carbon (CuNPs/C)159,160 ( 

Scheme 16), silica161,162 (CuNPs/Silica) and diverse metal oxides163 have shown salient 

features that made the reactions much more efficient and sustainable than with the 

unsupported counterpart. 

 

Scheme 16: click chemistry catalysed by CuNPs over activated carbon160 
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1.3.2 Copper catalysis in reduction reactions. 

Due to copper abundance, low cost and high chemo-, regio-, and stereoselectivities 

associated, much attention has been paid during the last years to develop copper-catalysed 

reduction of unsaturated compounds94,117,164,165166,167143,168–170. As already mentioned, due to 

the increasing concern about the environmental issues, alternative hydrogen sources such as 

formic acid, alcohols, PMHS… have been also widely studied. However, generally, bulky and 

expensive ligands are still necessary. 

Given the rich history of copper chemistry in conjugate addition reactions is not surprising 

that remarkable advances in the asymmetric, catalytic hydrosilylation of α,β-unsaturated 

systems have occurred over the last few years171,172, largely due to the development of new 

copper-based catalysts. The first enantioselective catalytic, asymmetric hydrosilylation of α,β-

unsaturated esters was published by Buchwald ’s group173 in 1999 (Scheme 17). The catalyst 

was generated in situ (from CuCl and NaO-t-Bu with (S)Tol-BINAP as the chiral ligand) and the 

use of poly(methylhydrosiloxane) (PMHS), {TMSO-[Si(H)Me]n-OTMS}, was also introduced in 

this paper. Consistently, good to excellent ee values (80-92%) were obtained over a range of 

substrates. This process has since been applied by Buchwald ’s group to the reduction of a 

variety of other systems including α,β-unsaturated lactones and lactams174 and 

cycloalkenones175. 

Scheme 17: Buchwald asymmetric hydrosilylation of α,β-unsaturated esters173 

In 2006 Lipshutz’s group172 disclosed the first heterogeneous copper-catalysed asymmetric 

hydrosilylation of enones and enoates by using their new catalyst based on Cu-H in charcoal. 

Ultrasonication was employed in order to improve the distribution of Cu(II) into the solid. 

Reduction of carbonyl or imino group by using silane as reducing agent has been reported 

in present of different metal transition catalysts; especially Rh, Ir and Ru based catalysts have 

shown to be very efficient in this kind of transformations. However, the discovery of new 

catalytic systems which allowed the use of cheaper silanes brought a rebirth in this field and 

during the last 20 years some new catalyst based on Zn, Cu and Rh have been discovered and 

developed, what indicates the fast development in this area. There is only one example in the 

use of a chiral copper hydride in the enantioselective hydrosilylation of prochiral imines that 

was reported by Lipschutz et al.176 in 2004 (Scheme 18). Using a catalytic amount of copper 

(I)/ chiral disphosphine system, highly efficiency with regard to both chemical yields and 

enantioselectivities were obtained. 
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Scheme 18: Cu(I)-catalysed hydrosilylation of imine 

The issues of selectivity posed by the aldol reaction continue to inspire the development of 

increasingly effective protocols for stereocontrolled aldol addition. Following to the 

pioneering work of Revis in 1987177, research in the area of catalytic reductive aldol coupling 

has flourished and in this regard, catalytic systems that employ cost-effective reductants that 

minimize or entirely avoid generation of stoichiometric by-products has been identified. The 

first catalytic reductive aldol coupling to employ a copper catalyst was reported in 1998 by K. 

Maruoka et al.178 (Scheme 19). Copper (I) chloride in combination with tributyltin hydride 

showed unique character as an initiator of certain radical reactions, not only by promoting the 

formation of the enolate but also catalyzing the sequent aldehyde addition by acting as a Lewis 

acid. Obtaining good products with high isolating yields, this method has been applied to the 

coupling of vinyl ketones to aliphatic, aromatic and unsaturated aldehydes. 

 

Scheme 19: Copper-initiated radical addition of Bu3SnH to enones resulting in reductive aldol coupling 

In 2005, H.W. Lam et al.179 reported the intramolecular reductive aldol reaction of α,β-

unsaturated esters with ketones catalysed by copper bisphosphine complexes, affording five- 

and six-membered β-hydroxylactones in high stereoselectivities. This methodology was 

extended to the synthesis of 4-hydroxypiperdin-2-ones, which are formed through the 

cycloreduction of corresponding α , β-unsaturated keto-amides. Afterwards, in the same way, 

some other copper-catalysed reductive aldol coupling have been reported. 

Conventionally, the so-called “Stryker’s reagent”, phosphine-coordinated hexameric 

copper hydride [CuH(PPh3)]6, copper hydride species generated in situ from hydrosilanes and 

copper catalysts117 have been used for this transformation. The use of hydrosilanes117 as a 

stoichiometric reducing reagent was introduced in 1984 by Brunner180 and established by 
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Lipshutz.181 Since then this pattern has been exploited in a wide range of organic 

tranformations. Huanyang Cao et al.94, using hypophosphorous acid as hydrogen source, 

described in 2013 a novel copper catalysed semihydrogenation of alkynes at 130 ºC for 4h 

using hexamethylenetetramine (HMTA) as ligand. In 2015117, a copper catalyst generated in 

situ from widely available Cu(OAc)2·H2O and imidazolium salt in the presence of t-BuOK 

showed high efficiency for the semihydrogenation of trypel bonds. The use of molecular 

hydrogen (H2) as reducing agent for this type of reactions was reported by Semba et al164. In 

2016, a readily available copper complex [(PPh3)CuCl], was efficiently employed for the 

semihydrogenation of internal alkynes to give Z-alkenes in a highly stereoselective manner 

under an atmosphere of H2. In 2016 Teichert and co-workers182 employed an N-hydroxyalkyl 

NHC (N-heterocyclic carbene) ligand under a high hydrogenation pressure (100 atm) to 

selectivelly obtain Z-alkenes from alkynes. Also in 2016 Wakamatsu T. et al183, developed a 

copper-catalysed semihydrogenation system using a commercially available simple N-

heterocyclic carbene ligand under atmospheric pressure of H2, without the requirement of an 

exogenous proton source.  

Also for the reduction of nitroarenes a series of Cu-catalysts were reported, and only few 

of them in presence of molecular hydrogen as reductant184–186. As example, in 2017, Hosono 

and co-workers184 reported a copper based intermetallic electride for the hydrogenation of 

both nitroarenes to anilines and ketones and aldehydes to alcohols (Scheme 20). 

 

 

Scheme 20: Copper catalysed reduction of nitroarenes (a) and carbonylic (b) compounds 

The Cu-based intermetallic electride LaCu0.67Si1.33 was found to exhibit excellent catalytic 

activity for various selective hydrogenation reactions; possessing both a high carrier density 

and much higher activity than conventional transition metal nanoparticles on oxide or carbon 

supports. 

However, most of copper-based heterogeneous systems for nitro reductions published 

since 2000 make use of NaBH4 as reductant. In 2012, H. K. Kadam and S. G. Tilve187 used CuBr2 

as precatalyst, which was in situ reduced to copper NPs, showing full conversion and high yield 

of aniline at room temperature after 5 h. Two years later, another in situ approach was 

reported by P. Bharali and co-workers188. The effect of different stabilizers (PEG, CMC and 

PVP) in the CuNPs catalysed reduction of nitroarenes was studied by J. Santhanalakshmi et 

al.189 in 2012, showing the lowest activity of PVP, while PEG and CMC presented a similar one. 

Biomass-derived catalysts have been reported by C. Tamuly and co-workers190 (2014) and A. 

R. Fajardo and co-workers191 in 2017. In the first case, CuO nanoparticles using the peel of 

Musabalbisiana with fower like hierarchical architectures was reported, while in the second 

one CuNPs were synthesized and stabilized into a chitosan/poly(vinylalcohol)(CP) based film 
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using a simple protocol under mild conditions. A number of composites in which iron is used 

as the magnetic core in order to obtain an easily separable material have been reported. In 

2014, R. K. Sharma and co-workers192 demonstrated Cu(II) on silica-coated Fe3O4 as 

magnetically separable core-shell composite (Figure 6) for the reduction of nitroarenes in 

water. Freshly prepared iron NPs were activated with 0.1 M HCl in ethanol and water, followed 

by the addition of 25% NH4OH and TEOS. Once the material was isolated, it was grafted 

covalently with Cu(Acac)2 in chloroform and in the presence of NaBH4 it catalytically active for 

the reduction of nitroarenes within up to 1 h.  

 

Figure 6: Synthesis of a magnetically separable copper-based catalyst for nitroreduction, as reported by R.K. 
Sharma and co.workers.192 

Same as the previous system, other several approaches for a magnetically separable Cu-
catalyst has been described in literature193–196.  

Copper on coordination polymers as reusable catalysts has also been demonstrated to be 

efficient in this kind of reaction. Recently, in 2017, S.P. Anthony and co-workers197 synthesized 

seven different materials by complexation of Cu2+ with and amino acid-based reduced Schiff 

base ligand, showing high efficiency in presence of NaBH4 in the nitro reduction. 

Highly chemoselective heterogeneous systems for the reduction of nitroarenes, using a 

hydrogen transfer methodology, has also been developed in the presence of different 

reducing agents such as ammonium formate198, isopropanol199, hydrazine hydratate200,201,…   

However, despite the high diversity of applications in which copper has been involved, 

further research should be devoted to the design of durable heterogeneous catalysts that 

enables organcic chemistry to be exploited competently on a large scale with negligible copper 

contamination of the products. In view of the economic and green surrounding issues, 

avoiding the huge and costly ligands would be an attractive alternative for this type of 

transformations. 
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1.4 Enabling technologies in heterogeneous catalysis 

Due to the great worry about the environmental situation, industrial safety and sustainable 

development, attractive alternative processes are urgently required and always welcome. As 

described by Kumar et al. in 2012202, different techniques have been developed and reported 

for process intensification (PI) in green synthesis. PI technologies comprise a wide number of 

advantages such as shorter reaction time, energy sufficient, waste reduction, improvement 

process flexibility and so, the interest and the number of publications in this field has vastly 

increased during the last decades.  

Enabling technologies203 can be defined as equipment’s or/and methodologies that alone 

or in combination are able to replace conventional methods and develop more efficient 

alternative environmental procedures.  

In recent years these so-called non-conventional energy sources, such as microwaves 

(MW), ultrasound (US), ball mill (BM) and microreactors have made access to much simpler 

chemical procedures by using heterogeneous catalysts, greener solvents and promoting faster 

and more selective transformations. Scientists are recently devoting a great deal of research 

to design lower impact protocols to operate, and lot of different fields have already been 

extremely promoted by these alternative technologies. Recently, a review took stock of 

alternative technologies currently available in laboratories that facilitate the synthesis of 

organometallic complexes204 and allow the access to compounds that cannot be obtained in 

any other way. Moreover, access to ciclodextrines derivatives205 in much simple ways, 

extractions of a number of compounds206–208 and a wide amount of synthetic processes203 are 

all key developments in the design of greener protocols.  

Besides batch reactors, in the last decade these techniques have been adapted to flow 

systems209–213, which provide greater efficiency, flexibility, lower energy consumption and 

easy scale up. In 2012, Morschhäuser et al.210 introduced the microwave-assisted continuous 

flow synthesis in industrial scale as a safe and highly energy efficient process for organic 

reaction mixtures (with or without solvent) under high-temperature/high-pressure 

conditions. In the same way, the effect of ultrasound209,213 has also been demonstrated to 

have a great effect while performing continuous flow.  

As science moves forward, so does our need to properly harness all the new technologies 

and better integrate all disciplines and contributing knowledge generators. The current search 

for energy-saving and more selective protocols has turned ultrasound and microwave into 

useful alternatives to prolonged heating in metal-catalysed reactions. 

1.4.1 Microwave irradiation. 

1.4.1.1 Technique 

In 1940s, Percy Spencer observed accidentally the heating phenomenon with microwaves 

when he realized that the candy bar in his pocket melted while working on radar technology. 

Further investigation showed that microwaves could increase the internal temperature of 

food much faster than a conventional oven, so this led to the production of the first 

commercial domestic microwave oven in 1954. From 1986, when Gedgy et al.214 and Giguere 

et al.215 published the first application of commercial microwave oven for organic synthesis, 

this technology has been widely developed216,217. Thanks to its environmentally friendly and 
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efficient nature, nowadays microwaves signify a versatile tool that attracts worldwide 

researchers’ attention. 

Organic transformations were firstly performed by domestic microwave ovens218,219, 

however, the literature results were therefore accompanied by uncertainties relating to both 

reproducibility and safety. The introduction of purpose-built microwave units for synthetic 

organic chemistry has enlarged the range of applications over the years, especially with the 

development of the monomode reactor designed for synthesis. Recently, de la Hoz et al.220 

published a critical review about the effect of microwave irradiation in organic synthesis. It is 

surprising that even now when microwave irradiation is a well-established methodology, the 

number of publications is still increasing (Figure 7). This indicates that the topic remained of 

high interest to academic and industrial chemists alike and there is every sign to expect 

similarly active developments in the future. 

1990 1995 2000 2005 2010 2015 2020
0

2000

4000

6000

8000

10000

12000

14000

N
u

m
b

e
r 

o
f 

p
u

b
lic

at
io

n
s

Year

MW & Synthesis

 

Figure 7: Number of publications in Microwave Assisted Organic Synthesis (MAOS). 

The range of microwaves irradiation (Figure 8) is defined from 0,3 and 300 GHz, but every 

domestic system and laboratory oven operates at 2.45 GHz of frequency, what correspond to 

12.24 cm of wave length and 1.6·10-3 eV of energy. This frequency was set because it is in the 

centre of the unlicensed ISM (Industrial, Scientific and Medical) band and therefore, its use 

avoids any kind of interference with the telecommunications applications. The energy coming 

from microwave irradiation is not enough to induce chemical reactions, so the influence of 

microwave energy on chemical transformations is strictly thermal. 
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Figure 8: Microwave range in the electromagnetic spectrum. 

The reaction rate (k) increases proportionally with the increase of absolute temperature 

(T) and frequency factor (A) and decreases proportionally with the increase of transition state 

energy (ΔG , i.e. energy activation). Thus, the increase in the pre-exponential factor A, which 

is representative of the probability of molecular impacts, could enhance reaction rates. This 

collision efficiency can be effectively influenced by mutual orientation of polar molecules 

involved in the reaction. As this factor depends on the atoms vibration frequency at the 

reaction interface, it could be postulated that microwave field might affect it221. 

k = A exp(-ΔG/RT) 

Electromagnetic radiation combine both electric and magnetic field, propagating through 

the space and carrying out the energy. The electric component is the responsible of microwave 

heating effect by two different mechanisms (Figure 9): dipolar polarization and ionic 

conduction. Dipolar polarization refers to an interaction in which polar molecules try to align 

themselves with the fast changing electric field of the microwave. The second method of 

transferring energy is ionic conduction, which appears if there are ionic species or free ions 

present in the substance being irradiated. 

 

Figure 9: Microwave heating effect: ionic conduction and dipolar polarization. 
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Solvents constitute one of the crucial components and play an important role in organic 

synthesis, having a big influence in the reaction outcome. Since microwave directly couple 

with the molecules present in the reaction mixture, the characteristic of the solvents (and 

concretely its polarity) become a significant component. The more polar a reaction mixture is, 

the higher is the ability to absorb microwave irradiation and the rapid its temperature rises. 

Many factors characterize the polarity of a solvent. The main individual solvents absorbing 

characteristics are dielectric constant, dipole moment, tangent delta and dielectric loss. The 

dielectric constant can be defined as the ratio of the electric permeability of the material to 

the electric permeability of free space, and so, the ability of the solvent to store electric 

charges. The dipole moment is the product of the distance between the centres of charge in 

the solvent molecule multiplied by the magnitude of the charge. The molecules having a large 

dipole moment have also a large dielectric constant. The tangent delta, also known as the loss 

tangent, describes how efficiently microwave energy is converted into thermal one. The 

parameter that best provides the coupling efficiency of a particular solvent is the dielectric 

loss, what define the amount of input microwave that is lost to the sample and is dissipated 

as heat. 

 

Table 4: Dielectric constant (ε’), tan δ and dielectric loss (ε’’) for 30 common solvents (measured at room 

temperature and 2450 MHz) 
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Table 4 gather a list of solvents that can be divided in three different groups: low, medium 

and high absorbing solvents. The low absorbing molecules are those that have dielectric losses 

smaller than 1.00. Medium absorbers would generally have values between 1.00 and 13.99 

and high absorbers upper than 14.00. 

Sometime, the use of a very low absorbing solvent as hexane when performing a reaction 

under microwave electric field can help to selectively heat the other absorbing molecules in 

the media, allowing a selective and more efficient process. 

Another important parameter when talking about microwave irradiation is the penetration 

depth (Dp)222. According to the definition, the penetration depth is the point where only 37% 

of the initially irradiated microwave power is still present. These values are only tabulated for 

a few materials and only for one temperature or for a small range of temperatures. Because 

the penetration depth and the dissipation factor are both strongly dependent on temperature, 

this fact has to receive special attention for the scaling-up of chemical reactors for industrial 

applications.  

Some of the penetration depths of the microwaves in common solvents at room 

temperature are listed in Figure 10. Particularly significant is that the penetration depth of the 

2.45 GHz microwaves into almost all non-polar solvents tends to be rather extensive 

compared to the one in polar solvents. 

 

Figure 10. Penetration depths of the 2.45 GHz microwaves for some common solvents. Reproduces from Horikoshi 
et al. Copyright 2008 by the American Chemical Society. 

Since it is directly proportional to the value of λ (Dp ∝ λ), when increasing the frequency of 

the microwave irradiation, the penetration depth of the electric wave decreases (Figure 11). 



Introduction 

36 
 

 

Figure 11: Penetration depth (denoted with blue x) of the electric wave decreases with increasing frequency. 
The left side represents air, the right side a material. 

1.4.1.2 Microwave in heterogeneous catalysis 

Shortly after the discovery of the beneficial effects of microwave irradiation on organic 

synthesis, the field underwent a rapid and broad expansion. Several books and reviews were 

published providing regular updates on the ever-increasing growth of this research field, with 

a recent example that focuses on the application of microwaves in catalysis. In 2009, Varma223 

introduced the application of solid catalysts to microwave-assisted organic synthesis (MAOS). 

More recently, in 2017, Kokel et al. published a review focusing on the application of 

microwaves in heterogeneous catalysis224 and since then a broad array of new heterogeneous 

catalytic applications have been reported and reviewed periodically. 

Despite of the risk that using metal particles inside the microwave cavity can cause, it is 

possible to perform organic catalytic reactions by using well-dispersed metal particles in a high 

boiling point polar solvent. Whittaker and Mingos225 described this process in 1995 and 

defined all the main safety features to reduce the risk of arcing. After that, several reactions 

have been carried out in the presence of solid catalysts for a potential application of 

microwave radiation in materials synthesis. Tsukahara and co-workers226 reported the 

occurrence of non-equilibrium local heating of DMSO molecules in the proximity of Co and Fe 

particles. Such non-equilibrium local heating led to enhanced dechlorination of 2-

chloroethylbenzene and 4-phenylbutyl chloride since the reaction field temperature for the 

microwave system was approximately 55 K greater than the bulk solution temperature (473 

K) under microwave irradiation. In 2011, Gutmann and co-workers227 showed that formation 

of an organomagnesium Grignard reagent could be both activated and deactivated by the 

microwaves’ electric field strength. They attributed the activation as resulting either from a 

“cleansing effect” on the Mg surface or from the formation of more reactive spherical Mg 

particles due to mild electrostatic discharges (arcing) between individual Mg turnings. Also, in 

2011, Horikoshi and Serpone228 described the generation of hot-spots and their impact in the 

heterogeneous Suzuki-Miyaura coupling reaction for the synthesis of 4-methylbiphenyl in 

toluene solvent in the presence of Pd/AC. In this case, the generation of hot-spots in the 
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heterogeneous catalysed reaction system occurring in a nonpolar solvent had a negative 

impact on the reaction product (Figure 12).  

 

Figure 12: High-speed camera photographs of the electric discharges occurring on the Pd/AC catalyst surface 
during the Suzuki_Miyaura coupling reaction under E-field conditions (120 s irradiation). Reproduces from 
Horikoshi et al. Copyright 2011 by the American Chemical Society 228 

Given the usually excellent microwave absorption capability of most solid catalysts, it is 

beyond doubt that the combination of microwave activation with heterogeneous catalysis 

carries almost unlimited opportunities in synthesis design for environmentally benign 

processes.  

1.4.2 Ultrasound irradiation 

1.4.2.1 Technique 

Ultrasound can be defined as the sound of a frequency beyond that to which the human 

ear can respond. The usual range of human hearing is between 16 Hz and 18 kHz, so the 

ultrasound range can be considered from 20 kHz to 500 MHz (Figure 13). 

 

 

Figure 13: The frequency ranges of the sound 



Introduction 

38 
 

The use of low ultrasonic power and very high frequencies (MHz) do not affect the physical 

or chemical character of the medium that is probed, so they are widely used in a whole range 

of sophisticated techniques for non-destructive testing and medical229 imaging; all essentially 

based on the pulse-echo technique. On the other hand, the use of lower frequencies (mostly 

from 20-40 kHz) and higher power can produce significant physical and chemical variations in 

the medium through the generation and subsequent collapse of cavitation bubbles. This 

constitute the basis of sonochemistry.230,231 Therefore sonochemistry can be defined as a 

branch of chemical research based on the effect that acoustic cavitation produce by ultrasonic 

power on chemical reactions. 
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Figure 14: Number of publications in Ultrasound Assisted Organic Synthesis. 

If we imagine a bubble suspended in a liquid and then we send sound through that liquid, 

the bubble will expand and contract with the expansion and compression waves of the sound. 

This oscillation, growth, and potential rapid collapse of the bubble occurs in all liquids 

irradiated with sufficient intensity of sound or ultrasound and is called “acoustic cavitation”. 

Immediately before the commencement of collapse, the bubble has some total energy that 

will converse into heat inside the bubble and define the origin of both sonochemistry and 

sonoluminescence.  

The chemical effect observed by ultrasonic irradiation can be explained by the formation, 

expansion and following collapse of cavitation bubbles231 (Figure 15, Figure 16). It is the fact 

of these bubbles collapse that generates the necessary energy for chemical and mechanical 

transformations. The production of very high local temperatures (≈ 5000 ºC) and pressures 

(more than 1000 atm) are the responsible of these unique effects.  
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Figure 15: Chemical effect of ultrasonic irradiation.  

 

 

Figure 16: Formation, expansion and collapse of cavitation bubbles. 

Two different methods for the introduction of ultrasound into a system can be principally 

describe, the ultrasonic cleaning bath and the ultrasonic prob. Both systems rely upon the 

piezoelectric transducer as an ultrasound source. One of the main disadvantages is the fact of 

having an optimum performance when a fixed frequency (that depends on the particular 

transducer) is applied. In most cases, the optimum frequency for commercial baths is around 

40 kHz and for commercial probes is around 20 kHz. 

Although the ultrasonic bath is the cheapest and widely used source of ultrasounds, some 

disadvantages can be named if comparing with the probes. Like any other sound wave, 

ultrasound is propagated via a series of compression and rarefaction waves induced in the 

molecules of the medium through which it passes. This fact suppose that the amount of 

energy that reaches the reaction while working with the sonic-bath is very low (normally 

between 1 and 5 Wcm-2). 

The nature of sonochemical reactions has been widely studied and a set of empirical 

rules232 has been established in order to provide some clues and better understand the effects 

of this irradiation. 

a) In homogeneous reaction, the chemical effects can be explained by assuming that 

sequential electron transfers are favoured by ultrasonic irradiation. 
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b) In heterogeneous liquid-liquid or solid-liquid reactions, bubbles cavitation near the 

interface will cause disruption and mixing, resulting in the formation of fine emulsions, 

and therefore being particularly beneficial in the enhancement of phase-transfer 

catalysis. 

c) In heterogeneous reactions, the biphasic system will also be subjected to the 

mechanical component of shock waves, in addition to the chemical activation. 

Same as when working with microwave irradiation, controlling external parameters such 

as amplitude, frequency, temperature and type of ultrasonic generator is crucial when 

describing sonochemical protocols. 

1.4.2.2 Ultrasound in heterogeneous catalysis 

The generation of high kinetic energy from mechanical energy obtained from cavitation 

phenomena is also considered as a green process intensification. Ultrasound is known for its 

capacity in enhancing particles dispersion and favoring mechanical depassivation. In this way, 

a liquid in which discrete particles are homogenously distributed is created and due to this, 

reactions involving metals represent one the favourite domain of sonochemistry. 

Homogenization of heterogeneous phases and catalyst dispersion entails a higher catalyst 

surface and so, a more efficient process. Among the three different methods of introducing 

ultrasound into a reaction media (cleaning bath, ultrasonic probe and the ultrasonic 

continuous reactor), the sonic probe can be considered the most efficient one since the energy 

heads straight into the reaction solution. This system has proved to be particularly effective 

when referring to an efficient mixing and higher mass transport. The well-known cleaning 

effect of ultrasonic waves not only provides a depassivated layer, but also facilitates the 

diffusion of the reagent from the solution to the metal, the electron transfer from the active 

surface to the reducible point of the organic substrate, and finally the extraction of an ion 

from the surface to generate a soluble product. 

The first commercial application of ultrasound dates back to 1917 with the echo sounding 

technique developed by Langevin for estimation of the depth of water. By the 1960s,233,234
 the 

industrial uses of power ultrasound were well accepted and from this moment it has been 

developed a whole range of techniques based on this irradiation235,236. Already in 1986, Suslick 

et al.237 discovered that ultrasonic irradiation of nickel powder increases its activity as a 

hydrogenation catalyst by >105. They found that ultrasonic irradiation of the powder causes 

remarkable changes in particle aggregation, surface morphology, and thickness of the surface 

oxide coating. Another typical example is the acid- catalysed acetalisation of sugars published 

in 1986 by Luche et al. With mechanical stirring, the reaction is slow and side products 

resulting from acid catalysis accompany the process. These ionic side reactions remain 

unaffected by sonication but the heterogeneous ketalisation is accelerated due to an efficient 

agitation process, resulting in being a cleaner and high-yielding reaction. In 2010, Cravotto et 

al.238described a copper catalysed azide-alkyne cycloaddition promoted by ultrasound 

irradiation claiming that US favors mechanical depassivation and enhances both mass transfer 

and electron transfer from the metal to the organic acceptor. 

US has also been widely used in organic synthesis on heterogeneous system involving 

immiscible liquids, since sonication can produce very fine emulsion and allows any reaction 

between these species in the interfacial region. Thus, in many heterogeneous reactions, the 

application of US can have the same effect as a different high-speed agitator in which fluids 
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do not cavitate. In some cases, sonochemistry can completely remove the need for phase 

transfer agents, as is the case in the generation of dichlorocarbene by the direct reaction 

between powdered sodium hydroxide and chloroform at 40 °C using an ultrasonic bath.239 

1.4.3 Combined microwave and ultrasound irradiation. Synergic effects. 

1.4.3.1 Technique 

Synthetic chemists are more and more paying attention to combinations of enabling 

technologies in order to achieve the double goal of having highly efficient transformations 

while getting energy and time saving. 

As already described, more efficient and more selective transformations have been observed 

thanks to the use of non-conventional techniques such as microwave and ultrasound. Aiming 

to obtain more effective, cleaner and safer processes, during the last years, several research 

groups have been focused on developing a hybrid combination of these two irradiation 

sources, what represents a valuable tool in process intensification. However, the combination 

if these two techniques should involve safety and technical considerations. Because of their 

different nature and the incompatibility to different conditions and materials, the 

combination of MW and US reactors may be potentially hazardous and so, knowing the 

restrictions of the system and the reaction is fundamental before applying the combined 

irradiation (Table 5). 

Table 5: US versus MW: a matter of striking differences. Reproduces from G. Cravotto et al.240 

Application Ultrasound Microwaves 

Reaction media Aqueous and organic solvents 
MW-absorbing liquids, solvent-

free protocols 

Use of bulk metals Favourite domain Forbidden practice 

Acceleration Variable ( from min to h) Large (min, even seconds!) 

Activation Cavitation Thermal effects (specific non-
thermals) 

Scaling-up Possible but still a challenge Possible 

Chemical effects Selectivity changes, mechanistic 
switching, waste reductions 

Selectivity changes, waste 
reductions 

Other effects Light emission, cleaning, micro 
streaming 

Heating above boiling points, 
change in solvent properties 

 

For example, the sonic horn it is usually made of titanium, but if we want to insert it inside 

the microwave chamber, evidently, a piece of metal can be dangerous. Hence, to overcome 

this problem, in our group it has been developed a combined system by inserting an ultrasonic 

horn made of pyrex inside the modified cavity of a multimode microwave oven (Figure 17). 

Both sources can be coupled in sequential or simultaneous modes240–244. 
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Figure 17: Combined MW/US reactor. 

This combination of both sources in a single process can enhance the heat and mass 

transfer as well as the catalytic effects on selected reactions, providing a reliable and cost-

effective strategy for improving synthetic transformations efficiency. Prevention of 

agglomeration and dispersion achieved by ultrasonic cavitation and selective heating acquire 

thanks to the microwave irradiation, allow a tremendous combination that represents an 

emerging technological innovation that deserves widespread attention in fine-chemical and 

pharmaceutical research.  

This combination represents an emerging technological innovation that during the last ten 

years has undergone a great increase (Figure 18). 

 

Figure 18: Number of publications for MW/US combined irradiation since 1989.  

1.4.3.2 Combined MW and US in heterogeneous catalysis 

The first paper on this subject was published in 1995 by M.Maeda et al. who reported the 

chemical effects achieved under this combined irradiation. One year later, J.Berlan and 

cowoerkers245 described the application of the system in organic reactions, and in particular, 

for pyrolysis and esterification. 
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Combined MW/US irradiation can either be performed in simultaneous mode or otherwise 

sequentially by circulating the reacting mixture through the two compartments.246 

In our group, this combined irradiation has been studied already for several years. In 2007, 

Cravotto and Cintas240 described a number of examples showing that combined US/MW 

irradiation represents an emerging technological innovation that deserves widespread 

attention in fine-chemical and pharmaceutical research. The same year, in collaboration with 

Palmisano243, Heck coupling reactions were performed ligandless and with very low catalyst 

load under MW and US irradiation. In 2011244, leveraging the increased of glycerol production, 

this compound was used as solvent in three different organic transformations: the catalytic 

transfer hydrogenation of benzaldehyde to benzyl alcohol in which glycerol plays the dual role 

of the solvent and hydrogen donor, the palladium-catalysed Suzuki cross-coupling; and the 

Barbier reaction. Glycerol allowed excellent acoustic cavitation and combined with microwave 

the efficacy of the process was increased.  

1.4.4 Mechanochemistry 

1.4.4.1 Technique 

Mechanochemistry is frequently used in a broad sense, covering any chemical reaction 

induced mechanically. During the last years, this technique is becoming more intensely 

studied and several reactions between solids have been promoted quickly and quantitatively, 

with either no solvent addiction or only nominal amounts. 

IUPAC defines a mechano-chemical reaction as a “chemical reaction that is induced by the 

direct absorption of mechanical energy” with a note “shearing, stretching, and grinding are 

typical methods for the mechano-chemical generation of reactive sites, usually macroradicals, 

in polymer chains that undergo mechano-chemical reactions”. 

In May 2014, around 100 experts gathered to discuss about the rising importance of 

mechanochemistry in making, understanding and manipulating molecules. The entitled 

Mechanochemistry: “From Functional Solids to Single Molecules,247 the 256th Faraday 

Discussion” brought together a diversity of academic and industrial researchers, 

experimentalists and theoreticians, students, as well as experienced researchers, to discuss 

the changing face of mechanochemistry. 

Two main reasons make mechanochemistry an appealing technique. Firstly, our current 

dependence on solvents appears increasingly unsustainable since it is wasteful of fossil-

derived, environmentally problematic, hazardous and energy-demanding with regard to 

solvent production, purification and recycling. Secondly, it is increasingly clear that is effective, 

and even advantageous, in ever-widening types of synthesis.248 The hallmark of 

mechanochemistry is achieving chemical transformations by milling or grinding, without the 

need of bulk dissolution of reactants. 

The easiest way of performing mechano-chemical reactions is by manual methods, using 

the mortar and the pestle. The rubbing of the pestle on the sides of the mortar and the friction 

of reagents the one against the other, provide the energy required to proceed the reaction 

and to obtain the final products, which can be recovered directly without adding any 

additional solvent. Grinding is the general term used for describing the mechanical action by 

hard surfaces on a material, normally to break up the material and reduce its particle size. 
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Very small amounts of added liquid can dramatically accelerate, and even enable, 

mechanochemical reactions between solids. 

To realize more intense and effective homogenization compared to that obtained using the 

hand mortar, specific mills instruments, known as ball-mill, are commercially available. There 

are a number of different types of mills on the market differing in their capacity, speed of 

operation and their ability to control the operation; however, on a laboratory scale, the 

planetary ball mill is most common one. All reagents are introduced into a grinding jar in the 

presence of one or more balls (or beads) and the jar rotates around a central axis, while 

spinning around its own axis. All grinding jars in turn undergo a rotational movement in the 

opposite direction compared to that induced by a wheel (or disk) on which they are fixed. The 

dynamic energy necessary to convert reactants to products derived from the impact forces 

and friction generated by the difference in speeds between the balls and the jars (Figure 19). 

 

Figure 19: Schematic depicting the ball motion inside the ball mill. 

Such planetary motion creates centrifugal forces which emulate the effect of gravity in 

industrial-scale roller mills, offering a direct connection to scale-up on an industrial scale.  

In contrast to manual grinding, which is open and susceptible to a range of environmental 

factors, ball milling offers an enclosed solvent-free reaction environment with well-defined 

parameters for optimizing reactivity. Some of the parameters that have an important effect 

are: type of mill, milling container, milling speed, milling time, type, size and size distribution 

of the grinding medium, ball-to-powder weight ratio and milling atmosphere. The most 

modern versions of these instruments allow also the control of the reaction temperature 

thanks to a heating or cooling system inside. 

Modern mechanochemistry249 is rapidly expanding into almost every area of chemistry and 

materials science, changing its focus from alloying and inorganic materials250 to catalysis, 

selfassembly,251 and synthesis of molecular structures.252 Recent progress in this area has 

been done by the Boldyreva group,253 who demonstrated that different types of mechanical 

motion can lead to different products and reaction kinetics in the same milling vessel. 
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1.4.4.2 Mechanochemistry in heterogeneous catalysis 

The past decade has witnessed an explosive growth of interest in mechanochemical 

reactions by milling or grinding, and rapid expansion of mechanochemical methodologies into 

different areas of chemistry, from supramolecular chemistry and organic synthesis to metal–

organic frameworks and nanoparticle synthesis. Metal-promoted and metal-catalysed 

reactions have been widely employed in contemporary organic synthesis, and their 

mechanochemical reactions have been reviewed254. This vibrant progress claims that most 

chemical transformations established in solution can be conducted and improved by 

mechanochemical techniques, such as neat grinding or liquid-assisted grinding (LAG). 

Whereas most pioneering work in organic mechanochemistry has focused on stoichiometric 

reactions, it is now clear that mechanochemistry offers access to a rich variety of metal-

catalysed or organocatalytic transformations. Palladium-catalysed reactions are one of the 

most important and most extensively investigated transition metal-catalysed transformations. 

In 2000, Nielsen and co-workers255 explored the solvent-free coupling of aryl halides and 

phenylboronic acid in a planetary mill catalysed by Pd(PPh3)4, obtaining the Suzuki product in 

very good yields. Few years later, another report of a mechanochemical Suzuki coupling 

conducted by manual grinding was provided by Braga et al.256, who performed the synthesis 

of 1,10-disubstituted ferrocene derivatives by grinding together 1,10-ferrocenediboronic acid 

with either 4- bromopyridine or 5-bromopyrimidine in the presence of a palladium catalyst 

dispersed on solid support (Al2O3-KF or Al2O3- KOH). More recently, Klingensmith and 

Leadbeater257 reported the ligand-free Suzuki reaction using Pd(OAc)2 in a mixer mill operating 

at 30 Hz. The Heck reaction is another powerful palladium-catalysed coupling reaction for the 

formation of C–C bonds, involving aryl or vinyl halides and activated alkenes. The first report 

of a mechanochemical Heck coupling was in 2004, when Tullberg and co-workers258 conducted 

the reaction of aryl halides and protected amino acrylates in a planetary ball mill and from 

that study a number of publications have been reported for this transformation.259–261 

Copper-catalysed reactions have also been widely implemented in ball mill. The 

mechanochemical protocol for azide-alkyne cycloaddition was firstly reported by Stolle 

group262 affording triazole derivatives in high yields after 10 min of milling. Based on the good 

results, polymerization was also investigated in the ball mill. Copper catalysed C-N coupling as 

well as Cu(II)-catalysed multicomponent reactions263 between aldehydes, amines, and alkynes 

has also been studied under mechanochemical strategy.  

Fe-, Rh-, Ag-, Zn- catalysed reactions have also been explored to show the suitability of 

dehydrogenative couplings, olefin metathesis, Diels-Alder cycloadditions, etc applying the 

mechanical milling protocol.  

Interestingly, mechanochemical asymmetric synthesis showed great potential for 

desymmetrization, aldol, Michael and alkylation reactions.264–267 

Ball milling in production scale was reported by Ferdi Schüth et al.268 in 2013, proving its 

suitability for industrial applications of the Solid-Catalysed CO oxidation. 

Considering it, metal-catalysed mechanochemical organic synthesis is up for an excellent 

start, with huge potential to expand beyond laboratory work toward industrial processes.  
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1.4.5 Ultrasonic and microwave-assisted synthesis of metal nanoparticles 

Utrasonic frequencies between 20 kHz and 15 MHz have also been used to synthesize 

various nanostructures. Sonication promotes chemical reactions via acoustic cavitation, in 

which bubbles are formed and then implode in a way that generates very high localized 

temperatures and pressures. Sonochemical techniques give the possibility to prepare 

nanomaterials under ambient conditions without the need for high temperatures, high 

pressures, or extended reaction times. 

In 2018, Lenardao et al269. published a review describing reaction examples that have been 

reported to be positively affected by the US-promoted cavitation. One year later, several 

examples of Heck reaction, Suzuki-Miyaura, Knoevenagel condensation, Mannich reaction,… 

and many other organic transformations has been descrived by Banerjee 270, who published 

another review exploring the wide range of advantages that ultrasound-assisted strategy 

offers when combined with nanocatalysis. The effectiveness of a catalyst increases in nano 

size due to the enhancement of active surface area. Thus, an effective collaboration between 

nano-catalyst and ultrasound is one of the facile tools to develop environmentally sustainable 

protocol. In 2015, Ying et al.271 synthesized an amine functionalized silica coated Fe3O4 

nanoparticles that successfully employed for the Knoevenagel condensation under ultrasound 

irradiation. Mannich reaction between cyclohexanone, primary amines and different 

aldehydes was demostrated by Saadatjoo et al.272 to be highly enhanced by ultrasound, 

obtaining the corresponding β-amino carbonyl compounds in the presence of a catalytic 

amount of magnetically separable γ-Fe3O4 nanoparticles in ethanol at room temperature. 

Several reports are also available in the literature on silver nanoparticles using 

sonochemistry273–275. 

Sabbaghzadeh and co-workers276 reported a sonication-based protocol for preparing 

monodisperse metallic CuNPs of different sizes using ethylene glycol as a capping agent and 

hydrazine monohydrate as the reducing agent. Sonication made it possible avoiding the 

formation of polydispersed Cu materials. A similar protocol has been used to prepare 

amorphous CuNPs, nanocrystalline Cu2O embedded in a polyaniline matrix, and NPs based on 

CuO and Cu2O without any surfactants and templates.277 Gedanken and co-workers278 

prepared CuNPs by a sonochemical method using a reduction process involving radical species 

originating from water molecules under the influence of ultrasound. The resulting H• radicals 

efficiently reduced Cu2+ to metallic CuNPs. As described by Cerchier in 2017,279 the use of 

ultrasound proved to be critical for increasing the production of the copper nanoparticles. The 

use of L-ascorbic acid as a reducing agent with ultrasound irradition allowed the production 

of Cu nanoparticles with a size that can be comparable to nanoparticles produced with sodium 

borohydride. Recently, Sukri et al.280 described the synthesis of highly pure Cu-NPs without 

and with honey using ultrasonic assistance. The protein and carbohydrate of honey might 

contribute as the stabilizing and reducing agent for the CuNPs. 

The influence of microwave irradiation has also been widely studied in nanosynthesis since 

it can address the problem of heating inhomogeneity, while providing a scalable platform for 

industrial applications. By judicious choice of the solvents, passivating ligands, and reactants, 

the nanomaterial precursors can be selectively heated preferentially with regards to the 

solvent or passivating ligand. As it is already well known, microwaves‘ wavelength has a strong 
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impact on the penetration depths, and so highly affects the heating rates of the reaction 

mixture. 

From 1990, lot of publications has been reported about the synthesis of inorganic 

nanoparticles in presence of microwave dielectric heating and several authors have 

rationalized this phenomena observed during the formation of NC formation under MW 

conditions by thermal/kinetic effects281–284. 

In 2011 Kappe et al.285 described the nucleation as well as the subsequent growth in the 

formation of nanocristals (NCs) controlled by MW. Chang et al.284 claim that NCs obtained by 

MW irradiation are comparatively smaller in size than those prepared by conventional heating 

and it can be explained based on the timing of nucleation and growth periods. In general, the 

higher the nucleation velocity is, the smaller the ultimate nanocristals will be. The describe 

how crystal sizes of silicalite-1 and VSB-5 increase in the order of the materials synthesized by 

MW–MW<MW–CE<CE–MW<CE–CE (CE=Conventional electric heating). 

 

Figure 20: Schematic representation of the most common mechanism of size control realized in MW-assisted 
colloidal nanocrystal synthesis by one-pot, single-step reaction schemes285. 

In 2005, Strouse and co-workers286, described a microwave synthetic methodology and the 

influence of additives for a range of organically passivated binary and ternary III-V (InGaP, InP) 

and II-VI (CdSe) materials. Exploration of the power, temperature, time, and additive 

dependent growth was performed. Microwave chemistry appears to enhance reaction rates 

either by overcoming local intermediates which act as traps along the reaction trajectory or 

by increasing the microscopic temperature of the reaction. 
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Strategies Evolution pathways Prerequisites Morphologies 

Growth confined in micelles 

Precursors dissolution in 
micelles Reactions occur inside the 

micelles 
Resembling 
templates Nucleation and growth in 

confined environment 

Crystal-oriented 
attachment 

Formation of primary 
nanoparticles as the seeds Weakly capped primary 

nanoparticles 
One dimensional 

structures Aggregation epitaxially 
along specific directions 

Seed-catalysed growth 

Seeds generation 

Heterogeneous nucleation is 
energetically easier 

Nanorods, 
nanowires, platelets 

and branched 
nanostructures 

Nucleation and growth on 
the specific sites provided 

by the seeds 

Evolution by facet-
preferential 

ligand/surfactant adhesion 

The growing nanoparticles 
are capped by surfactants Capping agents with 

preferential affinity towards 
specific facets 

Nanorods and 
nanoplates Anisotropic growth of 

nanoparticles 

Figure 21: Summary of strategies for different mechanisms of microwave synthesis287 
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2.1 Introduction 

As previously described, aromatic amines are useful intermediates in the preparation of 

dyes, pharmaceuticals and agricultural chemicals and a variety of procedures involving 

reduction of aromatic nitrobenzenes using different metal catalysts and reducing agents are 

available for their synthesis. However, most procedures involve strong and hazardous 

reductants, harsh reaction conditions and low selectivities and yields. Thus, a simple- and 

inexpensive alternative synthetic process that combines heterogeneous catalysis in a green 

sustainable medium and non-conventional selective energy sources to promote fast chemical 

transformations is an appealing approach to the development of environmentally benign 

organic transformations. 

Herein, new synthetic procedures for aromatic nitro compounds reduction have been 

studied and the influence of different enabling technologies (microwave, ultrasound and ball 

mill) have been assessed. Mechanical activation in the absence of catalyst in a planetary ball 

mill and in the presence of formate salts for the reduction of arylnitro derivatives and 

alkyl/aryl azide have been successfully studied. Moreover, glycerol as an efficient capping 

agent in the production of CuNPs, and as a solvent and hydrogen donor in the Cu-catalysed 

reduction of nitroarene derivatives to anilines has been evaluated. Non-conventional and non-

contact energy sources were used to create new transfer hydrogenation processes that 

benefit from additional actuation via intensified mass and heat transfer. The ability of 

dielectric heating and US irradiation to maximise catalyst dispersion have been explored with 

the aim of enhancing reaction rate. Efficient and hydride free method for the chemo selective 

reduction of aromatic nitro compounds to amino compounds and to azo compounds a single 

reaction step has been achieved. All of the activities that are presented herein have the final 

aim of developing a knowledge-based strategy and selecting appropriate technologies for the 

scale up of the optimised reaction to an industrial MW instrument and continuous flow. 

2.2 Mechanochemical reduction of nitroarenes and alkyl/aryl 
azides without catalyst addiction 

Mechanochemical activation (grinding and ball milling) has not only been the object of this 

study because it grinds and crumbles inorganic materials, but also because it generates 

mechanical energy for the synthesis of organic molecules288,289. The planetary ball mill has 

become a valid mean of producing green energy as seen in the growth of mechanochemical 

activation observed in various areas of organic chemistry, including C–C bond formation,290–

292 organocatalysis,293 heterocyclic synthesis,294 cycloaddition,294 oxidative/reductive 

reactions,295,296 polymerisation,297 and supramolecular chemistry.298 

Solid–gas reactions are facilitated by mechanical milling in reactive gases (nitrogen, oxygen 

and hydrogen),299 and this approach was initially used for preparation of hydrides in a 

hydrogen atmosphere. Mechanochemistry has also been extensive used in the hydrogen 

storage process, while other examples of mechanically promoted reactions performed in the 

presence of gaseous hydrogen have been described.300 Nevertheless, several 

mechanochemically activated alternatives to the use of gaseous hydrogen have been 

investigated: graphene oxide has been efficiently reduced in a magnesium-assisted 

mechanochemical reaction, a variety of aldehydes and ketones have been reduced to 

tetraalkoxyborates using unmodified sodium borohydride301 and alkenes have been reduced  
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using hydrogen that was generated in situ from alkanes.302 To the best of our knowledge, only 

a few studies have reported the reduction of aryl nitro and aryl azide compounds in a ball 

mill,303 and none of these reactions were performed under catalyst free conditions with 

hydrogen generated in situ.  

The conversion of aromatic nitro compounds and azides to amines is a fundamental 

procedure in organic chemistry and, as previously described, a number of catalysts have been 

employed in this field with good to excellent results.  Several investigations into the metal-

free hydrogenation of nitroarenes have been published since 1995, and the most noteworthy 

have involved reduced graphene oxide/hydrazine hydrate, mesoporous carbon/hydrazine 

hydrate,304–306 thiourea and glucose.82 Concerns about safety and environmental burden 

therefore make metal free hydrogenation under mechanochemical activation extremely 

attractive. Thug, we report the reduction of nitrobenzenes, and aryl and benzyl azides in a 

planetary ball mill, without the addition of a catalyst, in the presence of reducing agents 

ammonium and sodium formate, and hydrazine. 

Metallic Ni, Pd and Pt have all catalysed hydrazine decomposition over various supports at 

low temperatures,307 while hydrazine oxidation requires high temperatures without a catalyst. 

Although several attempts at using hydrazine in a ball mill have been described, they are 

limited to the synthesis of hydrazone and the cyclization of pyrazoles.308–310 Hydrazine is 

widely used despite being toxic, therefore in the present study its reactivity has been 

compared with formate salts as the hydrogen source for transfer hydrogenation.311–313 

Ammonium formate thermally decomposes to hydrogen, carbon dioxide and ammonia314 and 

by contrast, the thermal decomposition of alkali metal formates, such as sodium formate, 

leads to carbonate, oxalate and hydrogen. To the best of our knowledge, no previous works 

have described the use of formate salts in the reduction of arylnitro derivatives under 

mechanochemical activation. 

The reduction of nitrobenzene (2.1) with hydrazine was chosen as a representative model 

reaction for the optimisation of reaction conditions. The decomposition of hydrazine can be 

performed using two methods: catalytic decomposition (on metal surfaces and supported 

metal particles) and thermal decomposition.315–317 

As described in Table 6, the complete conversion of nitrobenzene was observed in the 

presence of 30 eq of hydrazine, while the reaction moved to completion and the intermediates 

were fully converted to aniline (2.2) in the presence of grinding agent and KOH (Table 6, 

entries 4-7). Even if the reaction showed good conversion in absence of grinding auxiliary, it 

helps homogeneity and mixing. As described in the Table 6, in presence of polar acidic basic 

or neutral auxiliary the reaction showed good conversion and yield, because of its chemical 

inertness we decided to prefer neutral alumina.249 From the comparison of different bases, 

KOH was found to be the suitable one, as already observed in a previously performed 

mechanochemically promoted Ullmann copper-catalysed reaction.141 The reaction rate 

decreased in the presence of only 20 or 10 eq of hydrazine. When performed in zirconia jar 

only starting material was recovered (Table 6, entry 11).  
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Table 6: Reduction of nitrobenzene with various bases and milling auxiliaries. a) 

 

Entry Auxiliary 
Hydrazine 

(Eq) 
Base 

Ar-NH2 
(%) b) 

Intermediate 
distribution b) 

1 no 30 no 89 Ar-NH-NH-Ar (4%) 

2 Al2O3 basic 30 K2CO3 40 
Ar-NH-NH-Ar (33%), 

Ar-N=N-Ar (15%) 

3 Al2O3 basic 30 NaOH 53 
Ar-NH-NH-Ar (29%) 

Ar-N=N-Ar (18%) 

4 Al2O3 basic 30 KOH 99 - 

5 Al2O3 neutral 30 KOH 98 - 

6 SiO2 30 KOH 99 - 

7 Montmorillonite 30 KOH 99 - 

8 Fuller Earth 30 KOH 25 
Ar-NH-NH-Ar (48%), 

Ar-N=N-Ar (20%) 

9 Al2O3 basic 20 KOH 72 Ar-NO=N-Ar (27%) 

10 Al2O3 basic 10 KOH 77 Ar-NO2 (16%) 

11c) Al2O3 basic 30 KOH 0  

a) Reaction conditions: nitrobenzene (4 mmol), bases (8 mmol), grinding auxiliary (1 g); 30 min, 650 rpm, stainless 
steel jar, 1500 balls (∅ = 2 mm) and 48 balls (∅ = 5 mm). b) Determined by GC-MS.c) The reaction was performed 
in zirconia jar 

The reaction time and PM (planetary ball mill) rotation frequency (rpm, min−1) were varied 

in order to better understand the reaction parameters (Figure 22). The model reaction was 

tested at 650, 500, 400 and 200 rpm for 10 min with complete conversion being obtained at 

650 rpm, which confirms that an increase in kinetic energy promoted the reduction and that 

higher rotational speed enhanced conversion. Milling times of 10, 20, 30 min were tested, and 

the complete conversion of nitro benzene to aniline was attained after 30 min.  
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Figure 22. Influence of rotation frequency (top) and milling time (bottom) on conversion to aniline. Reaction 
conditions: nitrobenzene (0.5 mmol), hydrate hydrazine (30 eq) KOH (1 mmol), alumina (1 g), stainless steel jar, 
1500 balls (∅ = 2 mm) and 48 balls (∅ = 5 mm); rpm and reaction time were varied as described in the graphs.  

It is known that the reaction outcome is correlated to the number of stress events and the 

stress frequency, therefore ball diameter and the number of balls has high impact on the 

reaction yields. As previously described, by mixing 5 mm and 2 mm balls we could obtain a full 

conversion in 30 min. In order to understand the role of 2 and 5 mm balls when used alone, 

the reaction was repeated as described in the Table 7 (entry 2-3). The reaction gave 65 % yield 

with 2mm balls and it was decreased to 3% when only 5 mm ball were employed. Aiming to 

understand the influence of the active surface on the reaction conversion, we repeated the 

experiment keeping constant the balls weight in the entry 1, using 2mm balls (Table 7, entry 4) 

and 5 mm balls (Table 7, entry 5) alone. We could observe that, despite the larger surface area, 

the reaction with 2250 small balls showed a decrease in the reaction yield due to the reduction 

of dead volume in the jar. When 144 bigger balls were used, the reaction yield was slightly 

reduced to 90% maybe because of the reduction of sample homogeneity in energy 

transferring. 

Table 7. Influence of ball size and number on reaction yield a) 

Entry 

Ball Number Active surface Yield (%) b) 

Small Medium Areac) (mm2)  

(Ɵ = 2 mm) 
(Ɵ = 5 
mm) 

  

1 1500 48 22608 >99 

2 1500 - 18440 65 

3 - 48 3768 3 

4 2250 - 27660 33 

5 - 144 11304 95 

a) Reaction conditions: nitrobenzene (0.5 mmol), hydrate hydrazine (30 eq) KOH (1 mmol), alumina (1 g), stainless 
steel jar, 650 rpm,30 min; b) Isolated yield. c) Active surface area = surfaceballs 
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Ammonium formate, a safer and less toxic hydrogen source, was tested in order to 

improve the protocol’s sustainability.318 As shown in Table 8, the influence of alumina 

and the base on reaction yield was tested in the PM at 650 rpm for 30 min for 

optimisation purposes. A 97% yield was reached (Table 8, entry 3) when the reaction 

was performed in the presence of the grinding agent and KOH base. 

Table 8. Reduction of nitrobenzene with ammonium formate under various conditions  

 

Entry a) Base Al2O3 Ar-NH2 (%)b) Ar-NO2 (%)b) 

1 - - 0 100 

2 - 1 g 23 77 

3 KOH (8eq) 1 g 97 0 

a) Reaction conditions: nitrobenzene (0.5 mmol), ammonium formate (30 eq) 30 min, 650 rpm, stainless steel jar, 
1500 balls (∅ = 2 mm) and 48 balls (∅ = 5 mm). b) Determined by GC-MS. 

The optimised procedure was then repeated with a selection of nitrobenzene 

derivatives to broaden the scope of the study. The reaction protocol was performed in 

the presence of nitrobenzene derivatives (0.5 mmol), KOH (1 mmol), HCOONH4 (8 eq), 

alumina (1 g), in the planetary ball mill at 650 rpm for 30 min. High selectivities and yields 

were achieved with a number of both electron poor and electron rich substrates (Table 9). 

Nitro halide derivatives proved to be stable under these reaction conditions (Table 9, entry 2-

4,) and reductive dehalogenation was not observed. Ammonium formate led to the full 

conversion of 1,4-dinitrobenzene without the addition of a catalyst (Table 9, entry 7), while 

50% p-nitroaniline and 30% 1,4-diaminebenzene were produced. 30% conversion was 

observed when p-nitroaniline was reacted in the ball mill for 1h (Table 9, entry 6). It is worth 

noting that the ketone, nitro acetophenone, (Table 9, entry 9) was not reduced under these 

reaction conditions, but was quantitatively converted to the amino derivative. 319 In order to 

confirm that this procedure of aromatic nitro reduction may be performed in presence of 

other reducible groups like ketones, the hydrogenation of acetophenone was carried out in a 

separate experiment with HCOONH4 in the planetary ball mill. The test confirmed that the 

proposed procedure is not able to reduce carbonyl species.  

Table 9. Screening of the mechanochemical reduction of various nitrobenzene derivatives with ammonium 
formate. a) 
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a) Reaction conditions: nitrobenzene derivatives (0.5 mmol), ammonium formate (30 eq), KOH (1 mmol), basic 
Al2O3 (1 g), 650 rpm, 30 min, stainless steel jar (50 mL), 1500 balls (∅ = 2 mm) and 48 balls (∅ = 5 mm); b) Isolated 
yield, compound purity proved by 1H-NMR and 13C-NMR (see Chapter 5: Experimental details); c) Determined by 
GC–MS; d) The reaction was carried out with 16 mmol KOH; e) The reaction was carried out with 160 mmol 
ammonium formate and 16 mmol KOH, milling was maintained for 1h; f) p-nitroaniline; g) 1,4-dinitrobenzene 

The reduction of azido derivatives was also attempted in order to broaden the scope of the 

study. The reduction of benzylazide (2.3) with ammonium formate was selected as the model 

reaction (Scheme 21). 

 

Scheme 21. Synthetic scheme for the reduction of benzyl azide with ammonium formate. 

This approach to benzylamine (2.4) synthesis involves secondary competitive reactions, as 

the thermal decomposition of organic azides to imines gives benzaldehyde (2.8),320 and the 

Entry Nitrobenzene Time (h) Yieldb) % 
(Conv)c) 

Entry Nitrobenzene Time (h) Yieldb) % 
(Conv)c) 

1 
 

0.5 97 (100) 7g) 

 

2 30 (100) 

 2.2a    2.2g   

2 
 

1 98 (100) 8 
 

2 95 (100) 

 2.2b    2.2h   

3 
 

1 92 (100) 9 

  

1 97 (100) 

 2.2c    2.2i   

4 
 

1.5 93 (100) 10 

 

1.5 91 (100) 

 2.2d    2.2j   

5 

 

1.5 98 (100) 11 

 

1 95 (100) 

 2.2e    2.2k   

6f) 

 

2 30 (30)     

 2.2f       
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consequent formation of N-benzylidenebenzylamine (2.5).321–323 In fact it is known that 

Curtius –like rearrangement of benzylazide (2.3) afforded to the imine (2.7) that we presumed 

to be precursor of benzaldehydes (2.8) and Shiff base as well [Scheme 22 a)b)]. In the presence 

of ammonium formate the formylation of the benzylamine with formic acid salts is a 

secondary reaction and was observed321 (2.6).  

 

Scheme 22: a) Schematic representation of the reduction of benzyl azide in the PM with ammonium formate and 
production of side products. b) Schematic representation of Curtius-like mechanism to obtain product 6 from 

benzylazide  

Ammonium formate and sodium formate were tested in order to further our knowledge of 

how reaction condition influence product distribution. Both silica and alumina were used as 

auxiliaries and the reaction was tested in presence and in absence of base. Results can be seen 

in Table 10. In a preliminary experiment, the stability of benzylazide was studied by subjecting 

it to milling in the stainless steel jar with alumina. As described in Table 10 (Entry 1), complete 

benzylazide conversion was observed after 1 hour at 650 rpm and the treatment resulted in 

the production of a number of side products, including benzaldehyde (2.8), 

benzylidenebenzylamine (2.5), benzamide (2.6) and benzylalcohol (2.10), which were 

identified. As previously discussed by Y. Sawama et al.,324 the components (Fe, Cr, Ni etc.) of 

the stainless steel balls and the planetary ball mill vessel act as the hydrogenation catalyst as 

they facilitate the generation of hydrogen from water and/or organic materials. When benzyl 

azide (2.3) was milled with ammonium formate, KOH and alumina, it selectively gave N-

benzylformamide (2.6) in a 70% yield (Table 10, entry 3). However, without the base, about 

50% of the starting material was recovered unconverted (Table 10, entry 5). To avoid the 

formylation of benzylamine, the protic ammonium salt was replaced with the sodium 

analogue. These conditions led to formamide production being reduced to 4%, while the 

major product was formed from the condensation of benzaldehyde and benzylamine (product 

2.5; Table 10, entry 6). The N-benzylformamide yield increased because of the acidity of the 

grinding powder when silica was used as the grinding auxiliary with sodium formate (Table 10, 

entry 8). 
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Table 10. Study of benzyl azide reduction with ammonium formate. 

Entry 
Reaction 

conditionsa) (%)b) 2.9 (%)b) 2.4 
 

 
(%)b)2.8 

 
(%)b) 2.5 

(%)b) 2.6 
(%)b) 2.10 

1 
-, Al2O3, PM,a) 1h, 

650 rpm 
 3  35  16 

2 -, Al2O3,80°C, o.nc) 90  9e)    

3 
HCOONH4, 

Al2O3/KOH, PM 

a),650 rpm, 1h 
3 7 5 8 70  

4 
HCOONH4, 

Al2O3/KOH, 80 °C, 
o.n 

37     4 58 

5 
HCOONH4, Al2O3, 

PM, a) 650 rpm, 1h 
49 14 3 10 27  

6 
HCOONa, Al2O3,d) 
PM, a) 650 rpm, 1h 

  6 84 4 2 

7 
HCOONa, Al2O3, 

80°C, o.n 
84     16 

8 
HCOONa, SiO2, 

PM, a) 650 rpm, 1h 
1 9 4 42 30  

a) Reaction conditions: benzyl azide (0.5 mmol), ammonium formate (15 mmol when added), sodium formate (10 
mmol when added), KOH (1 mmol when added), grinding auxiliary (1 g), 1 h, 650 rpm, stainless steel jar (50 mL), 
1500 balls (∅ = 2 mm) and 48 balls (∅ = 5 mm); b) Determined by GC–MS; c) MeOH was added to facilitate powder 
mixing; d) Basic Al2O3 was dried in an oven before use; e) the aldehyde was converted to dimethyl acetale and 
emiacetale. 

The most selective reactions were performed under conventional conditions for the sake 

of comparison; benzylazide (2.3) (1 mmol), and either ammonium formate (30 mmol) or 

sodium formate (20 mmol), and MeOH (1mL) were heated at 80°C (Table 10, entries 2,4,7). 

Methanol was necessary to ensure the efficient mixing of powders. Benzylazide (2.3) was 

found to be quite stable at 80 °C with Al2O3 and only 10% was converted to benzaldehyde, in 

the form of dimethyl acetal and hemiacetal, after one night. Only 4% N-formyl benzylamine 

was observed when the reduction was repeated under conventional conditions in the 

presence of ammonium formate, while only the benzylalcohol (2.10) was produced from the 

reduction of benzaldehyde using sodium formate (Table 10, entry 7). Mechanochemistry’s 

efficacy in producing N-formyl derivatives is proven by the direct formylation of benzyl- and 

octylamine in the ball mill, as described in Scheme 23. The desired products were obtained in 

85% and 56% yields, respectively and interestingly we observed that under mechanochemical 

activation the formammide derivative resulted stable to hydrolysis of the amido mojety.  
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Scheme 23. Schematic representation of the formylation of octyl- and benzyl amine with ammonium formate in 
the PM.  

Since the degradation of benzylazide involved the benzylic position, and the formylation 

side reaction was mainly facilitated by the nucleophilicity of the alkyl amine, we decided to 

test reduction with sodium formate, starting from aryl azides, which are more stable and less 

nucleophilic (Scheme 24). The reaction was performed in the presence of KOH because the 

base accelerates the reaction without affecting the purity of the desired product. 

 

Scheme 24. Synthetic scheme for the reduction of an aryl azide using sodium formate. Reaction conditions: Phenyl 
azide (0.5 mmol), sodium formate (10 mmol), KOH (1 mmol), grinding auxiliary (1 g), 1 h, 650 rpm; stainless steel 
jar (50 mL), 1500 balls (∅ = 2 mm) and 48 balls (∅ = 5 mm) 

Gratifyingly, the reaction afforded the desired aniline in a 98% yield and its versatility was 

evaluated over a small series of differently substituted aryl azides. The azides were prepared 

according to a previously reported procedure,325 using CuSO4 as the catalyst for the cross 

coupling of aryl boronic acid with sodium azide under mild reaction conditions. As described 

in Table 11, high yields were achieved in all cases, chlorobenzene was not affected by the 

dehalogenation reaction and ortho substituted derivatives were demonstrated to be reactive. 

Table 11. Screening of the mechanochemical reduction of aryl azide derivatives with sodium formate a) 

 

Entry Aryl azides Anilines Time (h) Yieldb) % (Conv)c) 

1 
  

1.5 98 (100) 

 2.13a 2.2a   

2 
  

1.5 85 (98) 

 2.13l 2.2l   
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3 
  

1 100 (100) 

 2.13m 2.2m   

4 

  

1 87 (92) 

 2.13k 2.2k   

5 
  

1.5 95 (98) 

 2.13n 2.2n   

a) Reaction conditions: aryl azide (0.5 mmol), sodium formate (10 mmol), KOH (1 mmol), basic Al2O3 (1 g), 650 
rpm, stainless steel jar (50 mL), 1500 balls (∅ = 2 mm) and 48 balls (∅ = 5 mm); b) Isolated yield, compound purity 
proven by 1H-NMR and 13C-NMR (see Chapter 5: Experimental details); c) Determined by GC–MS. 

In order to prove the efficacy of the PM in the reduction of benzyl and alkyl azides, 

hydrazine was used as the reducing agent instead of formate salts. For organic azides to be 

manipulable or nonexplosive, the rule is that the number of nitrogen atoms must not exceed 

that of carbon, therefore the experiments were performed with benzyl azydes or long chain 

alkyl derivatives.168 As described in Table 12, the reaction quantitatively provided the desired 

set of 11 amines. Table 12 shows that various benzylic and linear azides with different 

functional groups can be reduced in 1h under the optimised reaction conditions. The -OMe 

and –Cl groups were unaffected, while p-iodobenzyl azide was reduced to benzylamine (Table 

12, entry 4). Alkylic azides, and not just their benzylic counterparts, were efficiently reduced. 

In the presence of azido derivatives with a double bond, less than 10% amino alkane was 

detected (Table 12, entry 11).  

Finally, an ICP analysis was performed to detect the metals released during the reduction. 

The model reaction of reduction of nitrobenzene with ammonium formate and alumina was 

performed in 0.5 mmol scale. Cr was detected in 1.32±0.3 g/kg, Fe 9.15±1.6 g/kg and Ni in 

9.15±1.6 mg /kg. 

Table 12. Screening of the mechanochemical reduction of alkyl/benzyl azide derivatives with hydrazine a) 

 

Entry Alkyl amines 
Time 

(h) 
Yieldb) % 
(Conv)c) 

Entry Alkyl amines 
Time 

(h) 
Yieldb) % 
(Conv)c) 

1 
 

1 98 (100) 7  1 96 (98) 

 2.15a    2.15g   

2 

 

1 100 (100) 8 
 

1 90 (100) 

 2.15b    2.15h   
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3 

 

1 100 (100) 9 
 

1 94 (100) 

 2.15c    2.15i   

4 d) 
 

1 - (100) 10 

 

1 60 (100) 

 2.15d    2.15j   

5 

 

1 99 (100) 11 
 

1 81 (90) 

 2.15e    2.15k   

6 
 

1 80 (100)     

 2.15f       

a) Reaction conditions: aryl/benzyl azide (0.5 mmol), hydrazine (15 mmol), KOH (10mmol), Alumina (1 g), 650 rpm, 
stainless steel jar (50 mL), 1500 balls (∅ = 2 mm) and 48 balls (∅ = 5 mm); b) Isolated yield, compound purity proven 
by 1H-NMR and 13C-NMR (see Chapter 5: Experimental details); c) Determined by GC–MS; d) Benzylamine was 
formed as the product. 

2.3 Copper catalysed reduction of aromatic nitrocompounds. 
Glycerol: an optimal hydrogen source 

One way to pursue green synthesis is to improve the sustainable nature of the solvents, as 

they are directly responsible for the major environmental drawback generated by chemical 

processes. The use of bio-based and eco-friendly alternative solvents326 has been developed 

and evaluated over recent decades. As already discussed above, glycerol (1,2,3-propanetriol) 

is a common natural solvent that is rich in functionalities and is obtained in very large amounts 

as a co-product in biodiesel production.34,327 The rapid development of the biodiesel industry 

has resulted in an increase in glycerol production yields and a supply of low cost technical 

grade glycerol with a final purity of around 80–95%.327 More than 90% of the glycerol used 

today is refined to give purities of higher than 97%, and the process can take purity up to from 

99.5% to 99.7%. Intensive research is conducted to find ways to valorise glycerol and many 

fields of interest focus on its transformation into chemicals and hydrocarbon fuels.328 

Furthermore, its use as a convenient green reaction medium has been widely 

documented.35,42,329  

Selective and exhaustive reductions of nitrobenzenes in the presence of glycerol, used as a 

“sacrificial” hydrogen source, have been performed with Ni Raney42 and in the presence of a 

recyclable catalyst made of magnetic ferrite-Nickel NPs.84 Furthermore, bio-based glycerol has 

been exploited in the Ru-catalysed, one-pot synthesis of imine and amine using nitrobenzene 

and alcohol as the starting materials.24,330 Glycerol has been utilised to prepare 1,2,3-

trimethoxypropane, a green alternative for petroleum-based solvents, such as THF, toluene 

and dichloromethane.1,2,3-trimethoxypropane has given good results in the Fe(acac)3-

catalysed transfer hydrogenation of carboxylic acids, nitriles, esters and nitrobenzene .
331
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Despite its main disadvantage, i.e. its high viscosity at room temperature, glycerol is an 

optimal solvent for catalysis purposes because of its high polarity and capacity to remain in 

the liquid phase over a large temperature range (from 17.8 to 290 °C). Moreover, it has low 

vapour pressure, a long relaxation time and high acoustic impedance, meaning that it can be 

used under MW and US irradiation conditions. In fact, glycerol has a high loss factor, or loss 

tangent (tan δ= 0.651), at the standard MW frequency (2.45 GHz), which is indicative of high 

MW absorption and rapid heating. Several successful examples of MW-promoted organic 

syntheses in glycerol have therefore been described in the literature.34,244 Glycerol can be used 

under sonochemical conditions, although greater amounts of energy must be supplied to 

overcome the cohesive forces in the liquid, as it is a viscous solvent. Similarly to other polyols 

(e.g., ethylene glycol and polyethylene glycol), glycerol can act as both a solvent and reducing 

agent of metal precursors, and several applications have been developed in the field of metal-

nanoparticle synthesis. Furthermore, glycerol can act as a stabiliser of nanometric species, 

leading to the straightforward recycling of the catalytic phase.332 The conventional and MW-

assisted preparation of NPs in glycerol has already been described in the literature and this 

field of interest is continuously growing.333–335 Cu(0)NPs have been efficiently prepared in 

glycerol,336 and some polyol-stabilised CuNPs have been used in the reduction of 

nitrobenzene.198,337,338 Although several applications for copper catalysis in transfer 

hydrogenation have already been reported in the literature,339–341 the use of CuNPs for 

nitrobenzene reduction via transfer hydrogenation has not received much attention, to the 

best of our knowledge. 

Figure 23: Reaction pathways for the hydrogenation of nitrocompounds to anilines 

As despite in Figure 23 and already described in the introduction (1.2.3 Nitroarenes) the 

reduction mechanism of nitrobenzene passes through several intermediates (nitrosobenzene 

(2.16), azobenzene (2.19), diphenylhydrazine (2.20) and aniline (2.2)). 

Herein, glycerol has been exploited as an efficient capping agent in the production of 

CuNPs, and as a solvent and hydrogen donor in the Cu-catalysed reduction of nitrobenzene 

derivatives to anilines. 

From previous studies, while carrying out the N-arilation (2.21) of amino alcohols and 

diamines with Cu powder141, we observed an interesting reduction of the nitro group to an 

amino group (product 2.2, Scheme 25) in trace amount (5%) in the coupling of 4-

nitroiodobenzene (2.1c) with ethanolamine (Scheme 25). We proposed that copper hydride 

(CuH), generated in situ during the reaction was responsible for the reduction of NO2 group. 
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Going deeply into this phenomenon, a preliminary model for the transfer hydrogenation (TH) 

of nitroaromatic derivatives with nitrobenzene and copper powder was set up (Scheme 26).  

 

Scheme 25. N-arilation of Amino Alcohols and Diamines with Cu powder. 

 

Scheme 26. Synthesis scheme of reduction of Nitrobenzene. 

The standard reaction between nitrobenzene and the hydrogen source was carried out at 

130 °C in oil bath for 5 hours with Cu powder and KOH as base.  

Table 13 Influence of different reducing agents in the reduction of nitrobenzenea) b)  

Entry Reducing agent Nitro (%) Azo (%) Azoxy (%) Amine (%) 

1 Ethanolamine 48 28 8 16 

2 Ethylendiamine 41 43 0 16 

3 
3-Amino-1-

propanol 
18 67 8 7 

4 2-Propanol 2 17 52 29 

5 Butanol 9 33 36 22 

6 1,4-butanodiol 52 0 35 12 

7 Ethylen glycol 0 2 0 98 

8 Glycerol 0 0 0 99 

a) Reaction conditions: nitrobenzene (1 mmol), KOH (2 mmol), Glycerol (40 mmol), Cu powder (2 mmol), 130ºC, t: 
5h, oil bath. b) Determinated by GC-MS  

As depicted in Table 13, the model reaction (Scheme 26) was performed in the presence of 

different solvents, acting at the same time as transfer hydrogen donors. From the comparison 

of amino-alcohols, alcohols and amino compounds, we could observe that using 

aminoalcohols like the ethanolamine (Table 13, Entry 1) the reaction gives a mixture of 

products without showing any selectivity. However, using only the amino group with the 

ethylenediamine or a little aminoalcohol like 3-amino-1-propanol (Table 13, entry 2 and 3, 

respectively), the reaction was faster and more selective to the formation of azobenzene. 

After testing different alcohols, we could perceive that the use of a diol is selective to aniline 

only when it forms a chelate of small size, so while employing ethylen glycol or glycerol (Table 

13, Entry 7 and 8, respectively).In this way, the use of a simple alcohol, such as 2-propanol or 

butanol (Table 13, Entry 4 and 5, respectively), does not give a selective conversion. This fact 
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was also confirmed in presence of a longer carbon chain with 1,4-butanodiol (Table 13, Entry 

6), showing 62% of starting material after 5h of reaction. 

In order to establish the desired hydrogen borrowing cycle that involves alcohol 

dehydrogenation, as well as nitro hydrogenation, we selected benzyl alcohol (Scheme 27, 

product 2.22) and nitrobenzene (Scheme 27, product 2.1) as model substrates. The alcohol, 

oxidizing itself in the presence of copper, makes this process possible. The presence of 

benzylidenaniline (2.24) can only be explained by the reaction between aniline and 

benzaldehyde (Scheme 27; products 2.2 and 2.23, respectively), both of them end-reaction 

products. 

 

Scheme 27 Reduction of nitrobenzene with benzyl alcohol 

Several copper sources were then tested and, as presented in Graph 1, the standard 

reaction was studied in the absence of catalyst, with copper powder, with washed copper (in 

order to clean the oxidized surrounded part), with copper wires and with copper in several 

oxidation states (CuI, CuCl2 or CuSO4). As despite, copper powder showed the best results, 

being the only copper source able to fully reduce the nitrobenzene to aniline.  
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Graph 1. Influence of different copper sources in the nitrobenzene reaction over glycerol at 130°C, t:5h, oil 

bath. Reaction conditions: nitrobenzene (1 mmol), KOH (2 mmol), solvent (40 mmol), Copper source (2 mmol). 

Determinated by GC-MS. 
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Graph 2: Influence of copper catalyst loading in the nitrobenzene reaction over glycerol at 130°C for 5h. 

Reaction conditions: nitrobenzene (1 mmol), KOH (2 mmol), solvent (40 mmol), Cu powder. Determinated by GC-

MS. 

The quantity of catalyst was then studied and, as showed in Graph 2, an increase in the 

amount of copper equivalents leads to an increase in the product yield, reaching the maximum 

conversion with 2 equivalents. Any additional increase in copper quantity does not bring any 

benefit.  

In order to reduce the high amount of copper needed to carry out this TH reaction, and at 

the same time, allow the use of enabling technologies such as microwaves and ultrasound201, 

our attention has been attracted to the copper nanoparticles (CuNPs) catalysts279,342. As 

aldready described, metal nanoparticles catalysts have gain lot of attention due to their high 

catalytic activities. Thanks to their extremely small dimensions and huge special surface, their 

activities far exceed those of conventional homogeneous catalysts. Although CuNPs are an 

efficient source of Cu, their potential applicability is restricted by copper’s inherent instability 

under atmospheric conditions.  

NPs were prepared using a slight modification of a published procedure. Different copper 

sources, bases and reducing agents were tested (Table 14). Moreover, we decided to avoid 

the use of poly N-vinyl pyrrolidone (PVP) and investigate the efficacy of glycerol alone as a 

means to cap and stabilise the NPs.  

Then, the reactivity of CuNPs was tested in the model reaction of nitrobenzene reduction. 

As depicted in Table 14, the CuNPs obtained when using glycerol, NaOH as base and NaBH4 as 

reducing agent (Table 14, entry 3) resulted in the higher conversion of nitrobenzene, obtaining 

88% of aniline. We decided to continue performing the reaction optimization with those 

particles. 
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Table 14: Synthsis of CuNPs 

Entry Copper source  Solvent Base a) Reducing agent Amine (%)c) 

1 
Cu(NO3)2 3H2O 

(0.5M) 
H2O 

NH4OH 
(2M) 

NaBH4 (2M) 56 

2 
Cu(NO3)2 3H2O 

(0.5M) 
H2O NaOH (2M) NaBH4 (2M) 75 

3 
CuSO4 5H2O 

(0.5M) 
H2O:Glycerol 

(5:1) 
NaOH (2M) NaBH4 (2M) 88 

4 
CuSO4 5H2O 

(0.5M) 
H2O NaOH (2M) Pirocatechol (2M) 58 

a) The base solution is added until reaching pH: 11. b) The reducing agent is added until observing the 

formation of the CuNPs. c) Reaction conditions: nitrobenzene (1 mmol), KOH (2 mmol), solvent (40 mmol), CuNPs 

(10 mol%), t:1h, T:130°C, oil bath. Determinated by GC-MS. 

Cu(0) NPs were prepared according to the “bottom-up” approach; by dispersing the copper 

salt in a basic solution (pH 11) of water and glycerol (5:1), using the polyol as the stabiliser and 

solvent. NaBH4 was immediately added and the deep blue solution became a colourless one 

in which the dark NPs could be identified. Transmission electron microscopy (TEM) and 

particle-size distribution analyses were performed to characterise the prepared catalyst. 

 

Figure 24. (a) HRTEM image of CuNPs, (b) zoom-in of the region shown in a, and (c) schematic representation 

of nanoparticle morphology and graph reporting the measurements of the spacings between the observed 

diffraction fringes. Instrumental magnification 300000 . 

CuNPs with a roundish shape and an average size of 10.2 ± 3.0 nm were obtained. 

Moreover, the NPs tended to form aggregates (Figure 24a). HRTEM analyses showed that 

metallic crystalline Cu is formed, as demonstrated by the presence of diffraction fringes with 

spacing associated to the (1 1 1) plane of metallic Cu in the cubic phase (JCPDS file number 00-

001-1242), as reported in Figure 24b and Figure 24c. Moreover, an amorphous layer was 

observed around the NPs (Figure 24b, red arrow). The characteristics of the synthetic 

procedure and the contrast phase make it reasonable to propose that the CuNPs are coated 

with a glycerol layer that acts both as a protecting agent and stabiliser. Indeed, the NPs did 

not coalesce under the electronic beam of the instrument, and presumably do not do so under 

the reaction conditions, proving that they are quite stable. The synthesised NPs can be 

described as having a core-shell morphology, in which the core is made up of crystalline Cu0 

and the shell by glycerol molecules, as depicted in Figure 24c.  

The existence of this morphology suggests that the glycerol layer mediates interactions 

between the metal active sites and the reagents. Moreover, besides having a stabilising 

10 nm

amorphous glycerol shell

(1 1 1) cubic Cu core

5 nm

(1 1 1)

(1 1 1)

(1 1 1)
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function, the glycerol layer can moderately promote NP dispersion in the glycerol solvent, 

therefore enhancing the active metallic surface area of the catalyst.  

The reduction of nitrobenzene (2.1) to aniline (2.2) was performed in the presence of 

CuNPs and glycerol was used as the solvent and “sacrificial” hydrogen source (Scheme 28). 

 

Scheme 28. CuNPs-catalysed reduction of nitrobenzene (2.1) using glycerol as reducing agent to obtain aniline 

(2.2). 

As already done with the metallic copper, the standard reaction between nitrobenzene and 

the different hydrogen sources was carried out at 130 °C in oil bath for 1h with the CuNPs and 

KOH as base.  

Table 15 Influence of different reducing agents in the reduction of nitrobenzene a)  

Entry Reducing agent Catalyst 
Nitrobenzene 

(%)b) 
Azo 
(%)b) 

Azoxybenzene 
(%)b) 

Amine 
(%)b) 

1 Ethanolamine 

Metallic 
copper c) 

48 28 8 16 

CuNPs d) 0 53 18 29 

2 Ethylendiamine 

Metallic 
copper c) 

41 43 0 16 

CuNPs d) 0 47 0 53 

3 
3-Amino-1-

propanol 

Metallic 
copper c) 

18 67 8 7 

CuNPs d) 0 8 63 8 

4 2-Propanol 

Metallic 
copper c) 

2 17 52 29 

CuNPs d) 0 10 66 10 

5 1,4-butanodiol 

Metallic 
copper c) 

52 0 35 12 

CuNPs d) 21 21 48 21 

6 Ethylen glycol 

Metallic 
copper c) 

0 2 0 98 

CuNPs d) 0 1 1 98 

7 Glycerol 

Metallic 
copper c) 

0 0 0 99 

CuNPs d) 0 0 0 99 

a) Reaction conditions: nitrobenzene (1 mmol), KOH (2 mmol), Solvent (40 mmol), oil bath, T: 130°C b) 

Determinated by GC-MS c) Catalyst: Cu metallic powder (2 mmol), t: 5 hours. d) Catalyst: CuNPs (10 mol%), t: 2 

hours. 

Once again, as previously observed in Table 13, glycerol showed the highest selectivity to 

aniline. All solvents reflected the same behaviour and selectivity as when using the metallic 

copper, but CuNPs notably increased the reaction rate. While 5 hours were needed in the case 

of the bulky catalyst to present a considerable difference among the different solvents, 1 hour 
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was enough in the case of the NPs. Moreover, the catalyst quantity could be reduced from 

200 mol% to only 5 mol% thanks to the high catalytic surface of the small particles. Thus, as 

shown in Table 16, the reaction was performed in glycerol and the parameters were optimised 

by varying the nature of the base, the reaction temperature and catalyst amounts. Several 

bases were tested: KOH, NaOH, K2CO3, CsCO3 and the best results (Table 16, entry 5) were 

obtained in the presence of 2 eq of KOH and 5 mol% of CuNPs. 

Table 16. Optimisation of the Cu-Catalysed nitrobenzene reduction in glycerol  

Entry Reaction conditions Temperature and time  Yieldsa) 

1 K2CO3 (2 eq), CuNPs (5 mol%) 130 °C, 5 h 80 

2 CsCO3 (2 eq), CuNPs (5 mol%) 130 °C, 5 h 2 

3 -, CuNPs (5 mol%) 130 °C, 5 h 1 

4 NaOH (2 eq), CuNPs (5 mol%) 130 °C, 5 h 87 

5 KOH (2 eq), CuNPs (5 mol%) 130 °C, 5 h 99 

6 KOH (1 eq), CuNPs (5 mol%)  130 °C, 5 h 62 

7 KOH (2 eq), CuNPs (2 mol%) 130 °C, 5 h 67 

8  KOH (2 eq), CuNPs (10 mol%) 130 °C, 5 h 98 

9 KOH (2 eq), CuNPs (5 mol%) 80 °C, 15 h 20 

10 KOH (2 eq), CuNPs (5 mol%) 50 °C, 15 h 2 

11 KOH (2 eq), CuNPs (5 mol%) 130 °C, 2 h 99 

12 b) KOH (2 eq), CuNPs (5 mol%) US, 1 h 99 

13 c) KOH (2 eq), CuNPs (5 mol%) MW 130 °C, 30 min 99 

Reaction conditions: nitrobenzene (1 mmol), base (2 mmol), glycerol (40 mmol), CuNPs(5 mol%), oil bath, 5h. 
a) Determined by GC-MS. b) UP50Hz, F(kHz):30, P(W):50. c) CEM Mars 5, 130ºC Pmax=400W. 

The influence of US irradiation, given that the CuNPs usually aggregate, was investigated in 

order to improve reaction rate. US is known for its capacity to enhance particle dispersion and 

favour mechanical depassivation. Particle-size distribution was therefore measured before 

and after US treatment. 

Freshly prepared CuNPs were sonicated for 10 min (UP50H, F(kHz):30, P(W):50) until a 

perfectly dispersed black solution was obtained. Offline particle-size distribution 

measurements (based on volume) were acquired and compared with those of freshly 

prepared NPs (Figure 25, red and blue curves). A laser diffractometer (Malvern, MasterSizer 

3000 hydro SV) was employed and particle sizes were determined by measuring the intensity 

of scattered light when laser beam passed through a dispersed particulate sample. 0.5 mL of 

the sample (cNP=1g/L) was injected into 6.5 mL of deionised water in the measurement cell (so 

that the resulting concentration in the cell was 0.07 g/L) and mixed for 5 min using a built-in 

magnetic stirrer. The obtained scattering curves were averages of three subsequent 

measurements. Unlike the TEM observations, the Cu particles here had larger sizes due to the 
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formation of aggregates, with an average size of 100 m when suspended. US irradiation 

significantly influenced particle magnitude, with the size decreasing to 20 nm.  

 

Figure 25. Particle-size distributions, PSD. Blue curve) freshly prepared CuNPs. Green curve) freshly prepared 
CuNPs after heating by MW irradiation for 10 min (Anton Paar Monowave 300, T=130ºC, PMax= 400W). Red 
curve) CuNPs after sonication for 10 min (Hielscher UP50H, F(kHz):30, P(W):50).  

A kinetic study was performed to assess the influence of US sonication on the reaction rate; 

the nitrobenzene reduction was carried out under optimal reaction conditions in the presence 

of freshly prepared CuNPs and pre-sonicated CuNPs. As shown in Figure 26, sigmoidal 

behaviour was observed when the reaction was performed under conventional conditions and 

full conversion was obtained in 2 h. US pretreatment clearly had a significant effect on the 

reaction rate, and the complete conversion of nitrobenzene to aniline was achieved in 1 h. 

Excellent results were also obtained when the transfer hydrogenation of nitrobenzene was 

performed under MW irradiation, with the reaction time falling to 30 min (Table 16, entry 13). 

A slight effect on reaction rate was also observed when the reaction was performed under US 

irradiation, and full conversion was observed after 1 h (Table 16, entry 12).  
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Figure 26. Nitrobenzene reduction profile with and without previous CuNP US-sonication. Pretreatment: 

CuNPs and glycerol, US irradiation 10 min (Hielscher UP50H, F(kHz):30, P(W):50). Reaction conditions: 

nitrobenzene (1 mmol), KOH (2 mmol), glycerol (40 mmol), CuNPs (5 mol%). 130 ºC. The % of aniline was 

determined by GC-MS. 

In order to dismiss any kind of metal leaching from the ultrasonic horn, and so, discharge 

the possibility of obtaining a better conversion due to a catalytic reason; another experiment 

was set up. The reaction was performed with conventional heating in an oil bath and the sonic 

horn was immersed inside the reaction solution, without applying any power. If there were 

the influence of any metal coming from the horn, the reaction outcome would increase. 

However, the kinetic obtained by conventional heating with and without the immersion of the 

sonic horn did not vary, so we could assume that the real effect was the better catalyst 

dispersion and not the leaching. After the previous find, we decided to accomplish the 

reaction under microwave and under ultrasound irradiation, once again with and without 

initial catalyst dispersion. The catalyst was previously dispersed in the glycerol for 10 min and 

after adding the nitrobenzene and the base, the reaction was performed under ultrasound 

irradiation and under microwave. The obtained results, showed in Figure 27 and Figure 28, 

strengthen the conclusion previously got. As depicted, the ultrasound allows a better catalyst 

dispersion and so, a faster nitrobenzene reduction. 



Non-conventional, non-contact energy sources for nitroarenes and alkynes reduction 

71 
 

0 5 10 15 20 25 30 35 40 45
0

20

40

60

80

100
US irradiation

A
n

il
in

e
 (

%
)

Time (min)

 US pretreatment

 Without US pretreatment

 

Figure 27. Nitrobenzene reduction profile with and without previous CuNP US-sonication. Pretreatment: 

CuNPs and glycerol, US irradiation 10 min (Hielscher UP50H, F(kHz):30, P(W):50). Reaction conditions: 

nitrobenzene (1 mmol), KOH (2 mmol), glycerol (40 mmol), CuNPs (5 mol%). US irradiation: t:1h (Hielscher UP50H, 

F(kHz):30, P(W):50). The % of aniline was determined by GC-MS.   
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Figure 28. Nitrobenzene reduction profile with and without previous CuNP US-sonication. Pretreatment: 

CuNPs and glycerol, US irradiation 10 min (Hielscher UP50H, F(kHz):30, P(W):50). Reaction conditions: 

nitrobenzene (1 mmol), KOH (2 mmol), glycerol (40 mmol), CuNPs (5 mol%). MW irradiation: t: 10 min (CEM Mars 

5, 130ºC Pmax=400W). The % of aniline was determined by GC-MS. 
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2.4 MW-assisted copper-catalysed transfer hydrogenation 
reduction of nitrobenzene. Industrial MW-assisted scale-up. 

Glycerol’s high boiling point combined with its low environmental impact, cost, vapour 

pressure and high dielectric constant make it an optimal candidate for MW-promoted organic 

syntheses. Furthermore, as described in Hulsfold et al., the interactions between MW and the 

heterogeneous metal-catalyst particles generates electrostatic discharges that can lead to the 

formation of active particles in the reaction media.343,344 It is for both of these reasons that 

MW irradiation was chosen for the optimisation of the CuNPs-catalysed transfer 

hydrogenation of nitrobenzene in glycerol.  

A preliminary evaluation of the influence of MW irradiation on the nitrobenzene reduction 

was performed in a multimode MW oven (CEM Mars 5, max. power 400W). The reaction was 

carried out at 130 °C, and nitrobenzene was completely converted to aniline after 30 min 

(Table 16, entry 13). 

In order to identify the best technology for reaction scale-up, a number of MW devices 

were used for MW-assisted batch synthesis of aniline. Reactions were performed in constant 

temperature mode and, separately, in constant power mode in two monomode MW 

instruments (Anton Paar Monowave 300 and CEM Discover SP) and two multimode MW 

systems (CEM Mars 5 and Milestone MicroSynth). When constant temperature mode was 

used, the power was automatically adjusted to reach the set temperature as quickly as 

possible and then maintain it using a dynamic feedback power loop. In constant power mode, 

the instrument adjusted the power to reach the reaction temperature as quickly as possible 

and then set the chosen constant power (Figure 29 grey profiles). In order to maintain the 

desired temperature, the selected power was carefully evaluated in advance using trial-error 

methodology. As demonstrated in Figure 29, the constant power set for monomode MW 

instruments was 4 W, while 80 W was needed in the multimode MW. As depicted in Table 17 

while the reactions were complete after 30 min in all the experiments, substantial differences 

after 15 min of reaction time depending on the type of MW cavity (monomode vs. multimode 

MW cavity) and on the temporal heating profile (constant power vs. constant temperature) 

were observed. Better results were always obtained after 15 min when the power was 

maintained constant (Table 17, entries 2,4,6,8). However, only in multimode-assisted reactors 

was full conversion obtained. The temperature and power profiles in all the MW instruments 

were registered when working with both methods: fixed temperature (Figure 29a, 23b) and 

fixed power (Figure 29c, 23d). Multimode systems have lower power density than monomode 

devices because of their large chambers, and higher power (80 W) is therefore required to 

bring the reaction mixture to the desired temperature. Higher MW power produces higher 

conversions, as MW electron-field effects are very important, meaning that electrostatic 

discharges can be generated via the interaction between MWs and the heterogeneous CuNPs, 

leading to the formation of active species in the reaction media. The differences observed 

when the reaction time was shortened to 15 min may be due to the amount of energy 

provided to the sample, as demonstrated by the fluctuation in the power provided when the 

system is set to work at constant temperature (see profiles Figure 29a and 23b), resulting in 

worse conversions than those obtained with constant power. As depicted in Table 17, the 

results of the reactions in the two monomode instruments (CEM Discover and Anton Paar 

Monowave 300) were similar to each other, as were those of the reactions in the two 
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multimode instruments (CEM Mars and Milestone Microsynth). In fact, reaction outcome did 

not depend on the instrument used, but differences between the monomode and multimode 

reactors were observed.  

Table 17: MW-assisted nitrobenzene reduction optimisation. 

 

Reaction conditions: CuNPs (5 mol%) and glycerol were sonicated for 10 min, creating a perfectly dispersed black 

solution. Nitrobenzene (1 eq) and KOH (2 eq) where then added. a) Determined by GC-MS. b) Program: 2 min 

Pmax=400W heated as quickly as possible to reach 130 °C, then T= 130 °C c) Program: 2 min Pmax=100% heated 

as quickly as possible to reach 130 °C, then P: 4 W. d) Program: 2 min Pmax=400 W heated as quickly as possible, 

then constant P:80W. 

Entry Method System Apparatus 
Reaction 

time (min) 
Yield (%) a) 

1 MW-T constant b) 
Anton Paar 

Monowave 300 
Monomode 

15 21 

30 >99 

2 MW-P constant c) 
Anton Paar 

Monowave 300 
Monomode 

15 49 

30 >99 

3 MW- T constant b) CEM, Discover Monomode 
15 22 

30 >99 

4 MW- P constant c) CEM, Discover Monomode 
15 53 

30 >99 

5 MW- T constant b) CEM, MARS Multimode 
15 52 

30 >99 

6 MW- P constant d) CEM, MARS Multimode 
15 >99 

30 >99 

7 MW- T constant b) 
Milestone, 
MicroSynth 

Multimode 
15 58 

30 >99 

8 MW- P constant d) 
Milestone, 
MicroSynth 

Multimode 
15 >99 

30 >99 
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Figure 29. Temperature and power profile curves registered by MW instruments: a) Anton Paar Monowave 300, 
Program: 2 min Pmax=100% heated as quickly as possible to reach 130 °C, then T= 130 °C; b) Milestone 
MicroSynth, Program: 2 min Pmax=400 W heated as quickly as possible to reach 130 °C, then T= 130 °C; c) Anton 
Paar Monowave 300, Program: 2 min Pmax=100% heated as quickly as possible to reach 130 °C, then P: 4 W; d) 
Milestone MicroSynth, Program: 2 min Pmax=400 W heated as quickly as possible to reach 130 °C, then P: 80 W. 

One of the main issues when working with Cu0-based NPs is their susceptibility to oxidation. 

Agglomeration is another effect that is usually observed when working with these small 

particles. Although the influence of MW irradiation on NP agglomeration has not been 

thoroughly studied yet, a few publications by Serpone et. al., have attempted to evaluate the 

formation of aggregates of activated-carbon-supported Pd as caused by an excessive number 

of hot spots. In this work, some experiments were carried out in a MW-reactor, Anton Paar 

Monowave 300, that was equipped with a USB Digital Microscope Supereyes B003+ in order 

to better understand CuNP behaviour inside the MW cavities. This multi-function microscope 

allowed us to follow the reaction when MW irradiation was applied. Firstly, glycerol was added 

to the test tube together with sequentially increasing quantities of CuNPs (2.5 mg, 10 mg, 20 

mg and 40 mg). As depicted in Table 18 (Entries 1-2), the concentration of CuNPs highly 

influenced aggregation, and the precipitation of large particles can be observed after a few 

minutes when working with 10 mg/3 mL or higher concentrations. The particle-size 

distribution of CuNPs was therefore measured after the MW-promoted reduction of 

nitrobenzene in glycerol was performed in the same instrument (Anton Paar Monowave 300), 

and a similar size-distribution profile to that of freshly prepared NPs was detected (Figure 25, 

green profile). 
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Table 18: CuNPs behaviour when applying MW-irradiation 

Entry Method 1 min 3 min 5 min 8 min 10 min 

1 

2.5mg 
CuNPs + 

3mL 
Glycerol      

2 

10mg 
CuNPs + 

3mL 
Glycerol      

(Anton Paar Monowave 300, Program: 2 min Pmax=100% heated as quickly as possible to reach 130 °C, then T= 
130 °C). Recorded using USB Digital Microscope Supereyes B003+. 

When referring to a green process, it is crucial to think about the need of being easily 

scalable from laboratory to industrial scale and so, essential to be safe and cost effective. 

There are two main paths for this task: batchwise and continuous flow.  

The good results obtained for the reduction of aromatic nitro compounds under MW 

irradiation encourage us to explore the reaction scale-up in a MW batch reactor. 

The scale-up of MW heating constitutes a growing demand for industry thanks to the 

successes achieved on the lab scale. At 2.45 GHz, the most commonly used MW frequency, 

the MW-penetration depth in common polar solvents is around a few centimetres. Because 

of this, the heating of bulk samples using MW irradiation has several limitations. Controlling 

the stirring rate to ensure and maintain the homogeneity of a solution and avoid thermal 

gradients must therefore be considered. As observed in the literature, most of the reactions 

that are accomplished under MW irradiation are performed at high temperatures in sealed 

vessels. Several approaches with different processing techniques can be used to scale-up a 

wide range of MW-promoted reactions,345 and the use of open reaction vessels in batch mode 

offers operational advantages that can address scale-up needs. The small cavity of monomode 

MW apparatus has to be replaced with a larger multimode unit when high volumes are 

processed. The reduction of nitrobenzene to aniline, which has already been optimised for a 

15 mL volume (1 mmol of substrate) in our study, was scaled up to 500 mL to perform the 

scale-up experiments.  

All scale-up experiments were performed in a MW instrument MEAM Explorer VP 

(http://www.meam.be/, Figure 30), which is a MW multimode oven designed as a 

multipurpose test device for various applications. This unique design provides access on four 

sides of the cavity, allowing multiple connections to be used for sensors and entrances/exits 

for gases or liquid products. In this case, the opening on the right side was used to measure 

the IR temperature of the sample, while the opening on the top was used to insert the glass 

stirring rod. Emissivity can be defined as the effectiveness of emitting energy in form of 

thermal irradiation and varies from 0 to 1. It is of high significance when the temperature is 

measured with an IR camera. Transmissivity refers to the proportion of the radiation that hits 

a body and ends up being transmitted through it without being absorbed or reflected, and 

describes the level of infrared radiation that permeates the object. While the emissivity value 

is intrinsic and only depends on sample nature, the transmissivity value also depends on the 
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shape of the vessel and its material. Both transmissivity and emissivity have to be measured 

to ensure the optimal calibration of the IR camera, allowing the temperature measured by the 

system to be as accurate as possible. The emissivity and transmissivity of the reaction mixture 

were determined by comparing the solution temperature measured by a thermocouple and 

an IR camera; the factors were 0.95 and 0.48, respectively. It is important to always place the 

IR camera in the same location in order to maintain constant parameter values. Once those 

parameters were obtained, a number of experiments were performed. 

 

Figure 30. First generation multimode MW reactor. Internal cavity: 72L Power: 1.2 kW. MEAM Explorer VP. 

Preliminarily, the reaction was carried out at 130 ºC in a 250 mL round-bottom flask and a 

glass stick was used to stir the 90 mL solution (6 mmol). Two reactions were performed: one 

experiment was carried out at constant power (25-30 W), while power was varied in the 

second (from 40 W to 0 W). The temperature was maintained constant at 130 °C in both 

experiments. The histogram density of temperature in the cavity was registered using an IR 

camera (Optris PI Connect, Figure 31). The input power and reflective power were measured 

in order to identify the power value that was actually absorbed by the reaction solution. As 

depicted in Figure 32, a higher percentage of the delivered power was absorbed when power 

was maintained constant (Figure 32a compared to Figure 32b).  

 

Figure 31. Histogram density of temperature recorded by IR camera Optris IP Connect. Reaction time: 10 min. 
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Figure 32 a) Power profile while working at constant power (25-30 W). b) Power profile while working at varying 

power (40 W-0 W) (The power meter displays 0-4W when the magnetron is completely off). 

A number of reactions were performed to optimise the MW-heating protocol and scale-up 

the reaction. Results are summarised in Table 19. A 50 % yield of aniline was obtained after 

20 min of MW irradiation when working with constant power when the reaction was 

performed on the 6 mmol scale (90 mL glycerol) in the presence of 10 mol% of CuNPs.  
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Table 19:Scale-up MW-assisted nitrobenzene reduction optimisation. 

Entry Method Scale (mmol)/mL Glycerol 
Catalyst 
(mol%) 

T 
(ºC) 

t 
(min) 

Yield 
(%) a) 

1 MW (25-30W)  6 mmol/90 mL 10 130 20 50 

2 MW-(40-0 W) 6 mmol/90 mL 10 130 20 35 

3 
Presonicated CuNPs, MW 

(25-30W) b) 
6 mmol/90 mL 10 130 20 66 

4 
Presonicated CuNPs, MW 

(25-30W) b) 
6 mmol/90 mL 5 130 20 60 

5 
Presonicated CuNPs, MW 

(25-30W)b) 
6 mmol/90 mL 5 150 20 78 

6 
Presonicated CuNPs, MW 

(25-30W)b) 
6 mmol/90 mL 5 150 45 >99 

7 
Presonicated CuNPs, MW 

(25-30W)b) 
18 mmol/270 mL 5 150 45 93 

8 
Presonicated CuNPs, MW 

(25-30W)b) 
18 mmol/270mL 5 150 60 >99 

9 
Presonicated CuNPs, MW 

(25-30W)b) 
36 mmol/540mL 5 150 60 95 

Reaction conditions: nitrobenzene(1eq), glycerol (200 eq), KOH (2 eq). a) Determinated by GC-MS. b) CuNPs were 
added into the glycerol and sonicated for 10 min, forming a perfectly dispersed black solution. 

The conversion was reduced to 35 % with varying power, which demonstrates that the 

efficacy of MW promotion on the Cu-catalysed transfer hydrogenation of nitrobenzene is 

reduced when fluctuating power is used. In agreement with our previous results on the 

laboratory scale, the pretreatment of CuNPs with US significantly enhanced the reaction rate 

(Table 19, entry 3); 66% reduced product was achieved in this case.  

When presonicated, the amount of catalyst could be reduced from 10 mol% to 5 mol% 

without a significant decrease in yield (Table 19, entry 4), while an increase in reaction 

temperature to 150 °C yielded 78% amino derivative in 20 min. As shown, full conversion of 

nitrobenzene to aniline was obtained when the reaction time was increased to 45 min (Table 

19, entry 6). When the reaction was performed on a larger scale (18 mmol nitrobenzene/270 

mL of glycerol), the reaction time was increased to 1 h in order to complete the reduction. 

Moreover, the reaction was also performed in a 1 L flask (36 mmol/540 mL of glycerol) with 

the initial solution being sonicated. A 95% yield was achieved once this reaction mixture was 

heated for a total time of 1 hour. 
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2.5 A simple set up for transfer hydrogenation in flow chemistry. 
Reduction of nitrobenzene over copper supported catalyst 
(Cu/Celite). 

Compared to the batch alternative, continuous flow processing specifically address the 

scale-up needs and exhibit several benefits that make it particularly attractive for the 

industrial synthesis, in terms of efficacy, cost, equipment size, energy consumption, safety and 

waste generation, among other things. This technique has grown rapidly over the course of 

the last decade346–348 and, as shown in Figure 33, continuous flow and sustainable processing 

are stringently correlated.349 

 

Figure 33: Twelve principles of green chemistry and green engineering and the impact of continuous processing 
highlighted in blue. (Why flow means green – Evaluating the merits of continuous processing in the context of 
sustainability Doris Dallingera and C. Oliver Kappe). 349 

The merits of continuous flow in the context of sustainability can be summarize as follows: 

 Safety: Smaller reactor volumes are employed in flow continuous reactions, what 

minimize the harshness in case of accident.  

 Yield and quality. The high efficiency in mass and heat transfer, precise control of 

the reaction temperature and the enhanced selectivities and yields, contributes 

toward greener and more sustainable processes.  

 Speed increased. Since the lab-scale routes toward the desired product are suited 

to be scaled up linearly in flow with minimal re-optimization, the implementation 

of a new process to plant scale is less time consuming. 
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Figure 34: Merits of continuous flow in the context of sustainability. 

For solid−liquid reactions, three different kind of reactor beds are mostly used (Figure 35). 

1) Packed beds are characterized by the entire column or channel being filled with a solid 

material and so, particle movement is restricted. 2) In a fluidized bed reactor, the particles are 

free-flowing and suspended within the channel. 3) Mixed beds are a combination of a packed 

bed and a fluidized bed. The movement of the solid at the bottom of the reactor is restricted, 

while the top layers are suspended and mixed via the flowing liquid phase. Packed beds 

reactors offer the most convenience, owing to the limited experience required for their set up 

and use. 

 

Figure 35. Different solid-liquid reactors, characterized by solid mass transfer. Within each bed, liquids typically 
exhibit slug flow or turbulent flow 348 

The performance of hydrogenation reactions under flow chemistry350,351 has undergone a 

great increase during this recent period thanks to the important improvements in 

performance, safety and environmental impact. Flow approaches provide superior gas–liquid 

contact compared with traditional hydrogenation approaches, which are limited by the rate 

of hydrogen gas diffusion into the bulk solvent. 

Due to this, reduction chemistry is well suited to flow chemistry given the inherent risks 

involved in such transformations. In most cases, hydrogen gas or hydride are used as reducing 
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agents, however, inline production of hydrogen could also be facilitated by smart systems 

such as the H-cube. Nevertheless, as already discuss in this work, the use of hydrogen gas for 

industrial application is undesirable and specialist and large price tag equipment are required. 

Hence, we decided to apply a transfer hydrogenation approach in continuous flow, as this 

would allow the hydrogen source to be part of the reaction mixture. 

Transfer hydrogenation reactions have already been reported in flow chemistry. In 1998, 

Means et al. published a method in which palladium is used for the reduction of alkenes, using 

formic acid as hydrogen source and gravity to flow the solution through the column. More 

recently, in 2013, an efficient flow procedure was described by Ley et al. using hydrous zirconia 

for the transfer hydrogenation of ketones and aldehydes. Ammonium formate as reductant352 

was used with Pd/C or Raney-Ni proving to be optimal for the reduction of nitrocompounds in 

the presence of difference functional groups. In 2017, Lindhardt et al.353 designed a transfer 

hydrogenation continuous flow using cyclohexene and a cosolvent (methanol or ethyl acetate) 

as the hydrogen donor in combination with palladium-on-charcoal. Reductions of standard 

functional groups, including double bonds, triple bonds, nitro group, ketones, and aldehydes 

were carried out.  

In particular, given the importance of aromatic amino compounds, it is not surprising that 

a vast number of flow chemistry protocols have been reported for this process during the last 

decade. The reaction is usually performed under palladium352–354, platinum and RANEY® 

nickel355 as catalysts, giving high yields. More recently, non nobel metals like Ag356, Au357,358 

and Fe359–361 have also been studied for this kind of transformations, but always using 

hydrogen gas or hydride as reducing agent. 

As already mentioned, unsupported NPs tend toward particle agglomeration, and the 

presence of stabilizing agents or solid supports is mandatory in most cases. The recycling of 

metal catalysts is very important from economic and environmental points of view, and when 

working with unsupported metals it becomes a difficult task. Therefore, various novel 

methods have been proposed so far to immobilize/stabilize the active metal species and to 

separate/collect/reuse the dissolved metal species. In 2016, M. Hutchings and T. Wirth352 

reported a simple set up for the transfer hydrogenation in flow chemistry of nitrocompounds, 

azides and alkenes by using a packed-bed reactor with a palladium/charcoal catalyst and 

ammonium formate or triethylsilane as hydrogen/hydride source. However, avoiding nobel 

metals like palladium is always desiderable. 

Here in, with the aim of preparing a non-nobel heterogeneous, robust as well as recyclable 

catalytic system for transfer hydrogenation reduction of nitrobenzene under continuous flow, 

different supports were tested.  

A number of copper catalysts were prepared by impregnating the different supports with 

an aqueous solution of copper (II) sulfate followed by addition of NaOH and NaBH4 in order to 

form the supported CuNPs over different materials. A prelaminar study in the already 

optimised batch conditions was performed. In this case, ethylen glycol replaced the glycerol 

as solvent and hydrogen source in order to better allow the flow through the tubes and small 

bed packed reactor.  
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Graph 3. Reduction of nitrobenzene to aniline over different copper supported materials. Reaction conditions: 
nitrobenzene (1mmol), KOH (2 mmol), CuNPs/Support (5 mol%), ethylen glycol (15 mL). T: 130ºC, t:1h. 
Determinated by GC-MS. 

As despite in Graph 3, when using silica as support only 30% of aniline was obtained. Better 

results were obtained when alumina and active carbone were used, giving 45% and 55% 

respectively. Zeolites are aluminosilicate molecular sieves known to have great potential as 

basic catalysts and catalyst supports. Three different types of zeolites were also tested, but 

only the zeolite 5.1:1 gave high conversion, reaching 80% of aniline. The best result was 

observed when celite was used as support material and almost 90% of fully reduced product 

was formed. 
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Graph 4. Reduction of nitrobenzene to aniline over: celite, CuNPs, CuNPs+Celite and CuNPs/Celite. Reaction 

conditions: nitrobenzene (1mmol), KOH (2 mmol), catalyst (5 mol%), ethylen glycol (15 mL). T: 130ºC, t: 1h. 

Determinated by GC-MS. 
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In order to better understand the role of the support and for the sake of comparison, the 

inorganic support itself (celite), the fresh CuNPs, the physical mixture of CuNPs and celite and 

the CuNPs supported over celite (CuNPs/Celite) were tested in batch conditions.  

As observed in Graph 4, the support itself gave a very low conversion, but when testing 

fresh CuNPs alone fully reduction to aniline was detected in one hour. These results were 

compared to the nitrobenzene reaction catalysed by a physical mixture of CuNPs and celite 

and a reaction performed when using the supported material (CuNPs/Celite). As despite, 

CuNPs/Celite showed higher efficiency, confirming the influence in supporting the metal 

catalyst on the reaction outcome. Despite the fact that the unsupported CuNPs gave the 

higher conversion and showed the higher activity, they cannot be recovered and reused, what 

means an importance drawback in terms of sustainability. Due to this, we decided to continue 

our study employing CuNPs/Celite as catalyst. 

To investigate possible leaching of the copper catalyst, the standard reduction of 

nitrobenzene with ethylen glycol and KOH was selected and two sets of the reaction were 

carried out under the optimised conditions. One reaction set was quenched after thirty 

minutes and the product was determinated by GC_MS analysis (42% yield). The catalyst was 

separated by filtration and the reaction was allowed to continue for one hour more, which 

resulted in almost no further conversion (43% yield). However, the set which contains the 

catalyst during the whole time showed 98% yield of aniline. The experimental results showed 

no significant change in the yield after catalyst separation, which clearly indicates very low 

copper leaching. 

The catalytic activity of CuNPs/Celite was then investigated under continuous-flow 

conditions in a packed bed reactor, thereby allowing the reaction mixture to pass through the 

catalyst without the need of subsequent removal by filtration. An additional advantage to the 

application of the packed bed reactor approach is the presence of superstoichiometric 

amounts of catalyst, resulting in a significant reduction in the required residence time. Despite 

this superstoichiometric amount of Cu experienced by the limiting substrate, at any given 

time, in the reactor the overall flow system will become catalytic upon prolonged operation. 

 

Scheme 29: Model reaction under continuous flow. Reaction conditions: nitrobenzene (1 mmol), base (2 

mmol), ethylen glycol (40 mmol), CuNPs/Celite (5 mol%).  

As all reactants are mixed prior to entering the packed bed reactor, a one-pump setup could 

be designed and the reaction mixture would loaded by injection into a loop positioned 

between the pump and packed bed reactor (see Figure 36). An oil bath was employed as the 

heating source and the packed bed reactor was inmersed, allowing the system to reach the 

desired reaction temperature in few minutes (130 °C). During the study two different packed 

bed reactor designs were tested, differing in the method of packaging and the amount of 

CuNPs/Celite catalyst loaded. Finally, the outcome of the reactor was collected into a flask and 

a small amount of the reaction mixture was analyzed by GC_MS to determine the conversion. 
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Figure 36: Schematic representation of the continuous flow system 

The void volume of the packed bed reactor was determined by the weight difference of the 

dry and ethanol loaded column at room temperature correlated to the density of the liquid 

(4.1.4.2.2 Packed bed reactor unit). 

The continuous flow reduction of nitrobenzene was chosen as model reaction (Scheme 29). 

Nitrobenzene and KOH dissolved in ethylen glycol was loaded onto the sample loop (2mL to a 

1 mmol reaction scale) and then pumped through the packed bed reactor set at 130 °C. 

 

Scheme 30: Model reaction under continuous flow. Reaction conditions: nitrobenzene (1 mmol), base (2 mmol), 
ethylen glycol (40 mmol), CuNPs/Celite (5 mol%). 

Table 20. Optimisation of the Cu-Catalysed nitrobenzene reduction in ethylen glycol under continuous flow.  

Entry Catalyst 
Conc. Nitrobenzene 

(mol/L) 
Flow rate 
(mL/min)  

Yields 
(%)a) 

1 CuNPs/Celite (10 mol%) 0.5 0.05 58 

2 CuNPs/Celite (10 mol%) 0.5 0.03 93 

3 CuNPs/Celite (10 mol%) 0.5 0.02 96 

4 CuNPs/Celite (5 mol%) 0.5 0.05 30 

5 CuNPs/Celite (5 mol%) 0.5 0.03 56 

6 CuNPs/Celite (5 mol%) 0.5 0.02 88 

7 CuNPs/Celite (5 mol%) 0.3 0.02 92 

8  CuNPs/Celite (5 mol%) 0.1 0.02 >99 

Reaction conditions: nitrobenzene (1 mmol), base (2 mmol), ethylen glycol, CuNPs/Celite. a) Determined by 

GC-MS. 

Using similar conditions to the previously optimised procedures in batch, screening of 

catalyst loading, initial substrate concentration and flow rates were then investigated (Table 

20). Each experiment was performed with a fresh catalyst cartridge.Operating the system at a 

flow rate of 0.05 mL/min (Table 20, entry 1), corresponding to a residence time of 0.622 min, 
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resulted in full selectivity to aniline with 58 % of yield. When variations in the flow rate were 

applied 0.03 mL/min and 0.02 mL/min (Table 20, entries 2-3), corresponding to 1.04 min and 

1.55 min respectively, was observed that the nitrobenzene reduction increased when 

augmenting the residence time. A reduction of activity was observed when the catalyst 

amount was decreased to 5 mol% (Table 20; entries 4-6). For further comparison, the 

influence of the nitrobenzene initial concentration was also studied. As observed (Table 20, 

entries 7-8), the higher is the concentration the lower is the nitrobenzene conversion to 

aniline. When pumping a 0,1M solution through the 5 mol% bed packed reactor, it was 

showed that a conversion > 99% was achieved. 

One of the most important features of immobilized catalysts in continuous applications is, 

apart from the activity of the catalyst, the ability to be used over several hours or even days. 

We therefore placed special emphasis on monitoring the CuNPs/Celite-catalysed reduction of 

nitrobenzene over a prolonged time period. From the data seen in Graph 5, when working 

with the physical mixture of CuNPs and celite, full conversion was retained for the first 2 hours 

of operation. Batch 3 begins to show traces of unconverted starting material, and in batch 

number 4 the average conversion had dropped 88%. After this point (batches 5 and 6) catalyst 

activity drops dramatically, and the experiment was stopped. However, when working with 

supported CuNPs over celite, the full conversion lasts for the first 4 hours and then it does not 

drop dramatically, but it remains around 85% conversion for around 50 hours. After 70 hours 

the conversion is 70%.  
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Graph 5: Long run studies for the continuous reduction of nitrobenzene in presence of two different conditions: 
CuNPs + Celite (blue curve) and CuNPs/Celite (black curve). Determined by GC-MS. 

Oversaturation of the catalytically active species or a deactivating mechanism could be a 

possible explanation for the observed decrease in conversion. Therefore, two different ways 

were explored in order to obtain again the fully reduction product: solution recycling and 

catalyst reactivation. When the first method was applied, last fraction of the reaction was 

taken, with around 70% of conversion and recirculated (Scheme 31). As observed in Graph 6, 

the new batches showed full conversion to aniline. 
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Scheme 31: Solution recycling 
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Graph 6: Solution recycling 

 

When deciding to reactivate the catalyst (Scheme 32), some fresh ethylen glycol (3 batches) 

was flowed through the bed packed. In this way, being also the reaction solvent, ethylen glycol 

can play two different roles: a) cleaning the catalyst surface of some reaction reagents or 

products that could avoid the proper catalyst activity; b) reduce the catalyst active sites that 

have been oxidized during the reaction. After that, a new batch of nitrobenzene and base was 

flowed and, as perceived in Graph 7, full conversion to aniline was once again achieved. 
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Scheme 32: Catalyst reactivation 
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Graph 7: Catalyst reactivation 

Figure 37 shows the appearance of different copper catalysts. As despite, the fresh CuNPs 

are black (Figure 37, (1)) and when supported over the celite the material shows a grey tint 

(Figure 37, (2)). When carrying out the model reaction (Scheme 30) in flow for 40 h and 

sequentially washing the catalyst with CHCl3 and H2O in order to remove the base and possible 

reagents and products on the catalyst surface, the material shows a light red color (probably 

due to the formation of Cu2O) (Figure 37, (3)). However, when washing the catalyst only with 

CHCl3 and so, when do not removing the KOH, the catalyst turns to green color (Figure 37, (4)), 

possibly due to the formation of Cu(OH)2. 
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Figure 37: Copper catalysts: (1) CuNPs, (2) CuNPs/Celite, (3) CuNPs/Celite (AR) washed with CHCl3 and H2O; (4) 
CuNPs/Celite (AR) washed with CHCl3. 

A new comparison was then set up. As depicted in Figure 38, after flowing ethylen glycol at 

130ºC (Figure 38, b) the catalyst recuperate the original color, disappearing the light red 

present in sample c, when the catalyst was recuperate without previously cleaning with the 

solvent. 

 

Figure 38: Copper catalysts: (a) fresh CuNPs/Celite, (b) CuNPs/Celite (AR) cleaned with ethylen glycol at 130ºC 
and (c) CuNPs/Celite (AR) washed with CHCl3 and H2O. 

In order to better understand the previous results, the materials were characterized by 

different techniques (UV, XRD, IR) to study their compositions. 

IR spectroscopy of CuNPs/Celite and the physical mixture (CuNPs + Celite) was performed 

and compared with the spectral features of individual CuNPs and celite (Figure 39). The peak 

of the O-H stretching frequency belonguing to the glycerol can be observed at 3433 cm-1, 

either in CuNPs alone (blue curve) and when supported (black curve) or physically mixed 

(green curve). 
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Figure 39: Characterization of CuNPs (blue curve), Celite (red curve), CuNPs/Celite (black curve) and 

CuNPs+Celite (green curve) by IR spectroscopy. 

Characterization by UV-Vis spectroscopy was then performed. Copper can be present in 

different oxidation states: Cu° (3d10 4s1), Cu+ (3d10 4s0) and Cu2+ (3d9 4s0). Unlike most 

transition metal ions in the zero-valent state, Cu° absorbs in the visible range (3d-4s transition) 

near 18200 cm-1 (550 nm). The spectrum of Cu+ species comprises only metal-to-ligand charge 

transfer (MLCT) transitions in the UV region. Cu2+ entities show d-d transition appearing either 

in the visible (octahedral Cu(II)) or in the near-infrared reflectance (NIR) (tetrahedral Cu(II) 

region). 

 

Figure 40: Characterization of Celite (brown curve), CuNPs+Celite (blue curve), CuNPs/Celite (black curve), 

CuNPs+Celite (AR) (pink curve) and CuNPs/Celite (AR) (green curve) by IR spectroscopy UV-Vis spectrum. 
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As we can observe in Figure 40, the inorganic support alone (celite) and the two fresh 

catalysts (before performing the reaction) have a similar UV-Vis spectrum. However, the two 

catalysts analyzed after carrying out the reaction (AR) (pink and green curves) show a UV-Vis 

spectrum consistent with Cu2+ d-d transitions, which shift from a wavelength of 800 nm to 730 

nm (from 12500 cm-1 to 13700 cm-1), meaning the oxidation of CuNPs (0) after reaction, what 

agree with the color change observed in Figure 37.  

Characterization of the CuNPs alone and supported over celite was also investigated by X-

ray diffraction (XRD). The diffraction pattern of the CuNPs shows peaks at 43.25°, 50.43°, 

74.15° and 89.91° corresponding to the [111], [200], [220] and [311] planes of FCC copper. 

The patterns also display peaks at 36.82° and 62.80° which agree with [111] and [220] planes 

of FCC Cu2O. 
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Figure 41: X-ray powder diffraction patterns of CuNPs (black curve) and Celite samples (pink curve). 

Table 21. Data from JCPDS card 00-004-0836. Cu, cubic, Space group: Fm3m 

h k l d [A] 2Theta[deg] I [%] 

1 1 1 2.08800 43.298 100.0 

2 0 0 1.80800 50.434 46.0 

2 2 0 1.27800 74.133 20.0 

3 1 1 1.09000 89.934 17.0 

2 2 2 1.04360 95.143 5.0 

4 0 0 0.90380 116.923 3.0 

3 3 1 0.82930 136.514 9.0 

4 2 0 0.80830 144.723 8.0 
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The synthesized copper nanoparticles supported over celite (CuNPs/Celite) and the 

mechanical mixture (CuNPs + Celite) were also characterized by XRD, showing peaks from both 

materials (Figure 42). As depicted, the intensity of the typical peak of copper (0) at 43.25° 

(corresponding to the [111] plane in FCC copper) is preferentialy observed in the supported 

CuNPs (Figure 42, red curve). 
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Figure 42. X-ray powder diffraction patterns of CuNPs/Celite (red curve) and CuNPs + Celite (green curve). 

However, when analyzing the material after performing the reaction (Figure 43, green 

curve), the peak at 43.23° does not appear anymore, meaning the extinction of Cu (0) species 

in the catalyst after the reaction.  
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Figure 43: X-ray powder diffraction patterns of CuNPs (black curve), Celite (pink curve), CuNPs/Celite [before 

(red curve) and after reaction (green curve)] samples. 
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In order to better understand, the exhausted catalyst was then reactivated by flowing fresh 

ethylen glycol at 130 °C through the packed material, and the XRD analysis was then repeated 

(Figure 44). 
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Figure 44: X-ray powder diffraction patterns of CuNPs/Celite_fresh (red curve), CuNPs/Celite_used (green curve) 
and CuNPs/Celite_reactivated (blue curve) samples. 

As depicted, after using and reactivating the catalyst, the peak at 43.23° appears once 

again, confirming the presence of Cu (0) and, in this way, the reason why after flowing the 

ethylene glycol the nitrobenzene conversion is another time total. 

2.5 Cu-catalysed TH of nitroarenes to amino or azo derivative via 
controllable transfer hydrogenation sources. 

As depicted in Figure 23, one of the intermediates in the reduction mechanism of 

nitrobenzene are the aromatic azocompounds. These molecules are also considered high-

value chemicals, since they are widely used as organic dyes, indicators, food preservatives, 

therapeutic agents, drugs, etc. While the synthesis of secondary aril amines is a well known 

reaction and lot of synthetic routs have been reported, the synthesis of azocompounds is 

much more challenging, and it is usually obtained like a mixture of products.  

Figure 23: Reaction pathways for the hydrogenation of nitrocompounds to anilines 
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Three main pathways for their synthesis have already been described362: oxidation of 

anilines166,167,363,364 to nitrosocompounds, which react with aromatic amines (a) and reduction 

of aromatic nitro compounds362,365–367to azoxycompounds and posterior rearrangement in 

presence of concentrated acids (b). The azocoupling reaction between a diazonium salt and 

an activated arene can be considered like the major industrial process in the synthesis of these 

compounds364,368 (c) (Figure 45). 

In 1975 E. Buncel369 described the Wallach rearrangement of azoxybenzene to azobenzene 

in concentrated acidic media. N. Jiao et al.167 developed in 2010 a novel copper-catalysed 

approach to symmetric and asymmetric aromatic substituted azobenzenes using dioxigen as 

the oxidant in the aerobic oxidative-dehydrogenative coupling of anilines. More recently, in 

2016, Ag1-xNix alloy nanoparticles catalysed the synthesis of azo-derivatives from aromatics 

amines in mild conditions (60ºC in open air).363  

 

Figure 45: Azocompounds synthesis: a) Mills reaction; b) Wallach reaction and c) Azocoupling reaction  

Even if all these processes are fairly effective, they involve several steps and generate a 

considerable number of by-products. An alternative for the synthesis of symmetric 

azocompounds is the reductive coupling of aromatic nitrocompounds using different types of 

reductive agents. However, this process also generates a large amount of non desiderable 

products and implies intensive post-treatments. There is, therefore, a great interest to 

develop catalytic heterogeneous methods to directly produce azocompounds from aromatic 

nitrocompounds. 

Catalysis by supported gold has been studied by X. Liu et al.370 without any external base 

or additives for the selective hydrogenative coupling of nitroarenes obtaining an efficient 

synthesis method using H2 as reductant. In the same way, in 2014, Corma et al.362 reported an 

efficient gold supported on nanocrystalline cerium oxide catalyst that allows the synthesis of 

symmetric azocompounds from nitrocompounds, using H2 gas and under pressure. Iron-

promoted reductive coupling of nitrobenzene was also described by G. Radivoy e co-

workers366 in 2008 using iron(II) chloride tetrahydrate, lithium and a catalytic amount of 4,40-

di-tert-butylbiphenyl (DTBB) as electron carrier. 

Many other methods for the preparation of azo compounds have been described in the 

literature, most of them giving low yields and undesired side reactions products. In addition, 
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they require harsh conditions or can generate dangerous pollutants for the environment, 

limiting the easy scale up required when performing green synthesis. Consequently, new 

methodologies, milder reaction conditions and inexpensive reagents for this synthesis are 

welcome. 

Here in we report an efficient and hydride free method for the chemo selective reduction 

of aromatic nitro compounds to amino compounds and to azo compounds in a single reaction 

step. While using high temperature, the full reduction to aniline is favoured, the use of softer 

conditions direct the process to a higher coupling rate, allowing a great selectivity in the 

synthesis of azocompounds. 

When analysing deeply the Table 13, in which the reduction of nitrobenzene was 

performed in the presence of different solvents acting as transfer hydrogen donors, we could 

observed that using different reducing agents we could be selective to different reaction 

products. Due to the high value of azocompounds and known the difficulty in their selective 

synthesis from nitrobenzene reduction, we decided to optimise conditions (Table 22) in order 

to preferably obtain them. 

Table 22. Optimisation of the Cu-catalysed nitrobenzene reduction to azobenzene a)  

Entry Reducing agent T (°C) 
Nitrobenzene 

(%) b) 
Azoxybenzene

(%)b) 
Azobenzene 

(%)b) 
Aniline 

(%)b) 

1 Ethanolamine 

130 c) 0 19 53 28 

80 d) 0 32 61 7 

55 e) 0 10 88 2 

2 Ethylendiamine 

130 c) 0 0 47 23 

80 d) 11 65 3 20 

55 e) 32 42 6 20 

3 
3-amine-1-
propanol 

130 c) 0 63 8 8 

80 d) 0 80 4 16 

55 e) 0 43 23 34 

4 2-Propanol 

130 c) 0 52 24 24 

80 d) 9 62 2 18 

55 e) 83 6 0 10 

5 1,4-butanodiol 

130 c) 21 48 21 20 

80 d) 89 4 0 7 

55 e) 97 1 0 2 

6 Ethylen glycol 

130 c) 0 0 2 98 

80 d) >99 0 0 0 

55 e) >99 0 0 0 

7 Glycerol 

130 c) 0 0 0 >99 

80 d) 80 0 0 20 

55 e) >99 0 0 0 

a) Reaction conditions: nitrobenzene (1 mmol), KOH (2 mmol), reducing agent (40 mmol), CuNPs (5 mol%), oil 

bath. b) Determinated by GC-MS.c) Sample analised after 1 hour reaction d) Sample analised after 2 hours 

reaction.e) Sample analised after 20 hours reaction. 

The model reaction was then performed at different temperatures (130°C, 80°C and 55°C) 

in the presence of different solvents acting as TH reducing agents. From the results presented 
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in Table 22, we observed that the fact of changing the hydrogen donor molecule comes with 

the fact of obtaining different selectivities in the reaction product. As shown, in presence of 

ethanolamine (Table 22, entry 1), when performing the reaction at 80°C for 2h, higher 

selective to the formation of the azocompound was detected, giving 61% of azobenzene and 

7% of the fully reduction product. However, when the synthesis was done at 55°C, the 

hydrogenation was preferentially directed to the formation of the azocompound, which was 

detected with 88% of selectivity after 20 hours. The formation of aniline stopped, been only 

observed with 2%. The fact that azobenzene is observed as a primary product and it is 

accumulated in the reaction media clearly demonstrates that a slow hydrogenation of the 

azoxybenzene intermediate favours the selectivity to the azocompound. So, the fact of 

employing a lower temperature benefits this process by not supplying enough energy to fully 

reduce the nitro to amino group. The ethylendiamine (Table 22, entry 2) did not show any 

selectivity, giving a mixture of products. In presence of 3-amine-1-propanol (Table 22, entry 

3), the hydrogenation is faster but, once again, not selective, giving at 55°C a mixture of 

azoxybenzene/azobenzene/aniline (43/23/34). Afterwards, the reaction was performed using 

2-propanol as solvent (Table 22, entries 4) and fully conversion was only observed at high 

temperature. When fixing 55°C for 20 hours, only 17% of conversion was detected, without 

showing selectivity to any product. As already observed, the formation of a small size chelates 

during the TH process fovours the reduction mechanism, what supports and confirm the fact 

that the ethylen glycol and glycerol selectively form the aniline in 1h reaction time at 130°C 

(Table 22, entries 6-7) with fully conversion. This conversion is reduced when the reaction 

temperature is decreased to 80°C and 55°C, showing only 20% in the case of glycerol, but 

always maintaining the selectivity towards the aniline. The high viscosity of these two 

polyalcohols prevents the homogeneous magnetic stirring when decreasing the reaction 

temperature to 55 °C, thereby invalidating the nitrobenzene reduction. This reality was also 

reinforced in presence of a longer carbon chain with 1,4-butanodiol (Table 22, entries 5), 

which presented a low conversion at all three different temperatures. 

Once the reaction conditions were optimised, the kinetic curve of the nitrobenzene 

reduction with copper catalyst and glycerol (Figure 46) or ethanolamine (Figure 47) acting 

both as solvents and hydrogen sources, were designed. As showed in Figure 46, the presence 

of glycerol and high temperatures leads exclusively to the fully reduction product. However, 

when using the ethanolamine and lower temperature conditions, the reaction stops at the 

intermediate stage of azobenzene. Both experiments were performed in presence of metallic 

Cu powder (Figure 46a and Figure 47a) and in presence of CuNPs (Figure 46b and Figure 47b). 

Analyzing the Figure 46, we can observe that the formation of the aminocompound occurs at 

high velocity, passing from the intermediate stages very fast and following the same trend in 

both graphs. However, when metallic copper is employed as catalyst, 5 hours of reaction time 

are necessary to fully reduce the nitrobenzene to aniline, and, in presence of CuNPs, besides 

decreasing a lot the catalyst quantity, the reaction time was decreased to only one hour.  
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Figure 46: Nitrobenzene reaction profile over (a) Cu metallic powder (2 mmol) and (b) CuNPs (5mol%). 

Reaction conditions: nitrobenzene (1 mmol), KOH (2 mmol), glycerol (40 mmol), T:130°C. Determinated by GC-

MS. 

In the same manner, the reaction kinetic was studied in presence of ethanolamine at 55°C 

(Figure 47). In this case, the hydrogenation is slower, showing during the first hours a 

progressive decrease of the starting material while appearing the azoxybenzene almost 

selectively. After that, the last mentioned intermediate begins to transform into the 

azobenzene, remaining selective to this product. Once more, the reaction kinetic was very 
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similar in presence of metallic copper and copper nanoparticles, but allowing a considerable 

decrease in catalyst amount, from 200 mol% to only 5 mol% in presence of NPs. 
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Figure 47: Nitrobenzene reaction profile over (a) Cu metallic powder (2 mmol) and (b) CuNPs (5mol%). Reaction 
conditions: nitrobenzene (1 mmol), KOH (2 mmol), ethanolamine (40 mmol), T:55°C. Determinated by GC-MS. 

To investigate the action of non coventional tecniques, the selective reduction of 

nitrobenzene with glycerol was evaluated in the present of CuNPs under conventional stirring 

and under microwave and ultrasound irradiation, either alone and combined (Figure 48). 

All reactions were carried out in parallel under the following conditions: 1) under stirring 

and conventional heating in an oil bath; 2) under MW alone (Milestone, MicroSynth); 3) under 



Non-conventional, non-contact energy sources for nitroarenes and alkynes reduction 

99 
 

US alone; 4) under combined MW/US irradiation. As shown in Figure 48, the reaction was 

greatly accelerated by combined MW/US irradiation as compared to either treatment used by 

itself or to conventional heating. Traditional stirring led to reaction completion in 

approximately 1 h, whereas a combination of both radiations decreased reaction time to 10 

min. Ultrasonic cavitation helps to disperse and deagglomerate nanoparticles into the system, 

improving the material transfer at the catalytic particle surface. Glycerol physicochemical 

properties allow excellent acoustic cavitation under sonochemical condition43 and fast 

dielectric heating. 
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Figure 48. Reaction kinetic under different techniques: 1) Conventional: stirring, 2)US: Pyrex horn, P:30W, 
F:20,4kHz; 3)MW: Milestone, MicroSynth, Program: 2 min Pmax=400 W heated as quickly as possible to reach 
130 °C, then P: 80 W; 4) MW/US: Combined reactor MW (P:80W) and Pyrex horn US(P:30W). Reaction conditions: 
nitrobenzene (1mmol), glycerol (40 mmol), KOH (2 mmol), CuNPs (5 mol%), T:130ºC. Determinated by GC-MS. 

The scope of the reaction was explored by reducing a number of nitroarenes with different 

functional groups (Table 23). Full conversion of the starting material was observed in all cases. 

Excellent yields and short reaction times were sufficient when both non-conventional 

techniques were employed simultaneously. It is worth mentioning that high selectivity and 

yields were observed in the present of both electro and withdrawing substituents. Even in the 

present of other reducible funtional groups such as the ketone (Table 23, entries 7-9) was not 

reduced under these reaction conditions, but was quantitatively converted to the amino 

derivative. 

Table 23. Scope of the hydride free reduction of aromatic nitrocompounds to aminocompounds catalysed by 
CuNPs. 

 

Entry Product 
Yield [%]b) 

(%) c) 
Entry Product 

Yield [%]b) 

(%) c) 
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1 
 

93 (85) 10 

 
94 (90) 

 2.2a   2.2r  

2 
 

87 (85) 11 

 
92 (85) 

 2.2b   2.2k  

3 
 

92 (85) 12 

 

88 (79) 

 2.2d   2.2j  

4d) 
 

88 (80) 13 
 

87 (82) 

 2.2e   2.2h  

5 
 

92 (90) 14 

 

93 (87) 

 2.2l   2.2s  

6 
 

96 (91) 15 

 

94 (90) 

 2.2o   2.2t  

7 

 

90 (82) 16 

 
92 (88) 

 2.2i   2.2u  

8 

 

89 (85) 17 

 

89 (86) 

 2.2p   2.2v  

9 

 

88 (86) 18 

 

88 (>99) 

 2.2q   2.2w  

Reaction conditions: nitroarene (3mmol), glycerol (20 mL), KOH (6 mmol), CuNPs (5 mol%), T:130ºC. b) Isolated 
yield. Reaction performed under combined US (20.3 kHz, 30 Wcm-2) and MW (2.45 GHz, 80 W) irradiation 
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(MW/US). Compound purity proved by 1H-NMR and 13C-NMR (see Chapter 5: Experimental details), c) Isolated 
yield. Reaction performed under conventional stirring in oil bath at 130 ºC. d) KOH (4 eq). 

 

 

Table 23 showes that -Cl and –Br groups were unaffected in both, para- and meta- 

positions. In the same way, nitro-heterocyles (Table 23, entries 11-13) were also fully 

converted and isolated with high yields. Nitrophenol (Table 23, entries 4) was reduced in 

presence of a higher amount of base due to the slightly acidity of the starting material. 

As reported, performing the same reaction in the present of ethanolamine at 55°C, 

selective reduction to the azocompound was achieved (Figure 49). 

The same strategy followed in the fully reduction of nitrobenzene to aniline was 

successfully applied to the synthesis of azocompounds. As shown in Figure 49, using the 

ethanolamine in the present of CuNPs (5 mol%), the reaction was carried out in parallel under 

conventional conditions, microwave or ultrasound irradiation and combination of both 

sources (CMUI). Over again, the combination of both enabling technologies permit to obtain 

the desired product in a notable shorter reaction time. While using the conventional stirring 

the reduction reaction takes one full day, the enhancement of heat and mass transfer 

achieved when combining MW and US irradiations allows completing the reaction in 1 hour. 
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Figure 49. Reaction kinetic under different techniques: 1) Conventional: stirring, T:55ºC, 2)US: Pyrex horn, 
P:15Wcm-2, F:20,4kHz; 3)MW: Milestone, MicroSynth, Program: 2 min Pmax=200 W heated as quickly as possible 
to reach 55 °C, then P: 15 W; 4) MW/US: MW (P:15W) and Pyrex horn US(P:15W). Reaction conditions: nitroarene 
(1mmol), Ethanolamine (20 mL), KOH (2 mmol), CuNPs (5 mol%), T:55ºC. Determinated by GC-MS. 

The scope of the reaction was explored by reducing a number of nitroarenes with different 

functional groups (Table 24). 
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Table 24. Scope of the hydride free reduction of aromatic nitrocompounds to azocompouds catalysed by CuNPs. 

 

Entry Product 
Yield [%]b) 

(%) c) 
Entry Product 

Yield [%]b) 

(%) c) 

1 

 

92 (86) 6 

 

86 (80) 

 2.19a   2.19f  

2 

 

90 (84) 7 

 

88 (85) 

 2.19b   2.19g  

3 

 

83 (72) 8 

 

82 (79) 

 2.19c   2.19h  

4 

 

72 (68) 9 

 

77 (70) 

 2.19d   2.19i  

5 

 

91 (87) 10 

 

86 (82) 

 2.19e   2.19j  

Reaction conditions: nitroarene (3mmol), Ethanolamine (20 mL), KOH (6 mmol), CuNPs (5 mol%), T:55ºC. b) 
Isolated yield. Reaction performed under combined US (20.3 kHz, 15 Wcm-2) and MW (2.45 GHz, 15 W) irradiation 
(MW/US). Compound purity proved by 1H-NMR and 13C-NMR (see Chapter 5: Experimental details), c) Isolated 
yield. Reaction performed under conventional stirring in oil bath at 55 ºC. 

Table 24 shows the conditions and results for a series of aromatic nitro compounds. It can 

be seen that the reduction of nitrobenzene gave azobenzene in excellent yield and the 

reducing system was also efficient in the case of aromatic nitro compounds bearing additional 

substituents, all of which were reduced to the corresponding symmetrical substituted 

azobenzenes in quantitative good yields. The -OMe, -N(CH3)2 and –Cl groups were unaffected, 

while both bromo-nitrobenzenes (Table 24, entries 4 and 9) were parcialy transformed to the 

N-arilated ethanolamine, giving the Ulman-type reaction product. 
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In summary, it has been demonstrated that CuNPs act as an efficient catalyst for the 

chemioselective reduction reaction of aromatic nitrocompounds to aminocompounds and 

azocompounds. The use of high temperatures allows the fast reduction to the fully reducted 

product, whereas the use of softer conditions facilitates the coupling reaction and the 

synthesis of the azocompound. The reaction procedes through the transfer-hydrogenation 

mechanism, using glycerol and ethanolamine as green hydrogen sources. Enabling 

technologies such as microwave and ultrasound, either alone or combined, were successfully 

applied showning a notable increase in the reaction rate. Using this procedure, a wide range 

of amino and azocompounds have been isolated with high yields. 

2.6 Copper catalysed selective semihydrogenation of alkynes to cis 
alkenes 

The alkyne semihydrogenation poses challenges in stereoselectivity (E vs. Z) and 

chemoselectivity (overreduction of the formed alkene to the corresponding alkane) and thus 

serves as an ideal model reaction for catalyst development.  

 

As previously described (1.2.4 Alkynes), the selective semihydrogenation of internal 

alkynes to (Z)-alkene constitute an important step in the synthesis of vitamins, natural 

products, polymerization, etc and a wide range of synthetically useful methods have been 

established for this goal. As such, the transition-metal-catalysed (especially palladium) 

semihydrogenation of alkynes with hydrogen dominates this field for decades and remarkable 

achievements have been made in presence of Pd- Rh- Ru- Ni- Va-Bi and Au.92,165,371–374 As 

already described, despite its widespread use, hydrogenation by Lindlar catalyst95 has several 

disadvantages including possible over-reduction to alkanes, isomerization of (Z)- to (E)-

alkenes, double bond migration, poor reproducibility, small tolerance with other reducible 

functional groups and safe handling requirements due to the use of flammable hydrogen gas. 

Therefore, replacement of these metals and new & better chemo- and stereo-selective 

procedures are required. 

Cu catalysts are known to be highly selective but suffer from low activity. Therefore, they 

are frequently used in presence of other metals, improving in this way their activity. Palladium 

is one of those co-metals and the PdCuy bimetallic systems375–377 has recently been widely 

used in catalytic reactions. In general, Pd catalysts are highly active but not selective unless 

they are poisoned with a second metal or a ligand. In this respect, the trade-off between 

activity and selectivity has successfully been achieved through bimetallic catalysts as well as 

improved stability. In 2016, the Pd−Cu2O catalytic system was designed by Yang et al.378 

showing high reactivity for the semihydrogenation of terminal alkynes; however, internal 

alkynes were not hydrogenated. In this context, F. P. da Silva et al.379 recently reported the 

synthesis of a PdCu4 catalyst prepared by sol-immobilization on silica, which represented the 

best compromise between activity and selectivity for the semihydrogenation of internal and 

terminal alkynes, without any additive and under mild reaction conditions (30 °C and 1 bar of 

H2). However, as already discussed, the inevitable use of flammable hydrogen gas in those 
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reactions prompts chemists to explore more safe and facile hydrogenation processes, transfer 

hydrogenation reactions.  

In this regard, catalytic transfer hydrogenation (TH) emerges as a great alternative way to 

access Z-alkenes. As depicted in Table 3, a number of TH reactions in presence of various 

transfer hydrogenating reagents (such as HC02H-NEt3,
110 DMF/KOH, 114 PMHS115 or 2-

propanol.120) and different metal catalysts (mostly palladium and copper) has been reported 

for this transformation. Moreover, other well known hydrogen donors such as ammonia 

borane,380 formic acid−triethylamine381 ethanol382and even water383,384 have been widely 

employed.  

In general, for catalytic TH there is a need for easy-to-use and safe dihydrogen (H2) sources, 

as these reactants are associated with the generation of one molecule of waste per turnover. 

Alcohols, such as the commonly employed isopropanol, fulfil the abovementioned criteria 

and, among them, the use of bio-based derived alcohols have lately received considerable 

attention as hydrogen donors due to their intrinsic advantages of easy availability and 

nontoxicity.  

Copper, being a cost effective and a readily available metal, is highly attractive and has 

received lot of attention during the last decade. However, this metal poses formidable 

challenges with regard to catalytic transfer hydrogenations. Copper hydride catalysis385 is 

communly performed in presence of hydrosilanes as reducing agents, generating silicon-based 

waste, and generally require elevated H2 pressure. In a recent work published by T. Kaicharla 

et al.,386 a homogeneous copper hydride catalysis has been performed in presence of 

isopropanol for simple selective semihydrogenation of alkynes to (Z)-alkenes. They claim that 

the use of NHCs as key ligands leads to high chemoselectivity to alkene and stereoselectivity 

to the cis isomer, showing that both, high pressure equipment as well as waste-generating 

hydrosilanes can be circumvented. Another homogeneous copper-catalysed transfer 

semihydrogenation of various alkynes was also recently accomplished by H. Bao et al.387 in 

which a combined ethanol/B2Pin2 system as the hydrogen source afforded Z-alkenes in high 

yields. However, it comes to a surprise that for pure heterogeneous nano-copper hydride 

catalysis, TH reduction for the selective semihydogenation of alkynes has not been reported 

so far. 

Thus, in view of the economic and green surrounding issues, avoiding the use of any kind 

of ligands in nanocopper-catalysed systems and performing TH strategy in presence of a 

biomass-derived hydrogen donor would be an attractive alternative for this type of 

transformations. To the best of our knowledge, the use of ethylene glycol as a hydrogenating 

agent in the catalytic reduction of alkynes has never been performed. 

Here in, aiming to carry out reactions lowering the energy and time consumption, enabling 

technologies such as microwaves (MW) and ultrasounds (US) have been extensively applied. 

More selective and efficient processes have been described thanks to the use of these non 

conventional technologies. As far as we know, the selective reduction of alkynes to Z-alkenes 

have not been performed under microwave or ultrasound irradiation.  

On the basis of our previuos experience, MW heating and US irradiations, besides been 

among the most simple, inexpensive and valuable tools in applied chemistry, facilitate the 

reduction of the reaction time from several hours to just some minutes. Moreover, the 
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simultaneous irradiation of both techniques can enhance the heat and the mass transfer, 

dramatically reducing the reaction time. 

Herein, we describe an efficient, hydride-free and ligand-free nanocopper-catalysed 

semihydrogenation of internal alkynes using the green and easily handled ethylen glycol as 

the hydrogen source for the selective production of (Z)-alkenes.  

The reaction conditions were optimized employing diphenylacetylene (2.25) as a model 

substrate (Scheme 33). After screening a variety of reaction parameters, semihydrogenation 

of 2.25 gave (Z)-stilbene 2.26 selectively in high yield with only 5% formation of (E)-alkene and 

without overhydrogenation to the alkane.  

 

Scheme 33. Copper-catalysed semihydrogenation of internal alkynes using an alcohol as hydrogen donor. 

Various solvents including amino compounds, amino-alcohols and different alcohols were 

explored as hydrogen donor. As shown in Figure 50, while in presence of ethylendiamine and 

ethanolamine very small amount of product was detected; the use of serinol and isoserinol 

increased the conversion and the selectivity to the Z-stereoisomer, showing 28% and 44% 

respectivelly. When using only –OH groups as hydrogen source, the yields were higher. As 

depicted in Figure 50 the use of glycerol enlarged the reaction conversion to 58% and, when 

using ethylene glycol, the diphenylacetylene was fully converted to the stilbene with 70% of 

selectivity to the Z-alkene.  

 

Figure 50. Screening of different reducing agents. Reaction conditions: Diphenylacetilene (1mmol), KOH (2 

mmol), Cu metallic powder (2 mmol), solvent (40 mmol). T: 150ºC, t:24h. Determined by GC-MS. 

The preponderance of the cis isomer suggests that the reduction reaction takes place on 

the copper surface. The mechanism of the current copper-catalysed semihydrogenation of 

internal alkynes was proposed as shown in Figure 31. 
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The alcohol, oxidizing itself in the presence of copper, allows selective reduction to alkene. 

The presence of any trace of alkane was observed. Figure 31 shows how the presence of a 

solid catalyst leads to the formation of the (Z)- isomer. The interaction of the π cloud with 

catalyst allows the hydrogen atoms on the surface to bind on the same side of the molecule, 

leading to the formation of a specific isomer (Z). To confirm this, the reaction was tested using 

as solvent a solution made of copper, ethylene glycol and base. The solution was placed under 

the same conditions as the standard reaction and after one night, the floating liquid was used 

for the reaction. As can be observed from Figure 50, this procedure didn´t lead to any good 

result, showing only 7% of conversion without any selectivity. Therefore, it can be excluded 

the fact of been a homogeneous catalysis. 

 

Figure 51. Proposed mechanism for the copper-catalysed semihydrogenation of internal alkynes forming the 

(Z)-isomer. 

From our previous studies, it is known that, the role of the base is important in the presence 

of copper catalyst. For this reason, several bases were tested: KOH, NaOH, t-BuOH, K2CO3, 

CsCO3, etc; obtaining the best results in presence of KOH. 

Standard reaction (Scheme 33) was then studied in the presence of different copper 

sources using ethylene glycol as hydrogen donor and solvent. As we can observe in Figure 52, 

compound 2.26 was detected by gas chromatography in 35% yield in presence of Cu metallic 

powder after 10 h stirring in an oil bath at 150°C. Prolonging the reaction time to 24 hours the 

conversion increased to 75%, with 70% selectivity to the (Z)-isomer. In contrast, in the 

presence of copper salts such as CuI, CuCl and CuCl2 as counterions, the (E)-isomer resulted as 

the main product, detected with 30%. This result can probably be explained with the higher 

solubility of the catalyst in the medium and at the same time a lower ability to coordinate the 

hydrogen for the reduction reaction. Other copper (II) salts like Cu(OAc)2 and CuSO4 showed 

activity far less than the previously mentioned. Copper oxides were also tested and contrary 

to Cu(I)-oxide, in presence of Cu(II)-oxide a considerable amount of 3.2 was observed. 
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Figure 52. Copper source screening. Reaction conditions: Diphenylacetilene (1mmol), KOH (2 mmol), Cu metallic 
powder (2 mmol), ethylen glycol (40 mmol). T: 150ºC, t: 24h. Determined by GC-MS. 

Aiming to reduce the high amount of copper powder catalyst needed to carry out the 

reaction when using the bulky metal, CuNPs were tested. The standard reaction was 

performed in the presence of copper metal and metal NPs and both experiments were carried 

out in parallel under conventional stirring in an oil bath. As depicted in Figure 53, the use of 

CuNPs significantly reduce the quantity of catalyst required to complete the reaction. In this 

context, the use of bulk metal requires more than two days under conventional heating and 

it does not allow to obtain the fully conversion of nitrobenzene (70 % of conversion). However, 

the use of CuNPs showed a great reaction enhance, being able to get 100% of conversion in 

only two hours. The quantity of catalyst was also notably reduced, from 200 mol% Cu while 

using the bulk metal to 10 mol% in case of CuNPs. Moreover, the fastest the hydrogenation 

takes place, higher is the selectivity to the Z-product. As shown, in the present of small 

particles, the full conversion means also full selectivity to the cis-alkene, meanwhile 7% of 

trans-product is formed when the bulky catalyst is employed. 
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Figure 53. Reaction kinetic in presence of Cu metallic bulk and CuNPs. Reaction conditions: Diphenylacetilene 
(1mmol), KOH (2 mmol), copper, ethylen glycol (15 mL). T: 150ºC. Determined by GC-MS. 

In order to investigate the action of non coventional tecniques, we evaluated the reduction 

of diphenylacetilene with ethyleneglycol (Scheme 33) in the present of CuNPs under 

conventional conditions, MW or US irradiation and combination of both of them (MW/US). 
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Figure 54. Reaction kinetic under different techniques. 1) Conventional: stirring, 2) US: Pyrex horn, P:30W, 

F:20,4kHz; 3) MW: Milestone, MicroSynth, Program: 2 min Pmax=400 W heated as quickly as possible to reach 

150 °C, then P: 120 W; 4) MW/US: Combined reactor MW (P:110W) and Pyrex horn US(P:30W). Reaction 

conditions: Diphenylacetilene (1mmol), KOH (2 mmol), CuNPs (10 mol%), ethylen glycol (15 mL). T: 150ºC. 

Determined by GC-MS. 

As we can observe in Figure 54, fully conversion to Z-isomer was obtained after 2 hour 

stirring at 150°C under conventional conditions using 10% mol of Cu nanoparticles. As already 
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evidenced in the case of the nitro reduction, the use of non conventional techniques such as 

microwave and ultrasound have a big influence in the reaction by enhancing the heat and the 

mass transfer, and therefore, the reaction rate. Since working only with US irradiation the 

energy is not enough to heat the mixture up until the optimal temperature (150ºC), the 

hydrogenation could not take place. However, the use of microwave irradiation greatly 

improved the reaction performance. Moreover, as already observed in previous studies, the 

simultaneous irradiation of MW and US (CMUI) allowed better reaction outcome in terms of 

the reaction rate and selectivity. As shown in Figure 54, when combining both enabling 

technologies (CMUI) for the selective hydrogenation of diphenylacetilene to Z-stilbene, only 

half an hour is enough to complete the reaction. 

After the initial optimization, the reaction scope was explored by reducing a number of 

aromatic internal alkynes with different functional groups (Table 25). 

Table 25. Scope of the hydride free reduction of aromatic alkynes to Z-alkenes catalysed by CuNPsa).  

 

Entry Product 
Selectivity (%) 

[Isolated Yield(%)]b) 

(Conv) (%) c) 

Entry Product 
Selectivity (%) 

[Isolated Yield(%)]b) 

(Conv) (%) c) 

1 

 

98 [92]                   
(>99) 

11 

 

96 [75]                   
(>99) 

 2.26a   2.26k  

2d) 

 

98 [90]                    
(>99) 12 

 

97 [94]                   
(>99) 

 2.26b   2.26l  

3 

 

97 [92]                    
(>99) 13 

 

91 [78]                   
(>99) 

 2.26c   2.26m  

4 

 

98 [90]                   
(>99) 14 

 

97 [88]                   
(>99) 

 2.26d   2.26n  

5 

 

96 [84]                   
(>99) 15 

 

74 [53]                   
(>99) 

 2.26e   2.26o  
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a) Reaction conditions: Alkyne derivative (3mmol), Ethylen glycol (20 mL), KOH (6 mmol), CuNPs (5 mol%), T:150ºC, 
method: MW/US combined reactor: MW (P:120W) and Pyrex horn US(P:30W), t:30 min. b) Isolated yield. 
Compound purity proved by 1H-NMR and 13C-NMR (see Chapter 5: Experimental details), c) Determined by GC–
MS, d) 1-nitro-4-(phenylethynyl)benzene as the substrate, e) 1-Bromo-4-(phenylethynyl)benzene as the substrate. 

The hydrogenation of diphenylacetylene gave 99% conversion (by GC-MS) to the 

corresponding Z-alkene after 30 min using 5 mol% CuNPs catalyst at 150ºC (Table 25, entry 1). 

Filtration, extraction and purification by chromatography on silica gel gave pure Z-stilbene in 

92% yield. In order to abroad the scope of this reaction with regard to other functional groups, 

1-nitro-4-(phenylethynyl)benzene (Table 25, entry 2) was used as the substrate, and complete 

conversion into an E/Z (2:98) mixture of 4-styrylbenzenamine (Table 25, entry 2) was obtained. 

As observed, under this reaction conditions also the nitro group was fully reduced to amino 

group, confirming the study in our previus work (2.3 Copper catalysed reduction of aromatic 

nitrocompounds. Glycerol: an optimal hydrogen source) about the reduction of aromatic 

nitrocompounds using copper catalyst. The same phenomenon was observed when the –NO2 

group was present in orto position (Table 25, entry 13). However, notably, in the case of (Z)-

1-(4-styrylphenyl)ethanone (Table 25, entry 5), the keto- group remained intact, showing a 

complete chemoselective hydrogenation towards the alkyne, with 99% of conversion and 96% 

selectivity to the Z-alkene. Interestingly, no hydrogenolysis of the C-F and C-Cl bond took place 

during the hydrogenation of Chloro-(phenylethynyl)benzene and Fluoro- 

(phenylethynl)benzene. After 30 min of reaction in presence of 5 mol% of CuNPs, (Z)-1-fluoro-

2-styrylbenzene (Table 25, entry 11) was achieved with E/Z (4/96) of selectivity. In the same 

manner, (Z)-1-chloro-2-styrylbenzene (Table 25, entry 10) and (Z)-1-chloro-3-styrylbenzene 

6e) 

 

98 [80]                   
(>99) 

16 

 

95 [82]                   
(>99) 

 2.26f   2.26p  

7 

 

97 [86]                   
(>99) 

17 
 

97 [85]                   
(>99) 

 2.26g   2.26q  

8 

 

84 [62]                   
(>99) 

18 
 

97 [86]                   
(>99) 

 2.26h   2.26r  

9 

 

95 [78]                   
(>99) 19 

 

96 [87]                   
(>99) 

 2.26i   2.26s  

10 

 

95 [82]                   
(>99)    

 2.26j     
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(Table 25, entry 18) were obtained with excellent selectivities E/Z (5/95) (3/97) and isolated 

yields, 82% and 86%, respetively. However, while using bromo as substituent, the 

hrydogenolysis gave as predominant reaction product the Z-stilbene instead of (Z)-1-bromo-

4-styrylbenzene (Table 25, entry 6). The product of overhydrogenation, the 1-bromo-4-

phenethylbenzene was observed in 5% yield. Worth noting was that alkynes bearing 

heterocycles such as pyridine were found to be good substrates and the corresponding 

alkenes were produced with high yields. The influence of the heteroatom was studied and the 

three different positions were compared. When the N was positioned in para-, full conversion 

was obtained in 30 minutes with a ratio of Z/E/alkane, 84:6:10 (determinated by GC_MS) and 

the Z alkene was isolated with 62% yield. When reducing the ortho-N derivative, full 

conversion was as well detected in 30 minutes, but the Z/E/alkane ratio decline to 74:20:6. 

Interestingly, when the heteroatom was situated in meta-position, overhydrogenation to the 

alkane derivative was not observed. Instead, good selectivity with E/Z (4/96) was 

determinated and 87% of Z-alkene was isolated. Another important aspect to notice is the 

fully alkyne convertion and the high selectivity to the (Z)-alkane independent of the 

substituents position in the aromatic ring. Even when reducing the 1,3-dimethyl-2-

(phenylethynyl)benzene (Table 25, entry 16), which has two –Me in ortho position, fully 

conversion was achieved with Z/E/alkane ratio of 95/3/2. 

Table 26. Scope of the hydride free reduction of alkynes to Z-alkenes catalysed by CuNPsa). 

 

Entry Product 
Selectivity (%) 

[Isolated Yield)(%)]b) 

(Conv) (%) c) 

1 

 

10 [-] 
 (>99) 

 2.26t  

2 
 

98 [85] 
 (>99) 

 2.26u  

3 
 

99 [88] 
 (>99) 

 2.26v  

4 
 

97 [92] 
 (>99) 

 2.26w  
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5 
 

99 [91] 
 (>99) 

 2.26x  

a) Reaction conditions: alkyne derivative (3mmol), ethylen glycol (20 mL), KOH (6 mmol), CuNPs (5 mol%), 

T:150ºC, method: MW/US combined reactor: MW (P:120W) and Pyrex horn US(P:30W), t:30 min. b) Isolated yield. 

Compound purity proved by 1H-NMR and 13C-NMR (see Chapter 5: Experimental details), c) Determined by GC–

MS. 

The reduction of a terminal alkyne under similar reaction conditions was also explored, 

however, a complicated mixture of degradation products was observed, without showing 

good selectivity to any derivative (Table 26, entry 1). In the same way, the scope of the 

reaction was investigated by reducing a number of aliphatic and aliphatic/aromatic internal 

alkynes with different functional groups. As observed, excellent selectivities to the Z-isomer 

were as well obtained for these molecules. When symmetric aliphatic alkynes such as 1,4-

dietoxy (Table 26, entry 2) and 1,4-bis(benzyloxy) (Table 26, entry 3) were reduced fully 

conversion was observed and the (Z)-isomers were isolated with good yields, 85% and 88% 

respectively. By the same token, the semihydrogenation of aliphatic/aromatic internal alkynes 

(Table 26, entries 4 and 5) proceeded with high stereoselectivity, without futher formation of 

alkane. 

2.7 Conclusion 

Despite its apparent simplicity, the reduction of nitro compounds constitutes a key and 

venerable transformation, which extends its importance to the chemical industry. Even 

though numerous papers and patents have been reported on the reduction of nitro 

derivatives with variable success, selective reduction of the nitro group is not easy to 

accomplish in the presence of other competing functionalities. Aiming to come up with 

sustainable and efficient approaches for this synthesis, we have developed different 

strategies: 

A facile new protocol for selective reduction of nitro and azido derivatives that utilises the, 

mostly unexplored, mechanochemical approach was firstly explored. To the best of our 

knowledge, no report has described before the hydrogenation without catalyst addition being 

performed in a ball mill. This method benefits from the use of convenient, cost-effective and 

environmentally friendly formate salts as hydrogen donors. The ball milling reactions have 

proven themselves to be efficient, versatile and able to give products in short reaction times 

at high yields, which are also favoured by the easy workup. Challenging functional groups, 

such as -I, -Br, -Cl, -CO and -COMe, were well tolerated under the described reaction 

conditions. The advantages of our method include its metal-free nature, its use of eco-friendly 

and easily available formate salts as the hydrogen source and the ambient reaction conditions.  

In the second part of this chapter, glycerol has been studied as a hydrogen donor for the 

exhaustive, fast and reproducible Cu-catalysed transfer hydrogenation of nitrobenzene to 

aniline. Small size, roundish-shape CuNPs were prepared in glycerol and, using HRTEM, it was 

possible to observe that the polyol layer mediates the interaction between the metal active 

sites and stabilises NP function. NP dispersion in glycerol was promoted by US irradiation and 

excellent results (complete conversion and >95% yield) were obtained after 2 h when CuNPs 

were employed for nitrobenzene reduction under conventional heating conditions at 130 °C. 
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The high polarity and low vapour pressure of glycerol allowed the effects of MW irradiation 

to be fully explored and, gratifyingly, the reaction was shortened to 15 min.  

On the basis of this detailed study, in the third part of this section the reaction has been 

scaled-up using a MW-assisted batch reactor and a pachked bed reactor for continuous flow. 

When working in batch, a constant power MW protocol was optimised and the reaction was 

scaled-up to 36 mmol/500 mL of glycerol in a multimode industrial MW reactor. Afterwards, 

aiming to prepare a heterogeneous as well as robust and recyclable catalytic system for 

nitrobenzene reduction, different inorganic supports were tested and the celite showed the 

best results in terms of nitrobenzene conversion. Knowing the several benefits of continuous 

flow if comparing with batch processing in terms of efficacy, cost, equipment size, energy 

consumption and safety; nitrobenzene reduction to aniline was optimised under continuous-

flow conditions using a packed bed reactor. In this way, an inexpensive and easily prepared 

Cu/Celite catalyst provided chemoselective hydrogenation of nitroarenes to anilines using 

ethylen glycol as solvent and hydrogen source. Moreover, while batch recycle studies suffered 

from catalyst loss during the recovery procedure, preliminary studies using the packed-bed 

reactor under continuous flow operation were highly encouraging as good yields and a stable 

catalyst profile were achieved. The reduction reaction was then explored for a prolonged time 

period showing optimal results, with 70% of aniline production after 70 hours. Fully 

nitrobenzene convertion was obtained once again by two different ways: solution recycling 

and catalyst reactivation by flowing ethylen glycol (which a) cleans the catalyst surface of 

some reaction reagents or products and b) reduces the catalyst active sites that have been 

oxidized during the reaction). 

Moreover, it has been demonstrated that copper nanoparticles act as an efficient catalyst for 

the chemioselective reduction reaction of aromatic nitrocompounds to aminocompounds and 

azocompounds, according to the hydrogen source employed. The use of high temperatures 

(130°C) in presence of glycerol allowed the fast reduction to the fully reducted product, 

whereas the use of softer conditions (55°C) with ethanolamine as hydrogen donor facilitates 

the coupling reaction and the synthesis of the azocompound. Enabling technologies such as 

microwave and ultrasound, either alone or combined, were successfully applied showing a 

notable increase in the reaction rate. Using this procedure, we have presented an efficient 

and convenient method for the chemiosellective reduction of nitroarenes. It allowed us to 

isolate a wide range of amino and azocompounds bearing both electron-donating and 

electronwithdrawing substituents in excellent yields. 

In the last section of this chapter, chemo- and stereo-selective semi-hydrogenation of alkynes 

to cis-alkenes, without further reduction to alkanes, has been explored. This reaction is of 

great significance in the polymer and fine chemical industries. The advantages of our method 

include its hydride-free nature, the use of eco-friendly and easily available ethylene glycol as 

the hydrogen source and the use of copper nanoparticles as low cost and stereoselective 

catalyst. The use of copper nanoparticles against the bulk metal permit the reduction of 

catalyst quantity from 200 mol% to only 10 mol%, showing at the same time a great increase 

in the reaction conversion, thanks to their extremely small dimensions and huge special 

surface. The use enabling technologies such as microwave and ultrasound, either alone and 

combined, allow a notable reduction in the reaction time and a high conversion thanks to the 

enhancement in the heat and mass transfer. As already despited in nitrobenzene reduction, 

ultrasound irradiation facilitates the catalyst dispersion increasing the catalyst active sites and 
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the microwave permit the selective and fast solution heating. These reactions have shown 

themselves to be efficient, selective, versatile and able to give products in short reaction times 

with high yields, isolating a wide range of internal aromatic and aliphatic alkynes. 
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3.1 Introduction 

The design of novel organic-inorganic hybrid systems has achieved considerable success in 

several fields, including catalysis, photochemistry, biochemistry and optoelectronics.388 

Numerous innovative studies have enriched the literature on this type of compound, and 

especially so in recent years.389–392 For example, a hybrid inorganic–organic, TiS2 and 

ammonium-cation-based superlattice has recently been described as a promising flexible 

thermoelectric thin film.393 Moreover, an innovative system, consisting of a core of BaTiO3, 

covered by PMMA, has been demonstrated to have tailorable dielectric properties.394 The key 

feature of this type of system is that its characteristics arise not only from the individual 

contributions of the phases, but also from the properties of the inner interface, which can also 

be predominant. The unique active behaviour of these hybrid systems is therefore not 

observed when the single components are used alone.395 

Organic-inorganic hybrid systems have emerged as winning combinations in the general 

field of catalysis due to their enhanced heterogeneous properties. In fact, the immobilisation 

and stabilisation of organic active sites over inorganic solids has strongly improved recovery 

and recyclability characteristics.392–396 This type of material can be divided into two classes 

according to the nature of the organic-inorganic interface.397 Class I materials possess organic 

and inorganic components bonded together via weak interactions, such as van der Waals 

forces, hydrogen bonding and ionic bonds. Class II compounds are made up of stronger 

covalent or iono-covalent interactions.398 This latter class has attracted much more interest 

from the field of catalysis due to the higher stability of its hybrid systems. Indeed, class II 

materials can be used under harsher reaction conditions, whereas class I systems are more 

sensitive and may be irreversibly damaged. For example, mesoporous silica, such as SBA-15 

and MCM-41, has been functionalised with numerous organic ligands for several catalytic 

applications.399–402 The evolution of Class II hybrid components has led to the growth of 

materials in which catalytically active coordination-metal complexes are covalently anchored 

to inorganic substrates.403–406 Due to the impractical nature of infinitely recycling the metals, 

research is being directed to the utilisation of more abundant and inexpensive metals, such as 

iron, cobalt copper and nickel, in the place of precious metals.407–412 Specifically, copper 

catalysis has received a great deal of attention in recent years.413–417 In fact, copper has 

undergone thorough investigations in its role as a homogeneous catalyst and remarkable 

results have been achieved in many reactions, including oxidations, additions, C-C bond 

cleavage and Michael addition reactions.418–421 Therefore, the development of stable Cu 

catalysts that can be used in heterogeneous conditions has recently attracted considerable 

interest. For example, copper nanoparticles that are supported over silica have been studied 

as efficient catalysts for the hydrogenation of alkynes.422 Furthermore, Cu that is supported 

over manganese oxide octahedral molecular sieves has been demonstrated to be an efficient 

catalyst for the synthesis of imidazoles.  

The purpose of Cu organic-inorganic hybrid systems resides in the possibility of synthesising 

heterogeneous catalysts with the lowest possible metal dimensions in order to increase active 

surface area. The ambitious major objective in this field is therefore that of producing atomic-

scale particles. This can be achieved via the selection of stable ligands for Cu that can be 

strongly anchored over the various solid supports. β-cyclodextrin (β-CD) has been 

demonstrated to be an attractive macromolecule for this purpose. β-CD is a cyclic 
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oligosaccharide composed of seven linked D-glucopyranose units and that can be represented 

as a toroid structure with narrow and wide openings corresponding to the primary and 

secondary hydroxyl groups, respectively.423 This peculiar structure means that β-CD can easily 

encapsulate copper and numerous other compounds.424–426 Several studies have proposed 

ingenious strategies for supporting Cu/β-CD complexes. For example, Moradi et al., have 

recently stabilised Cu(II)/ β-CD complexes over fibrous nanosilica and have successfully 

employed the material as a catalyst in the synthesis of oxazolidinones.427 Xia and co-workers 

have prepared a magnetically recoverable catalyst made of Cu(II)/β-CD complexes anchored 

over ferric oxide and covered by silica.428 Shafiee et al., have reported the preparation of 

functionalised PEGylated mesoporous silica nanoparticle-graphene oxide as a catalyst for the 

synthesis of imidazoles.429  

Ultrasound (US) has seen widespread use in the promotion of organic syntheses246,430 and 

heterogeneous phase reactions.431,432 Significant effort has been devoted to organic synthesis 

with supported catalysts and reagents on the surfaces of cheap and recyclable mineral 

supports, such as clay, silica, alumina.433 However, only a limited number of publications have 

made reference to US-promoted silica derivatisation. The focus is mainly on Class I derivatives 

that possess organic and inorganic components. US irradiation has been efficiently employed 

to give silica-based nanocomposites. For example, guanidineacetic acid has been immobilised 

on the surface of modified Fe3O4@SiO2,434 and carbon nanotubes have been derivatised with 

tetraethoxysilane using an ultrasonic sol-gel process.435 Only a few examples have studied the 

preparation of Class II derivatives, and an alkoxysilane derivate of thiacalix[4]arene has been 

efficiently covalently grafted onto silica.436 

Herein, we describe a detailed investigation into the influence of US irradiation on the 

reaction rate of silica derivatisation to obtain CD-grafted silica. A number of routes have been 

explored and compared with the aim of obtaining this class of peculiar organic-inorganic 

hybrid material using a highly reproducible, efficient synthetic protocol. Commonly employed 

silica-grafting procedures entail long reaction times at high temperatures and the capability 

of US to shorten reaction times and operate at lower temperatures has been demonstrated. 

By supporting Cu(II) on the CD grafted silica, we were able to produce a green and sustainable 

copper catalyst for click azido-alkyne cycloadditions. The microwave (MW) promoted reaction 

was optimised without the addition of a reducing agent because of the presence of CD.  

3.2 Organic-Inorganic hybrid material and its application in click 
chemistry 

3.2.1 Synthesis of copper supported on Si-NH-CD and Si-DETA-CD  

On the basis of our experience with covalently functionalised silica,437,438 the modification 

of silica surfaces via the grafting of organic compounds can lead to improve catalytic activity 

and may increase sorption capacity. With the aim of obtaining different silica-support-grafted 

β-CDs for Cu(II) species using a short and reliable synthetic protocol, two different routes were 

compared. Specifically, β-CD was anchored to silica via a diethylentriamino spacer that can 

contribute to Cu binding strength, and amino CD was directly grafted onto the silica surface 

(Scheme 34). SIPERNAT 320 was used as amorphous silica, with a medium particle size and 

moderate absorption capacity. Preliminarily, silica was converted to silica chloride (Si-Cl) in 

presence of thionyl chloride, as has already been described in the literature,439,440 and the 
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resulting chloride ions were titrated with a silver nitrate solution in the presence of a 

potassium chromate solution, used as an indicator. 6I amino-6I-deoxy-β-CD was then reacted 

to obtain the Si-NH-CD derivatives. In the second route, which gives the Si-DETA-CD derivative, 

6I tosyl-β-CD was anchored to silica via a diethylentriamino spacer. Chlorinate silica was then 

reacted with diethylenetriamine (DETA) and a nucleophilic substitution with 6I-tosyl-β-CD was 

performed (Scheme 34).  

 

Scheme 34. Synthetic schemes for the preparation of Si-NH-CD and Si-DETA-CD 

 

Scheme 35. General structure of β-CD. 

In order to optimise the reaction conditions, both schemes were performed under different 

reaction conditions, as depicted in Table 27. Thermogravimetric analyses (TGA) and IR spectra 

were carried out to measure the loading and to confirm the identity of the synthesised silica 

derivatives. TGA allows the grafting efficacy of every single step to be quantified by assuming 

that water is the only compound removed from the starting silica by surface dehydroxylation. 

The curves are all normalized to 150 °C to circumvent any possible solvent influence on yield 

calculations. When DETA was reacted with silica chloride, a number of solvents were 

compared under conventional conditions and a suspension of Si-Cl in toluene, chloroform and 

DMF was treated with the triamine derivative at 60 °C for 12 h. As represented in Figure 55, 

the TGA analyses of Si-DETA showed a higher degree of derivatisation when toluene was used 

as the solvent. The first derivative peak temperature (315 °C) indicates the point of greatest 

rate of change on the weight loss curve, and the profile was consistent in all three samples. 

The synthetic process was also performed under US irradiation in order to reduce the reaction 

time and improve functionalisation. US irradiation is considered to be a nonconventional 



Sonochemically-promoted preparation of Cu-β-CD grafted silica 

120 
 

means to achieve efficient heating, dispersion, the deagglomeration of solids and 

improvements in mass transfer. It offers a facile, versatile synthetic tool for the preparation 

of nano/microstructured materials that are often unavailable via conventional methods. 

Several different frequencies (40 – 80 – 120 kHz) were used and compared when the reaction 

was repeated under US irradiation. For the sake of comparison, the reaction was irradiated 

for 2 and 4 h and the results obtained in toluene, were compared to reactions performed neat 

in diethylenetriamine as solvent. As depicted in Table 27, the same degree of substitution, 

that was measured by TGA after 2 h of US irradiation, was achieved after 12 h at 60 °C, while 

after 4 h of US irradiation the degree of substitution was maintained without improvement. 

Figure 56 shows the TGA profiles of Si-DETA batches obtained at a range of different 

frequencies, either in toluene or neat in 2 h. An increase in weight loss was observed when 

the reactions were subjected to 80 kHz irradiation. 40 kHz and 120 kHz fail to give the 

maximum degree of substitution under both sets of reaction conditions.  

 

Figure 55. TGA profiles of starting silica and Si-DETA substrates (Table 27, entry 1-3). The reaction mixture 
was heated at 60 °C and conventionally stirred for 12 h. Three different solvents were tested. (solid line) 
starting silica; (dashed line) Si-DETA prepared in DMF, Table 27,  entry 2; (dotted line) Si-DETA prepared 
in DCM, Table 27, entry 1; (dashed-dotted line) Si-DETA prepared in toluene, Table 27, entry 3. 
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Figure 56. TGA profiles of silica and Si-DETA obtained using US irradiation at different frequencies (40 – 80 – 120 
kHz), in neat conditions (Table 27, entries 7-9, blue lines) and in toluene (Table 27, entries 4-6, red lines). (solid 
line) starting silica; (blue, dashed line) Si-DETA, neat, US 40 kHz, Table 27, entry 7; (blue, dashed-dotted line) Si-
DETA, neat conditions, 120 kHz, Table 27, entry 9; (red, dashed line) Si-DETA, toluene, 40 kHz, Table 27, entry 4; 
(red, dashed-dotted line) Si-DETA, toluene, 120 kHz, Table 27, entry 6; (blue, dotted line) Si-DETA, neat conditions, 
80 kHz, Table 27, entry 8; (red, dotted line) Si-DETA, toluene, 80 kHz, Table 27, entry 5. 

When β-CD was grafted onto Si-DETA via the nucleophilic replacement of 6I-tosyl β-CD, the 

reaction was performed conventionally in DMF at 70 °C for 24 h (Table 27, entry 16). Looking 

at TGA (Figure 57), we can assume that DETA was acting as the leaving group, as the organic 

moiety on the silica surface was reduced in weight after the reaction if compared to the 

starting material. The interaction between β-CD and phenolphthalein (Php) was used to 

achieve the dual aims of measuring the amount of β-CD that maintains its inclusive properties 

when grafted onto the silica, and of investigating the inclusion capacity of the grafted β-CD. In 

combination with TGA, the amount of β-CD was measured via titration with Php in the buffer 

solution (pH = 10.5) 0.008 mM. The amount of grafted β-CD was measured on the basis of UV 

adsorbance, via interpolation from the standard curve. The change in Php absorbance was 

recorded on a UV spectrophotometer at 553 nm. When the grafting of CD was performed 

under conventional heating, by UV adsorbance of the Php solution we could detect the 

presence of solid supported β-CD and measure a w/w % of grafting of 1.3 mg/100 mg (Table 

27, entry 16). The same sample analysed by TGA showed a decrease in total weight loss in the 

range 150 °C - 800 °C if compared to the starting Si-DETA derivative (see Figure 57). Based on 

this fact we assumed the instability of the precursor in the reaction condition, as furthermore 

confirmed by infrared analysis described below. Under US irradiation at 80 kHz, the grafting 

percentage increased to 3.3 % w/w, and PhP titration confirmed the derivatisation data (Table 

27, entry 17). Unfortunately, we observed that the preparation of Si-DETA-CD was not 

reproducible, and so we proceeded with the direct grafting of 6I amino β-CD to Si-Cl (Scheme 

34). 
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Table 27. Synthesis of grafted silica 

Entry Product Reaction condition Time 
Loading 

[w/w %] 

Loading 

[μmol/g] 

1 Si-DETA Si-Cl, DETA, DCM, reflux 12 h 14(a) 1,37˖103-(c) 

2 Si-DETA Si-Cl, DETA, DMF, 60 °C 12 h 10(a) 0,96 ˖103 (c) 

3 Si-DETA Si-Cl, DETA, toluene, 60 °C 12 h 15(a) 1,49 ˖103 (c) 

4 Si-DETA Si-Cl, DETA, toluene, ))) US, 40 kHz 2 h 9(a) 0,87 ˖103 (c) 

5 Si-DETA Si-Cl, DETA, toluene, ))) US, 80 kHz 2 h 14(a) 1,35 ˖103 (c) 

6 Si-DETA Si-Cl, DETA, toluene, ))) US, 120 kHz 2 h 11.5(a) 1,12 ˖103 (c) 

7 Si-DETA Si-Cl, DETA, neat, ))) US, 40 kHz 2 h 7,1(a) 0,69 ˖103 (c) 

8 Si-DETA Si-Cl, DETA, neat, ))) US, 80 kHz 2 h 13(a) 1,26 ˖103 (c) 

9 Si-DETA Si-Cl, DETA, neat, ))) US, 120 kHz 2 h 8,2(a) 0,79 ˖103 (c) 

10 Si-DETA Si-Cl, DETA, toluene, ))) US, 40 kHz 4 h 10(a) 0,97 ˖103 (c) 

11 Si-DETA Si-Cl, DETA, toluene, ))) US, 80 kHz 4 h 14.3(a) 1,12 ˖103 (c) 

12 Si-DETA Si-Cl, DETA, toluene, ))) US, 120 kHz 4 h 10.9(a) 0,97 ˖103 (c) 

13 Si-DETA Si-Cl, DETA, neat, ))) US, 40 kHz 4 h 8(a) 0,77 ˖103 (c) 

14 Si-DETA Si-Cl, DETA, neat, ))) US, 80 kHz 4 h 13.5(a) 1,26 ˖103 (c) 

15 Si-DETA Si-Cl, DETA, neat, ))) US, 120 kHz 4 h 9(a) 0,88 ˖103 (c) 

16 Si-DETA-CD Si-DETA, 6-tosyl β-CD, DMF, 70 °C 24 h 1,3(b) 11(d) 

17 Si-DETA-CD Si-DETA, 6-tosyl β-CD, DMF, ))) US, 80 kHz 4 h 3,3(a)-3.4(b) 30(c,d)) 

18 Si-NHCD Si-Cl, 6-amino β-CD, DMF, 60 °C 12 h 4.02(a)-0.99(b) 35(c) 

19 Si-NHCD Si-Cl, 6-amino β-CD, H2O, 60 °C 12 h 2.6(a)-0.81(b) 20 (c) 

20 Si-NHCD Si-Cl, 6-amino β-CD, DMF, ))) US, 80 kHz, 2 h 3,81(a)-0.68(b) 30(c) 

21 Si-NHCD Si-Cl, 6-amino β-CD, H2O, ))) US, 80 kHz, 2 h 7.12(a)-0.60(b) 60(c) 

22 Si-NHCD Si-Cl, 6-amino β-CD, DMF, ))) US, 80 kHz, 4 h 3,5(a)-0.67(b) 30(c) 

23 Si-NHCD Si-Cl, 6-amino β-CD, H2O, ))) US, 80 kHz, 4 h 6.8(a)-0.68(b) 60(d) 

1 Preparation of Si-DETA: Si-Cl (0,100 g), solvent (0,500 mL) and diethylenetriamine (0,500 mL). Preparation 

of Si-DETA-CD: Si-DETA (0,100 g), DMF (1,7 mL), 6I-tosyl-β-CD (0,100 g). Preparation of Si-NHCD: Si-Cl (0,100 g), 

solvent (2 mL), 6-amino β-CD (0,163 g). a) the w/w % grafting was measured on the basis of TGA; b) the w/w % 

grafting was based on PhP titration; c) mmol/g values were measured on the basis of TGA considering the organic 

moiety anchored to the silica surface; d) mmol/g of β-CD based on PhP titration.  
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As described in Table 27, when 6I-amino-6I-deoxy-β-CD was reacted with Si-Cl for 12 h at 

60 °C in DMF, a w/w % degree of derivatisation of 4% was detected by TGA, while PhP titration 

detected only 0.99 % of β-CD, providing an inconclusive answer to the preservations of its 

properties (Table 27, entries 18-19). A higher percent of grafting was observed in water. When 

the reaction was repeated under US irradiation, the reaction reached the same degree of 

derivatisation in 2 h; after 4 h any improvement was observed. (Table 27, entries 20-23, Figure 

57). 

 

Figure 57: TGA profile of starting silica, Si-DETA (green line), Si-NHCD (red lines) and Si-DETA-CD (blue lines) 
prepared conventionally or under US irradiation. (solid line) starting silica; (red, dotted line) Si-NHCD US 
irradiation 80 kHz in DMF for 2 h, Table 27, entry 20; (blue, dashed line) Si-DETA-CD conventional heating in DMF 
at 70 °C for 24 h, Table 27, entry 16; (red, dashed line) Si-NHCD US irradiation 80 kHz in H2O for 2 h, Table 27, 
entry 21; (green, dashed line) Si-DETA; (blue, dotted line) Si-DETA-CD US irradiation 80 kHz in DMF for 4 h, Table 
27, entry 17. 

Copper(II) forms a complex with CD in alkaline solution and the complexes with α- and β-

CD have already been isolated and characterised.441,442 The efficacy of β-CD to direct and bind 

Cu when CD is bonded to silica has been already studied and its catalytic activity as a Lewis 

acid has been demonstrated.443 As the literature has focused mainly on the non-covalent 

bonding of β-CD onto the silica surface, we have aimed to explore the efficacy of β-CD that is 

covalently grafted onto silica to chelate Cu(II) and to exploit this system as catalyst for alkyne-

azide cycloaddition (CuAAC) in absence of reducing agent.  

Si-DETA-CD and Si-NHCD (Table 27, entries 17 and 22) were both loaded with Cu(II), the 

reaction was performed in a NaOH water solution to obtain a blue coloured catalyst.  
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3.2.2. Characterisation of copper supported on Si-NH-CD and Si-DETA-CD 

Si-DETA, Si-DETA-CD and Si-NHCD (Table 27, entries 5, 17 and 21) were characterised by IR 

to prove the identity of the grafted silica. The same was done for Si-DETA-CD-Cu and Si-NHCD-

Cu. As shown in Figure 58, the presence of the diethylentriamino spacer on Si-DETA can be 

observed in spectrum c. This is characterised by a broad absorption band centred around 3000 

cm-1, which can be ascribed to hydrogen-bonded Si-OH and N-H groups. The expected NH 

bands can be only seen as a modulation of the intense absorption, between 3400 and 3200 

cm-1. The corresponding weak NH2 mode is vibrating at similar frequency as physisorbed 

water (around 1600 cm-1), while the band at 1510 cm-1 can be ascribed to the NH vibrations 

of the secondary amines. Important changes can be observed in the spectrum (curve d) after 

the reaction with 6I-tosyl--CD (and subsequent Cu inclusion). Namely, the high frequency 

region is dominated by an intense band centred at 3360 cm-1 (OH), with clear CH/CH2 

bands at 2930 cm-1 (shoulder at 2860 cm-1). The low frequency region shows the typical 

bending mode of physisorbed water H2O centred at 1603 cm-1 (shoulder at 1662 cm-1), and 

a complex group of bands with between 1500 and 1250 cm-1 (CH and OH). These features 

can be safely ascribed to the presence of -CD, even if the assignment of the shoulder at 1662 

cm-1 to physisorbed water alone is not straightforward. Similar results were obtained with the 

sample prepared with direct Si-NH-CD (curve e). The main difference is in the relative intensity 

of the bands assigned to H2O modes. A comparison of the spectra of -CD and Cu-CD (not 

reported) has led us to propose that this vibrational mode is sensitive to the presence of the 

Cu(II) ions included in the cavity and at the rim of the CD cavity. These results thus confirm the 

presence of -CD on the silica in the various preparations. However, the changes in the high 

frequency region passing from Si-DETA to Si-DETA-CD (curves c and d), suggest a decrease in 

the amount of the diethylentriamino spacer, confirming the instability of Si-DETA when 

submitted to reaction with 6I-tosyl--CD. Hydroxyl group of CD may act as nucleophile, as well 

as DETA cannot be efficiently and reproducibly washed from the silica surface because of 

strong interactions with surface silanol/ silanolate groups.444 

 

Figure 58. Infrared spectra of a) Si-diAm; b) Si-diAm-CD-Cu; c) Si-DETA; d) Si-DETA-CD-Cu, e) Si-NHCD. All 

samples were outgassed at 80 °C before measurements.  
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The presence of Cu on the catalysts was monitored by Diffuse Reflectance UV-Vis-NIR 

spectroscopy. For example (see Figure 59), we report the spectrum of Si-NHCD-Cu (blue curve) 

compared to the spectra of the reference materials (-CD, SiO2 and Si-NHCD). The spectra can 

be divided into three regions: i) UV (200-400 nm), corresponding to O2-  Cu(II) Charge 

Transfer (CT) transitions; ii) Visible (400-800 nm), corresponding to the ligand-field d-d 

transitions of Cu(II) ions; and iii) NIR (800-2500 nm), where the overtone and combination 

modes of infrared modes can be observed. The NIR region analysis allows us to further confirm 

the presence of the CDs that are linked to the silica support, and to confirm the involvement 

of OH groups in the coordination of the Cu ions. Indeed, all the hybrid-material spectra show 

signals, in this region, that are a mixture of the vibrational modes of SiO2 (Si-OH overtone 0-2 

OH, +H2O/+OH combination modes of physisorbed water and of Si-OH groups) and those of 

CD (0-2 OH, +H2O, 0-2 CH, OH+CO). On the other hand, the UV-Vis region of Si-NHCD-Cu clearly 

shows the typical fingerprint of hexacoordinated Cu(II) ions, with a CT component at 260 nm 

and an intense and broad d-d band at 700 nm. These results are in agreement with the 

structures proposed in Ref 445, which involve hexacoordinated Cu(II) ions in the cavity and at 

the rim of the CD cavity, coordinated by H2O molecules, OH/O- CD groups and/or extra ligands. 

ICP Analyses of Si-NHCD-Cu and Si-DETA-CD-Cu quantified the Cu content on the Silica: at 

10.1 mg/g and 7.2 mg/g of Cu, respectively.  

 

Figure 59. DR UV-Vis-NIR spectra of: SiO2 (grey); -CD (black); Si-NHCD (pink); Si-NHCD-Cu (blue) and Si-diAm-

CD-Cu (green). 
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3.2.3. Test of catalytic activity of copper supported systems 

Cu(II)-β-CD has been proven to be a reliable, water soluble green catalyst for 1,2,3-triazole 

synthesis without the addition of a reducing agent.426 Both the catalysts were tested in a 

model CuAAC reaction.  

 

Scheme 36. Model reaction for CuAAC test of Si-NHCD-Cu and Si-DETA-CD-Cu. 

Table 28. Panel test of CuAAC reaction. 

Entry Catalyst, Cu mol% Yield [%](a) 

1 Cu(OAc)2, 5 mol% 14 

2 CuSO4, 5 mol% 0 

3 β-CD- CuSO4, 5 mol%(physical mixture) 0 

4 β-CD-Cu, 5 mol%(complex) 55 

5 Si-NHCD-Cu, 4 mol%, (17 mg) 5 

6 Si-DETA-CD-Cu, 4 mol% (24 mg) >99 

7 Si-DETA-CD-Cu, 2 mol% (12 mg) >99 

8 Si-DETA-CD-Cu, 1 mol% (6 mg ) >99 

9 Si-DETA-CD-Cu, 0.5 mol% (3 mg) 80 

10 Si-DiAm-CD, 4 mol% (11 mg) >99 

11 Si-DiAm-CD, 2 mol% (5.5 mg) 65 

12 Silica-Cu (12 mg) 4 

13 Si-DETA-Cu (12 mg)a 0 

Reaction conditions: benzyl azide (0,0676 mmol, 1 eq), phenylacetylene (1 eq), H2O:tBuOH (1:1; 500 µL), 85 °C, 1 
h or MW 85 °C 20 min(a) Determined by GC-MS. 

As depicted in Table 28, the click Cu-catalysed cyclisation of benzyl azide and 

phenylacetylene was repeated under a number of reaction conditions and the different 

copper sources were compared. The reaction was performed at 85 °C for 1h. Silica supported 

Si-NHCD-Cu and Si-DETA-CD-Cu showed differing catalytic activities. In fact, only the second 

acted as an efficient catalyst for CuAAC . 
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Table 28, entries 5-6). As already observed in the Php titrations, it shows a higher inclusion 

capability when CD is bound to the silica with a spacer, furthermore, the triamino spacer can 

stabilise Cu(II) species. Si-DETA-CD-Cu shows high efficiency even when used in very small 

amounts. However, a reduction of activity was observed when the catalyst amount was 

decreased to 0.5 mol% (Table 28, entries 6-8). Cu(II) salts Cu(OAc)2 and CuSO4 were tested, for 

the sake of comparison, and the reaction was compared to a click reaction that was catalysed 

by a previously prepared Cu(II)-β-CD complex, and a reaction using a physical mixture of CuSO4 

and β-CD. Only the Cu(II)-β-CD complex gave satisfactory results and a 55% yield was 

recovered. In order to understand the influence of silica and the amino spacer on reaction 

outcome, Si-Cu and Si-DETA-Cu were tested to confirm that the complex between the copper 

ions and β-CD plays a key role in the performance of the reaction, in which β-CD acts as ligand 

for copper and the reducing agent.  

In order to obtain a stable silica-supported β-CD derivative with a polyamino spacer, Si-

diAm-CD was synthesised on the basis of our previous experience (See Scheme 37).  

 

Scheme 37. Schematic representation of Si-diAm-CD (3.6) synthesis 

Silica was derivatised with 3-(2-aminoethylamino)propyltrimethoxysilane (AEPS) to obtain 

Si-diAm. As described in Table 29, we can confirm that US irradiation reduced the reaction 

time to 2 h, whereas the same degree of substitution was achieved after 36 h at 80 °C under 

conventional heating and magnetic stirring. No differences in activation were observed 

between the use of 40 and 80 kHz and both were very efficient. In order to obtain the efficient 

grafting of β-CD, 6-O-tosyl β-CD was reacted at 60 °C for 60 h and 4.7 %w/w derivatisation was 

observed by TGA, while 2.8% was measured by Php titration. US irradiation at 80 kHz in a US 

bath was insufficient to obtain a satisfactory grafting percent, because of the low reaction 

temperature (45 - 50 °C) An increase in grafting percentage was observed when the reaction 

was prolonged to 6 days. The synergic effect of combined MW and US irradiation was also 

exploited. Enhancing the silica dispersion, increasing the active surface and allowing a 
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selective MW irradiation; the combined system permit to obtain high efficacy of grafting in 

short time, 4 h, and 6.1 ww% derivatization was afforded. As depicted in Figure 60, the first 

derivative TGA profile of Si-diAm indicates that the degradation peak is approximately at 314 

°C when CD is grafted. Two degradation steps are visible, the peaks are at 298 °C and at 413 

°C. 

 

Figure 60. TGA profile of Si-DiAm-CD. (solid line) starting silica; (dashed line) Si-diAm, obtained in US at 80 kHz, 2 
h, toluene, Table 25, entry 4; (dotted line) Si-diAm-CD, MW-US combined irradiation at 100 °C, 4 h, DMF, Table 
25, entry 9. 

Table 29. Synthesis of Si-diAm-CD 

Entry Product Reaction condition Time 
Loading 

[w/w%] 

Loading 

[μmol/g] 

1 Si-diAm Silica, AEPS, toluene, 80 °C 6 h 6.5(a) 290(c) 

2 Si-diAm Silica, AEPS, toluene, 80 °C 36 h 13.6(a) 610(c) 

3 Si-diAm Silica, AEPS, toluene, ))) US, 40 kHz 2 h 14(a) 640(c) 

4 Si-diAm Silica, AEPS, toluene, ))) US, 80 kHz 2 h 12(a) 540(c) 

5 Si-diAm Silica, AEPS, toluene, ))) US, 80 kHz 4 h 13(a) 600(c) 

6 Si-diAm-CD Si-diAm, 6I-tosyl-β-CD, DMF, 60 °C 60 h 4.7(a)-2.15(b) 42(c) 

7 Si-diAm-CD Si-diAm, 6I-tosyl-β-CD, DMF, 60 °C 6 days 6.1(a)-2.8(b) 54(c) 
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8 Si-diAm-CD Si-diAm, 6I-tosyl-β-CD, DMF, ))) US, 
80 kHz 

4 h 1.7(a)-1.18(b) 15(c) 

9 Si-diAm-CD Si-diAm, 6I-tosyl-β-CD, DMF, ))) 
MW/US, 100 °C 

4 h 6.1(a)-2.09(b) 54(c) 

1 Preparation of Si-diAm: silica powder (0,100 g), toluene (1 mL), AEPS (0,040 mL). Preparation of Si-diAm-CD: 

Si-diAm (0,100 g), DMF (1,5 mL), 6I-tosyl-β-CD (0,100 g). a) measured by TGA, the weight loss was calculated on 

the basis of the starting material (see Figure 6); b) the w/w % grafting was based on PhP titration; c) mmol/g of 

organic moiety grafted on silica surface. 

Si-diAm-CD was loaded with Cu(II) in basic conditions and the catalysts, Si-diAm, and Si-

diAm-CD were characterised by IR and DR UV-Vis-NIR.  

The IR spectra of Si-diAm and Si-diAm-CD are reported in Figure 58. Si-diAm (curve a) shows 

very clear NH (3362 and 3296 cm-1), CH bands (2932, 2870 and 2806 cm-1) and NH2 bands 

(ca 1600 cm-1), which are preserved after reaction to graft CD (Si-diAm-CD, curve b). This 

proves Si-diAm’s increased stability during the reaction with CD, as compared to Si-DETA 

derivatisation in which the bands were partially displaced (curves c and d). An analysis of the 

low frequency region of the spectra shows the fingerprints of -CD (H2O, CH and OH). 

Diffuse Reflectance UV-Vis-NIR spectroscopy showed the presence of Cu after the reaction 

between CuSO4 and Si-diAm-CD, and the typical fingerprint of hexacoordinated Cu(II) ions (d-

d band at 650 nm and CT at 260nm), can be observed. ICP analysis showed a loading of 15.5 

mg/g of copper. 

When catalytic activity was tested in a model reaction (CuAAC of benzyl azide and phenyl 

acetylene), it was possible to evaluate the high catalytic activity of Si-DETA-CD-Cu. A slightly 

higher amount of catalyst was employed in order to obtain full conversion, and the reaction 

was successful in the presence of 4 mol % of catalyst. Alkylic and arylic azido derivatives, as 

well as alkynes, were tested to prove not only the efficacy, but also the versatility of the 

system. Full conversion was observed, and the product was isolated without purification 

(Table 30).  

Table 30. Synthetic results of conventional Cu-supported catalyst. 

 

Entry Alkyne Azide Product Yield [%] 

1 
 

 
 

99(a) 

 3.3a 3.4a 3.5a  

2 
   

95(a) 
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 3.3b 3.4b 3.5b  

3 
  

 

92(a) 

 3.3c 3.4c 3.5c  

4 
  

 

89(a) 

 3.3d 3.4d 3.5d  

Reaction conditions: azide (0,0676 mmol, 1 eq), terminal alkyne (1 eq), H2O (250 µL), tBuOH (250 µL), 11 mg 

of catalyst (4 mol %), MW heating at 85 °C, 1 h. a) Yields determined by GC-MS. 

3.3 Conclusion 

In conclusion, the ability of US irradiation to speed up the synthetic procedures for silica 

grafting has been demonstrated. New β-CD grafted silicas have been synthesised and fully 

characterised. The influence that β-CD has on directing and activating Cu(II) on the silica 

surface for CuAAC reactions, in absence of a reducing agent, has been studied and confirmed. 

Low cost, green, fast and efficient procedures can be exploited to obtain Cu-β-CD-grafted silica 

with polyamino spacers under US irradiation. The catalyst shows excellent performance in 

CuAAC reactions. 
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4.1 Non-conventional, non-contact energy sources for nitroarenes 
and alkynes reduction. 

4.1.1 Mechanochemical reduction of nitroarenes and alkyl/aryl azides 

without catalyst addiction 

4.1.1.1 Materials and methods 

All chemicals were purchased from Sigma-Aldrich (Milan, Italy) and used without further 

purification. Reactions were monitored by TLC on Merck 60 F254 (0.25 mm) plates (Milan, 

Italy), which were visualized by UV inspection and/or by heating after a spraying with 0,5% 

ninhydrin in ethanol or phosphomolybdic acid. Mechanochemical reactions were carried out 

in a Planetary Ball Mill (PM100 Retsch GmbH, Haan, Germany) using either 50 mL grinding jars 

and milling balls (both made in stainless steel). NMR spectra (300 MHz and 75 MHz for 1H and 
13C, respectively) were recorded on a Bruker 300 Avance instrument (Milan, Italy) at 25 °C. 

Chemical shifts were calibrated to the residual proton and carbon resonances of the solvent; 

DMSO-d6 (δH = 2.54, δC = 39.5), CDCl3 (δH = 7.26, δC = 77.16), D2O (δH = 4.79). Chemical shifts 

(δ) are given in ppm, and coupling constants (J) in Hz. GC-MS analyses were performed in a GC 

Agilent 6890 (Agilent Technologies, Santa Clara, CA, USA) that was fitted with a mass detector 

Agilent Network 5973, using a 30 m capillary column, i.d. of 0.25 mm and film thickness 0.25 

μm. GC conditions were: injection split 1:20, injector temperature 250 °C, detector 

temperature 280 °C. Gas carrier: helium (1.2 mL/min), temperature program: from 70 °C (2 

min) to 300 °C at 5 °C/min. 

4.1.1.2 General procedures 

4.1.1.2.1 General Procedure for the nitrobenzene reduction reaction 

The milling jar (50 mL; stainless steel) was equipped with 1500 milling balls (∅ = 2 mm, 

stainless steel) and 48 medium balls (∅ = 5 mm, stainless steel). Nitrobenzene (0.5 mmol), 

ammonium formate (15 mmol), KOH (1 mmol), and basic Al2O3 (1 g) were added in the given 

order. Milling was performed at 650 rpm for 30 min, 1, 1.5 and 2 hours. After the milling jar 

was cooled to room temperature, the crude products were transferred and the solid washed 

with CH2Cl2 (3 × 10 mL) and water (3 × 10 mL) to recover the desired product. After 

concentration to half volume under vacuum, the mixture was extracted with CH2Cl2, washed 

with H2O three times and finally dried (Na2SO4). The crude products were dried and analysed 

using GC–MS. Impure products were purified by flash chromatography on silica gel (hexane–

EtOAc) to afford the desired product. Products were analysed using 1H NMR and 13C NMR 

spectroscopy after dissolution in an appropriate solvent. 

4.1.1.2.2 General Procedure for the aryl azide reduction reaction 

The milling jar (50 mL; stainless steel) was equipped with 1500 milling balls (∅ = 2 mm, 

stainless steel) and 48 medium balls (∅ = 5 mm, stainless steel). The aryl azides (0.5 mmol), 

sodium formate (10 mmol), KOH (1 mmol), and basic Al2O3 (1 g) were added in the given order. 

Milling was accomplished at 650 rpm for 1 and 1.5 hours. After the milling jar was cooled to 

room temperature, the crude products were transferred and the solid washed with CH2Cl2 (3 

× 10 mL) and water (3 × 10 mL). After concentration to half volume under vacuum, the mixture 

was extracted with CH2Cl2, washed with H2O three times, and finally dried (Na2SO4). The crude 

products were dried and analysed using GC–MS. Impure products were purified by flash 
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chromatography on silica gel (hexane–EtOAc) to afford the desired product. Products were 

analysed using 1H NMR and 13C NMR spectroscopy after dissolution in an appropriate solvent. 

4.1.1.2.3 General Procedure for the alkyl azide reduction reaction 

The milling jar (50 mL; stainless steel) was equipped with 1500 milling balls (∅ = 2 

mm, stainless steel) and 48 medium balls (∅ = 5 mm, stainless steel). The alkyl azides 

(0.5 mmol), hydrazine (15 mmol), KOH (1 mmol) and basic Al2O3 (1 g) were added in 

the given order. Milling was accomplished at 650 rpm for 1 hour. After the milling jar 

was cooled to room temperature, the crude products were transferred and the solid 

washed with filtered on paper using CH2Cl2 (3 × 10 mL) and water (3 × 10 mL). After 

concentration to half volume under vacuum, the mixture was extracted with CH2Cl2, 

washed with H2O three times, and finally dried (Na2SO4). The crude products were dried 

and analysed using GC–MS. Impure products were purified via flash chromatography on 

silica gel (hexane–EtOAc) to afford the desired product. Products were analysed using 1H 

NMR and 13C NMR spectroscopy after dissolution in an appropriate solvent. 

4.1.2 Copper catalysed reduction of aromatic nitrocompounds. Glycerol: an 

optimal hydrogen source 

4.1.2.1 Materials and methods 

All commercially available reagents and solvents were used without further purification. 

Reactions were monitored by TLC on Merck 60 F254 (0.25 mm) plates (Milan, Italy), which 

were visualized by UV inspection and/or by heating after a spraying with 0.5% ninhydrin in 

ethanol. Reactions were carried out in conventional oil bath by magnetic stirring, under US 

irradiation (Hielscher Ultrasonic horn UP50H) and under different MW devices, both 

monomode (Anton Paar Monowave 300, CEM Discover SP) and multimode (CEM Mars 5 and 

Milestone MicroSynth). For MW-assisted reaction scale up a 1.2kW Multimode MW was used 

located in the MEAM Test and Training Center, based in Herk-de-Stad in Belgium. NMR spectra 

(300 MHz and 75 MHz for 1H and 13C, respectively) were recorded. Chemical shifts were 

calibrated to the residual proton and carbon resonances of the solvent, CDCl3 (δH = 7.26, δC 

= 77.16). Chemical shifts (δ) are given in ppm, and coupling constants (J) in Hz. GC-MS analyses 

were performed in a GC Agilent 6890 (Agilent Technologies, Santa Clara, CA, USA) that was 

fitted with a mass detector Agilent Network 5973, using a 30 m capillary column, i.d. of 0.25 

mm and film thickness 0.25 μm. GC conditions were: injection split 1:10, injector temperature 

250 °C, detector temperature 280 °C. Gas carrier: helium (1.2 mL/min), temperature program: 

from 50 °C (5 min) to 100 °C (1 min) at 10 °C/min, to 230 °C (1 min) at 20 °C/min, to 300 °C (5 

min) at 20 °C/min. HRMS was determined using a MALDI-TOF mass spectra (Bruker Ultraflex 

TOF mass spectrometer, Milan, Italy. 

4.1.2.2 General procedures 

4.1.2.2.1 General Procedure for synthesis of copper nanoparticles 

A Copper (II) sulfate solution (1.5 mL of a 0.01 M solution in water/glycerol 5:1) was stirred 

and was followed dropwise by addition of 2 M NaOH aqueous solution to adjust the solution 

pH up to 11. After stirring for 10 min, 0.5 M NaBH4 in water was added into the flask. Firstly, 

the deep blue solution gradually became colourless, and then it turned burgundy, which 

shows the formation of copper colloid. The copper nanoparticles were filtered on a Büchner 

funnel with a sintered glass disc using water and methanol to wash the catalyst.  
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Copper nanoparticles were characterized by transmission electron microscopy (TEM) and 

high resolution TEM (HR-TEM). The measurements were carried out with a JEOL 3010-UHR 

instrument operating at 300 kV and equipped with a LaB6 filament. Digital micrographs were 

acquired by a Gatan (2k x 2k)-pixel Ultrascan1000 CCD camera and processed by Gatan digital 

micrograph. To obtain a good dispersion of the sample and to avoid any modification induced 

by the use of a solvent, the powders were briefly contacted with the Cu grids coated with lacey 

carbon, resulting in the adhesion of some particles to the grid by electrostatic interactions.  

 

4.1.2.2.2 Catalyst dispersion 

When previous catalyst dispersion was required, the required quantity of CuNPs was 

weighted, added to a rounded-bottom flask with the needed amount of glycerol and sonicated 

for 10 min (Hielscher Ultrasonic horn UP50H, frequency 30 kHz, power 50 W). A perfectly 

dispersed black solution was then observed (Figure 61). 

 

Figure 61: High catalyst dispersion promoted by US irradiation. Conditions: t:10min, F:30KHz, P:30W. 

4.1.2.2.3 Particles size distribution 

Freshly prepared CuNPs were sonicated for 10 min (UP50H, F(kHz):30, P(W):50) till a 

perfectly dispersed black solution was observed. Particle size distribution offline 

measurements (based on volume) were performed and compared with freshly prepared NPs 

(Figure 9, Curves red and blue). Particle size distribution was also measured on CuNPs after a 

MW promoted reaction of reduction of nitrobenzene in glycerol (Anton Paar Monowave 300) 

and we could observe that a similar profile of size distribution was detected if compared to 

freshly prepared NPs (Figure 9, Curve green). A Laser diffractometer (Malvern, MasterSizer 

3000 hydro SV) was employed and the particles size was determined by measuring the 

intensity of light scattered as a laser beam passes through a dispersed particulate sample. 0.5 

mL of the sample (cNP=1g/L) was injected in 6.5 mL of deionized water in the measurement 

cell (so that the resulting concentration in the cell was 0.07 g/L) and mixed for 5 min using a 

built-in magnetic stirrer. The obtained scattering curves were averages of three subsequent 

measurements. 
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4.1.2.2.4 Optimised procedures for nitrobenzene reduction to aniline: 

- Under conventional heating: CuNPs (3 mg, 5 mol%) in a rounded-bottom flask with 3 mL 

of glycerol were sonicated for 10 min (Hielscher Ultrasonic horn UP50H, F(kHz):30, 

P(W):50). A perfectly dispersed black solution was observed. The KOH (112 mg, 2 mmol) and 

the nitrobenzene (123 mg, 1 mmol) were then added and the reaction was heated at 130 °C 

under magnetic stirring for 2 h. The reaction mixture was cooled down to room temperature 

and filtered to remove CuNPs. 10 mL of water was added and extracted with ethyl acetate 

(2x10 mL). To the organic phase, aqueous HCl (0.01M) was added and after extraction the 

aqueous phase was basified with NaOH (0.01 M), extracted with ethyl acetate (3x20 mL) and 

dried (Na2SO4). Product was analyzed using 1H NMR and 13C NMR spectroscopy. Isolated yield 

97%. 

4.1.3 MW-assisted copper-catalysed transfer hydrogenation reduction of 

nitrobenzene. Industrial MW-assisted scale-up. 

4.1.3.1 Materials and methods 

All commercially available reagents and solvents were used without further purification. 

Reactions were monitored by TLC on Merck 60 F254 (0.25 mm) plates (Milan, Italy), which 

were visualized by UV inspection and/or by heating after a spraying with 0.5% ninhydrin in 

ethanol. Reactions were carried out in conventional oil bath by magnetic stirring, under US 

irradiation (Hielscher Ultrasonic horn UP50) and under different MW devices, both 

monomode (Anton Paar Monowave 300, CEM Discover SP) and multimode (CEM Mars 5 and 

Milestone MicroSynth). For MW-assisted reaction scale up a 1.2kW Multimode MW was used 

located in the MEAM Test and Training Center, based in Herk-de-Stad in Belgium (Figure 6). 

NMR spectra (300 MHz and 75 MHz for 1H and 13C, respectively) were recorded. Chemical 

shifts were calibrated to the residual proton and carbon resonances of the solvent, CDCl3 (δH 

= 7.26, δC = 77.16). Chemical shifts (δ) are given in ppm, and coupling constants (J) in Hz. GC-

MS analyses were performed in a GC Agilent 6890 (Agilent Technologies, Santa Clara, CA, USA) 

that was fitted with a mass detector Agilent Network 5973, using a 30 m capillary column, i.d. 

of 0.25 mm and film thickness 0.25 μm. GC conditions were: injection split 1:10, injector 

temperature 250 °C, detector temperature 280 °C. Gas carrier: helium (1.2 mL/min), 

temperature program: from 50 °C (5 min) to 100 °C (1 min) at 10 °C/min, to 230 °C (1 min) at 

20 °C/min, to 300 °C (5 min) at 20 °C/min. HRMS was determined using a MALDI-TOF mass 

spectra (Bruker Ultraflex TOF mass spectrometer, Milan, Italy 

4.1.3.2 General procedures 

4.1.3.2.1 General procedure for MW-assisted batch reactor. 

- Microwave-assisted reaction: When previous catalyst dispersion was required, CuNPs (15 

mg, 5 mol%) were weighted, added to a rounded-bottom flask with 15 mL of glycerol and 

sonicated for 10 min (Hielscher Ultrasonic horn UP50H, F(kHz):30, P(W):50). A perfectly 

dispersed black solution was observed. The KOH (560 mg, 10 mmol) and the nitrobenzene 

(625 mg, 5 mmol) were then added and the reaction was carried out. Homogeneous MW 

distribution was ensured by inserting a magnetic stirrer. Different MW devices were 

employed: both monomode systems (Anton Paar Monowave 300 and CEM Discover SP) and 

multimode systems (CEM Mars 5 and Milestone MicroSynth). Two different methods were 

used for applying MW irradiation: a) fixed temperature and b) fixed power. 



Experiemntal details 

137 
 

- Monomode systems (Anton Paar Monowave 300, CEM Discover SP): 2 min were 
required to achieve the reaction temperature (130 ºC) using the program “Heat as fast 
as possible” (Maximum power 400 W). When performing the reaction at fixed 
temperature, the program “hold” was selected in order to main the temperature 
constant (130 ºC) during the reaction time. In this mode the MW-reactor automatically 
adjusts the power to reach the indicated temperature. Reaction time: 30 min. When 
performing the reaction at fixed power, the program “constant power” was selected 
(4 W). In this way, a constant set power maintains the reaction mixture at the desired 
temperature (130 ºC). Reaction time: 15 min. 

- Multimode systems (CEM Mars 5 and Milestone MicroSynth): 2 min were required to 
achieve the reaction temperature (130 ºC) (Maximum power 400 W) (CEM Mars 5: 
Power 100%). When performing the reaction at fixed temperature, the power was left 
at 400 W and 130 ºC were selected as constant temperature, so the MW-reactor could 
automatically adjusts the power. Reaction time: 30 min. When performing the reaction 
at fixed power, the reaction mixture was irradiated with constant power (80 W) for the 
whole reaction time. Reaction time: 15 min.  

The reaction mixture was cooled down to room temperature and filtered to remove CuNPs. 

30 mL of water were added and extracted with ethyl acetate (2x30 mL). To the organic phase, 

aqueous HCl (30 mL, 0.01M) was added and after extraction the aqueous phase was basified 

with NaOH (0.01 M), extracted with ethyl acetate (3x60 mL) and dried (Na2SO4). Product was 

analyzed using 1H NMR and 13C NMR spectroscopy. Isolated yield 98%. When using the Anton 

Paar Monowave 300 reactor, the reaction temperature is controlled simultaneously by a ruby 

thermometer (a fiber optic sensor immersed into the reaction mixture that accurately delivers 

the internal temperature during the whole reaction process) and the IR sensor that provides 

an external temperature measurement of reaction vials. When employing the CEM Discover 

SP, the temperature measurements were determinate by an IR sensor and when using both 

multimode systems (CEM Mars 5 and MicroSynth) fiber optics where installed. 

4.1.3.2.2 General methods for MW-assisted batch reactor. Industrial MW system. 

Scale up experiments were performed with the MW multimode instrument MEAM Explorer 

VP (1.2 kW). Emissivity (0.95) and transmissivity (0.48) of the reaction solvent (glycerol) were 

firstly determined in order to ensure an optimal calibration of the IR camera and so, to ensure 

the measured reaction temperature. These values remain constant when measured with the 

reaction mixture. The IR camera was always set in the same position. CuNPs (18 mg, 5 mol%), 

in a rounded-bottom flask with glycerol (90 mL) were sonicated for 10 min (Hielscher 

Ultrasonic horn UP50H, F(kHz):30, P(W):50). A perfectly dispersed black solution was 

observed. The KOH (672 mg, 12 mmol) and the nitrobenzene (748 mg, 6 mmol) were then 

added and the reaction was carried out. When the reaction was scaled-up to 18 and 36 mmol 

of nitrobenzene, the pertinent reagents quantities were added: glycerol (200 eq), KOH (2 eq) 

and CuNPs (5 mol%). Homogeneous MW distribution was ensured by inserting a stir bar. When 

performing the reaction at fixed temperature, 2 min (Pmax=100%) were required to achieve 

the reaction temperature (130 ºC). In this mode the MW-reactor automatically adjusts the 

power (40 W – 0 W) to maintain constant the desired temperature (130 ºC) during the whole 

reaction time. When performing the reaction at fixed power, 25-30 W was maintained. In this 

way, a constant set power maintains the reaction mixture at the desired temperature (130 
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ºC). Reaction time: 45 min (6mmol Nitrobenzene), 60 min (18 mmol and 36 mmol). Reaction 

workup was performed as described in the previous MW promoted procedure. 

4.1.4 A simple set up for transfer hydrogenation in flow chemistry. 

Reduction of nitrobenzene over copper supported catalyst (Cu/Celite). 

4.1.4.1 Materials and methods 

All commercially available reagents and solvents were used without further purification. 

The used Ethylen glycol contained no less than 99 wt.% of the main substance. Reactions were 

monitored by TLC on Merck 60 F254 (0.25 mm) plates (Milan, Italy), which were visualized by 

UV inspection and/or by heating after a spraying with 0,5% ninhydrin in ethanol. NMR spectra 

(300 or 600 MHz and 75 or 125 MHz for 1H and 13C, respectively) were recorded. Chemical 

shifts were calibrated to the residual proton and carbon resonances of the solvent, CDCl3 (δH 

= 7.26, δC = 77.16). Chemical shifts (δ) are given in ppm, and coupling constants (J) in Hz. GC 

conditions were: injection split 1:10, injector temperature 250 °C, detector temperature 280 

°C. Gas carrier: helium (1.2 mL/min), temperature program: from 50 °C (5 min) to 100 °C (1 

min) at 10 °C/min, to 230 °C (1 min) at 20 °C/min, to 300 °C (5 min) at 20 °C/min. HRMS was 

determined using a MALDI-TOF mass spectra (Bruker Ultraflex TOF mass spectrometer, Milan, 

Italy. 

4.1.4.2 General procedures 

4.1.4.2.1 Set-up for the packed bed reactor unit 

 

Figure 62: Schematic representation of the packed bed reactor (PBR) 

The experimental setup consisted of a syringe pump (PHD ULTRA, Harvard Apparatus), a 

packed bed reactor (PBR) (Stainless steel tube with O.D. ¼ inch and I.D of 3.8 mm), a heating 

mantle and an oil bath (see Figure 62). All units were connected using PTFE tubing (o.d. 1/8 in., 

i.d. 1/16 inch) and standard HPLC fittings (all with an i.d. of 0.70, mm, 1/8 inch tubing). Two 

frits were placed at both sides of the packed bed reactor unit ( pore size10 µm , and diameter 

0.189”). The PBR was heated by immersing the reactor inside the oil bath (130°C). 

4.1.4.2.2 Packed bed reactor unit 

The packed bed reactor has a length of 2.6 cm and a i.d. of 0.38 cm. The total volume of 

the reactor was determinated: 
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Once the packed bed reactor was filled with the catalyst, the internal volume was 

determined by weighing the freshly PBR (Mass 1) and then pumping a solvent (ethanol) 

through the reactor to fill the void with it. The packed bed reactor was then weighed again 

(Mass 2). The reactor volume was determined by Rv = (Mass 2 – Mass 1)/ solvent density. 

Rv = (Mass2 – Mass1)/ethanol density: 0,0311 cm3 

4.1.4.2.3 Set up volume 

In order to determinate the total volume, the whole system was emptied out and following 

completely refilled with ethanol, resulting 7,5 mL. 

 

Figure 63: Entire set up 

4.1.4.2.4 General procedure for the catalyst synthesis (CuNPs/Celite) 

A Copper (II) sulfate solution (18 mL of a 0.25 mM solution in water:glycerol (5:1)) was stirred 

and was followed dropwise by addition of 2 M NaOH aqueous solution to adjust the solution 

pH up to 11. The supported material (Celite® 545, 500 mg) was then added. After stirring for 

10 min, 0.5 M NaBH4 in water was added into the flask while sonicating in the ultrasonic bath 

in order to have well dispersed particles. The deep blue solution gradually became colourless, 

and then it turned burgundy, which shows the formation of copper colloid. The copper 

nanoparticles supported on celite (CuNPs/Celite) were filtered on a Büchner funnel with a 

sintered glass disc using water and methanol to wash the catalyst. 

4.1.4.2.5 General procedure for the continuous flow reaction 

Experimental studies were performed in the laboratory-scale set-up described earlier 

(Figure 62, Figure 63), using a packed bed reactor (PBR) loaded with 150 g of celite supported 

CuNPs. Nitrobenzene (1 mmol) and KOH (2 mmol) were dissolved in 2 mL of ethylen glycol. 

The reaction mixture was pumped into the micro-reactor at the indicated flow rate (mL/min) 

at room temperature and when arriving to the heating device the solution was warmed up to 

130 °C, and so the reduction reaction started to take place. The contact time (τ) was 

determined as the ratio between the catalyst volume in the reactor Vr (cm3) and the total inlet 

rate of the mixture (cm3/s). Reaction products were cooled at the reactor outlet, collected and 
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then analyzed after three reactor volumes. The mixture was extracted twice with water and 

CH2Cl2. After that, the organic part was again extracted with acid water (HCl 0.01M) and then, 

the aqueous phase was basified with NaOH, extracted with CH2Cl2 and finally dried (Na2SO4). 

Products were analyzed using 1H NMR and 13C NMR spectroscopy and GC-MS 

chromatography. 

4.1.4 Cu-catalysed TH of nitroarenes to amino or azo derivative via 

controllable transfer hydrogenation sources. 

4.1.4.1 Material and methods 

All chemicals were purchased from Sigma-Aldrich (Milan, Italy) and used without further 

purification. Reactions were monitored by TLC on Merck 60 F254 (0.25 mm) plates (Milan, 

Italy), which were visualized by UV inspection and/or by heating after a spraying with 0,5% 

ninhydrin in ethanol or phosphomolybdic acid. Reactions were carried out in conventional oil 

bath and in a combined system MW/US. This device has been design in our laboratory by 

inserting a sonic horn made of pirex inside a RotoShynth (Milestone) microwave chamber 

(Figure 1). NMR spectra (300 or 600 MHz and 75 or 125 MHz for 1H and 13C, respectively) were 

recorded. Chemical shifts were calibrated to the residual proton and carbon resonances of the 

solvent; DMSO-d6 (δH = 2.54, δC = 39.5), CDCl3 (δH = 7.26, δC = 77.16), D2O (δH = 4.79). 

Chemical shifts (δ) are given in ppm, and coupling constants (J) in Hz. GC-MS analyses were 

performed in a GC Agilent 6890 (Agilent Technologies, Santa Clara, CA, USA) that was fitted 

with a mass detector Agilent Network 5973, using a 30 m capillary column, i.d. of 0.25 mm 

and film thickness 0.25 μm. GC conditions were: injection split 1:20, injector temperature 250 

°C, detector temperature 280 °C. Gas carrier: helium (1.2 mL/min), temperature program: 

from 70 °C (2 min) to 300 °C at 5 °C/min.  

4.1.4.2 General procedures 

4.1.4.2.1 Optimised procedures for nitro-derivatives reduction to amino-derivatives: 

 

- Conventional conditions: Nitrobenzene (3 mmol), KOH (6 mmol) and nano-copper catalyst 

(5mol%) were dissolved in 20 mL of glycerol. The reaction was carried out under magnetic 

stirring in an oil bath at 130 °C for 1 hour. The crude product was analyzed by GC-MS. Then 

the mixture was extracted twice with water and CH2Cl2. After that, the organic part was again 

extracted with acid water (HCl 0.01M). Then, the aqueous fase was basified with NaOH, 

extracted with CH2Cl2 and finally dried (Na2SO4). Products were analysed using 1H NMR and 
13C NMR spectroscopy, MS and GC-MS chromatography. 

- Synthesis under microwave irradiation: Nitrobenzene (3 mmol), KOH (6 mmol) and nano-

copper catalyst (5mol%) were dissolved in 20 mL of glycerol. The reaction was carried out 

under MW irradiation at 150 °C for 15 min. The reaction mixture was then cooled down to 

room temperature. The crude product was analyzed by GC-MS. Then the mixture was 

extracted twice with water and CH2Cl2. After that, the organic part was again extracted with 

acid water (HCl 0.01M). Then, the aqueous fase was basified with NaOH, extracted with CH2Cl2 
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and finally dried (Na2SO4). Products were analysed using 1H NMR and 13C NMR spectroscopy, 

MS and GC-MS chromatography. 

- Synthesis under ultrasound irradiation: Nitrobenzene (3 mmol), KOH (6 mmol) and nano-

copper catalyst (5mol%) were dissolved in 20 mL of glycerol. The reaction mixture was 

sonicated by using a Pyrex horn (20.3 kHz, 30 W) for 45 min. The reaction mixture was then 

cooled down to room temperature. The crude product was analyzed by GC-MS. Then the 

mixture was extracted twice with water and CH2Cl2. After that, the organic part was again 

extracted with acid water (HCl 0.01M). Then, the aqueous fase was basified with NaOH, 

extracted with CH2Cl2 and finally dried (Na2SO4). Products were analysed using 1H NMR and 
13C NMR spectroscopy, MS and GC-MS chromatography. 

-Synthesis under microwave and ultrasound combined irradiation: Combined US (20.3 kHz, 

30 Wcm-2) and MW (2.45 GHz, 80 W) irradiation was carried out in an oven (Microsynth-

Milestone) equipped with a Pyrex horn inserted. The reaction mixture with nitrobenzene (3 

mmol), KOH (6 mmol), nano-copper catalyst (2,5mol%) and 20 mL of glycerol was irradiated 

with combined MW/US for 10 min. The crude was then cooled down to room temperature. 

The crude product was analyzed by GC-MS. Then the mixture was extracted twice with water 

and CH2Cl2. After that, the organic part was again extracted with acid water (HCl 0.01M). Then, 

the aqueous fase was basified with NaOH, extracted with CH2Cl2 and finally dried (Na2SO4). 

Products were analysed using 1H NMR and 13C NMR spectroscopy, MS and GC-MS 

chromatography. 

4.1.4.2.2 Optimised procedures for nitro-derivatives reduction to azo-derivatives: 

 

-Conventional conditions: Nitrobenzene (3 mmol), KOH (6 mmol) and nano-copper catalyst 

(5 mol%) were dissolved in 20 mL of ethanolamine. The reaction was carried out under 

magnetic stirring in an oil bath at 50-60 °C over night (20-25 hours). The mixture was extracted 

three times with water and CH2Cl2 and finally dried (Na2SO4). The crude product was analyzed 

by GC-MS and purified by chromatography on silica gel to afford the desired product. Products 

were analysed using 1H NMR and 13C NMR spectroscopy, MS and GC-MS chromatography. 

-Synthesis under microwave irradiation: Nitrobenzene (3 mmol), KOH (6 mmol) and nano-

copper catalyst (5 mol%) were dissolved in 20 mL of ethanolamine. The reaction was carried 

out under MW irradiation at 50-60 °C for 6 hours and a half, always with a constant power of 

15 W. The reaction mixture was then cooled down to room temperature. The mixture was 

extracted three times with water and CH2Cl2 and finally dried (Na2SO4). The crude product was 

analyzed by GC-MS and purified by chromatography on silica gel to afford the desired product. 

Products were analysed using 1H NMR and 13C NMR spectroscopy, MS and GC-MS 

chromatography. 

-Synthesis under ultrasound irradiation: Nitrobenzene (3 mmol), KOH (6 mmol) and nano-

copper catalyst (5 mol%) were dissolved in 20 mL of ethanolamine. The reaction mixture was 

sonicated by using a Pyrex horn (20.3 kHz, 20 W cm-2) for 3 h. The reaction mixture was then 

cooled down to room temperature. The mixture was extracted three times with water and 

CH2Cl2 and finally dried (Na2SO4). The crude product was analyzed by GC-MS and purified by 
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chromatography on silica gel to afford the desired product. Products were analysed using 1H 

NMR and 13C NMR spectroscopy, MS and GC-MS chromatography. 

Synthesis under microwave and ultrasound combined irradiation: Combined US (20.3 kHz, 

15 Wcm-2) and MW (2.45 GHz, 15 W) irradiation was carried out in an oven (Microsynth-

Milestone) equipped with a Pyrex horn inserted. The reaction mixture with nitrobenzene (3 

mmol), KOH (6 mmol), nano-copper catalyst (5 mol%) and 20 mL of ethanolamine was 

irradiated with combined MW/US for 1 h. The crude was then cooled down to room 

temperature. The mixture was extracted three times with water and CH2Cl2 and finally dried 

(Na2SO4). The crude product was analyzed by GC-MS and purified by chromatography on silica 

gel to afford the desired product. Products were analysed using 1H NMR and 13C NMR 

spectroscopy, MS and GC-MS chromatography. 

4.1.5 Copper catalysed selective semihydrogenation of alkynes to cis alkenes 

4.1.5.1 Materiall and methods 

All chemicals were purchased from Sigma-Aldrich (Milan, Italy) and used without further 

purification. Reactions were monitored by TLC on Merck 60 F254 (0.25 mm) plates (Milan, 

Italy), which were visualized by UV inspection and/or by heating after a spraying with 0,5% 

ninhydrin in ethanol or phosphomolybdic acid. Reactions were carried out in conventional oil 

bath and in a combined system MW/US. This device has been design in our laboratory by 

inserting a sonic horn made of pirex inside a RotoShynth (Milestone) microwave chamber 

(Figure 1). NMR spectra (300 or 600 MHz and 75 or 125 MHz for 1H and 13C, respectively) 

were recorded. Chemical shifts were calibrated to the residual proton and carbon resonances 

of the solvent; DMSO-d6 (δH = 2.54, δC = 39.5), CDCl3 (δH = 7.26, δC = 77.16), D2O (δH = 4.79). 

Chemical shifts (δ) are given in ppm, and coupling constants (J) in Hz. GC-MS analyses were 

performed in a GC Agilent 6890 (Agilent Technologies, Santa Clara, CA, USA) that was fitted 

with a mass detector Agilent Network 5973, using a 30 m capillary column, i.d. of 0.25 mm 

and film thickness 0.25 μm. GC conditions were: injection split 1:20, injector temperature 250 

°C, detector temperature 280 °C. Gas carrier: helium (1.2 mL/min), temperature program: 

from 70 °C (2 min) to 300 °C at 5 °C/min. 

4.1.5.2 General procedures 

4.1.5.2.1 Optimised procedure for alkynes synthesis 

Conventional conditions: Aryl halide (1 mmol) and phenylacetylene (1,2 mmol) were added 

to a flask containing 0.02 mol % Pd(PPH3)2Cl2 and 0.05 mol % CuI, in 10 mL of THF anhydrous. 

The mixture was stirred at room temperature overnight under nitrogen atmosphere. After 

completion of the reaction (monitored by GC), water was added to the reaction mixture and 

crude product extracted with dichlorometane. For further purification, the organic solvent 

was removed under vacuum and the resulting residue was purified by column 

chromatography on silica gel using petroleum ether and ethyl acetate as eluents. The pure 

product was analyzed by 1H, 13C NMR spectroscopy  

4.1.5.2.2 Optimised procedure for alkynes semihydrogenation to Z-alkenes 
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Conventional conditions: Phenylacetilene (1 mmol), KOH (2 mmol) and copper 

nanoparticles catalyst (10 mol%) were dissolved in 20 mL of ethylene glycol. The reaction was 

carried out under magnetic stirring in an oil bath at 150 °C for 2 hour. The crude product was 

filtered on Büchner funnel with a sintered glass disc using CH2Cl2 and water to wash the 

catalyst. After concentration under vacuum to half volume, the mixture was extracted with 

water and CH2Cl2, washed with H2O three times and finally dried (Na2SO4). The crude 

product was analyzed by GC-MS and purified by chromatography on silica gel. Products were 

analysed using 1H NMR and 13C NMR spectroscopy, MS and GC-MS chromatography. 

Synthesis under microwave irradiation: Phenylacetilene (1 mmol), KOH (2 mmol) and 

copper nanoparticles catalyst (10 mol%) were dissolved in 15 mL of ethylene glycol. The 

reaction was carried out under MW irradiation at 150 °C for 90 min, always with a constant 

power of 120W. The reaction mixture was then cooled down to room temperature. The crude 

product was extracted with water and CH2Cl2, washed with H2O three times and finally dried 

(Na2SO4). The crude product was analyzed by GC-MS and purified by chromatography on silica 

gel. Products were analysed using 1H NMR and 13C NMR spectroscopy, MS and GC-MS 

chromatography. 

Synthesis under ultrasound irradiation: Phenylacetilene (1 mmol), KOH (2 mmol) and 

copper nanoparticles catalyst (10 mol%) were dissolved in 15 mL of ethylene glycol. The 

reaction mixture was sonicated by using a Pyrex horn (20.3 kHz, 40 W) for 60 min. Then, the 

reaction mixture was cooled down to room temperature. The crude product was extracted 

with water and CH2Cl2, washed with H2O three times and finally dried (Na2SO4). The crude 

product was analyzed by GC-MS and purified by chromatography on silica gel. Products were 

analysed using 1H NMR and 13C NMR spectroscopy, MS and GC-MS chromatography. 

Synthesis under microwave and ultrasound combined irradiation: Combined US (20.3 kHz, 

30 Wcm-2) and MW (2.45 GHz, 90 W) irradiation was carried out in an oven (Microsynth-

Milestone) equipped with a Pyrex horn inserted. The reaction mixture with Phenylacetilene (1 

mmol), KOH (2 mmol), copper nanoparticles catalyst (10 mol%) and 15 mL of ethylene glycol 

was irradiated with combined MW/US for 30 min. The crude was then cooled down to room 

temperature. The product was extracted using CH2Cl2, washed with H2O three times and 

finally dried (Na2SO4). The crude product was analyzed by GC-MS and purified by 

chromatography on silica gel. Products were analysed using 1H NMR and 13C NMR 

spectroscopy, MS and GC-MS chromatography. 

4.2 Sonochemically-promoted preparation of Cu-β-CD grafted 
silica 

4.2.1 Material and methods 

All commercially available reagents and solvents were purchased from Sigma-Aldrich 

(Milan, Italy) and used without further purification. SIPERNAT 320 amorphous silica was 

supplied by Evonik Degussa. The synthesis of 6I-amino-6I-deoxy-β-CD and 6I-O-p-

Toluenesulfonyl-β-CD was performed following published synthetic procedure.426 β-CD was 

provided by Wacker Chemie (München, Germany). US irradiation at 40-80-120 kHz was 

performed in a ultrasound bath supplied by Weber ULTRASONICS GMBH. When reactions 

were carried out in a combined system MW/US the device has been designed in our laboratory 

by inserting a sonic horn made of pirex inside a RotoShynth (Milestone) microwave chamber. 
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Thermogravimetric analyses were performed using a thermogravimetric analyzer TGA 4000 

(PerkinElmer) at 10 °C min−1 operating with alumina crucibles that contained 10−20 mg of 

sample. The analyses were performed under an argon atmosphere at a starting temperature 

of 50 °C and an end temperature of 800 °C. Total mass loss was attributed to the functional 

groups that were covalently attached to the sidewalls. UV−vis absorption spectra were 

measured on a dual-beam spectrophotometer (Agilent Technologies Cary 60, G6860AA) 

equipped with a 1 cm path length quartz cuvette. Elemental analyses were performed on an 

EA 1108 (Fison Instruments). Reactions were carried out in professional MW reactor 

(Monowave 400/200, Anton Paar GmbH) using reaction vial G10. Reactions were monitored 

by TLC on Merck 60 F254 (0.25 mm) plates (Milan, Italy), which were visualized by UV 

inspection. GC-MS analyses were performed in a GC Agilent 6890 (Agilent Technologies, Santa 

Clara, CA, USA) that was fitted with a mass detector Agilent Network 5973, using a 30 m 

capillary column, i.d. of 0.25 mm and film thickness 0.25 μm. GC conditions were: injection 

split 1:10, injector temperature 250 °C, detector temperature 280 °C. Gas carrier: helium (1.2 

mL/min), temperature program: from 50 °C (5 min) to 100 °C (1 min) at 10 °C/min, to 230 °C 

(1 min) at 20 °C/min, to 300 °C (5 min) at 20 °C/min. HRMS was determined using a MALDI-

TOF mass spectra (Bruker Ultraflex TOF mass spectrometer, Milan, Italy). The cations were 

determined with a Perkin Elmer Optima 7000 (Perkin Elmer, Norwalk, Connecticut, USA) 

inductively coupled plasma-optical emission spectrometer (ICP-OES). 

4.2.2 General procedures 

4.2.2.1 Preparation of chlorinate silica (Si-Cl) 

10.5 mL of SOCl2 were added dropwise to 1 g of silica SIPERNAT 320. The mixture was left 

stirring under reflux, o.n. The suspension was filtered and the powder was washed with 

chloroform and dried under vacuum.440 

4.2.2.1.1 Si-Cl titration. 

The amount of chloride present in the sample was determined via argentometric titration. 

The Mohr method was followed. The sample solution was titrated against a solution of silver 

nitrate of known concentration. Chloride ions react with silver(I) ions to give insoluble silver 

chloride (1): 

Ag+ (aq) + Cl- → AgCl (s) (1) 

1 g of Si-Cl was dispersed in 100 mL of a NaHCO3 solution (0,005 M). The solution was stirred 

for 1 h at room temperature. Potassium chromate was used as an indicator, giving red silver 

chromate after all the chloride ions have reacted: 

2 Ag+ (aq) + CrO4 
2- (aq) → Ag2CrO4 (s) (2) 

398 µL of K2CrO4 0.25 M were added and the solution was titrated with AgNO3 0.1 M (2) to 

obtain the amount of chlorosilyl groups on silica surface (~0.9 mmol g-1). 

4.2.2.2 Preparation of Si-DETA 

Diethylenetriamine (0.500 mL) was dissolved in 0.500 mL of solvent (see Table 1, entries 1-

3) and Si-Cl was added (0.100 g). The suspension was heated under stirring in an oil bath (60 

°C for 12 h). When the reaction was performed in a US bath (40, 80 or 120 kHz, power 200 W), 

https://en.wikipedia.org/wiki/Silver_chloride
https://en.wikipedia.org/wiki/Silver_chloride
https://en.wikipedia.org/wiki/Potassium_chromate
https://en.wikipedia.org/wiki/Silver_chromate
https://en.wikipedia.org/wiki/Silver_chromate
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the suspension was irradiated for 2-4 h in toluene or in diethylenetriamine (see Table 1, 

entries 4-15). The modified silica was then filtered, washed with water, methanol and 

chloroform and dried under vacuum at room temperature for 12 h. 

4.2.2.3 Preparation of Si-DETA-CD 

6I-tosyl-β-CD (0.100 g, 0.077 mmol) was dissolved in DMF (1.7 mL) and Si-DETA (0.100 g) 

was added (Table 1, entries 16). The suspension was heated to 70 °C under magnetic stirring 

for 24 h. When the reaction was performed under US irradiation, the suspension reacted 4 h 

(power 200 W, frequency 80 kHz) (Table 1, entries 17). Silica was filtered, washed with water, 

methanol and chloroform, and dried under vacuum at room temperature for 12 h. 

4.2.2.4 Preparation of Si-NHCD 

6I-amino-6I-deoxy-β-CD (0.163 g, 0.14 mmol) was dissolved in DMF (2 mL) or water and 

then chlorinate silica (0.100 g) and pyridine (0.332 mL) were added (Table 1, entries 18-23). 

The suspension was either conventionally stirred at 60 °C for 12 h, or was irradiated in an US 

bath at 80 kHz for 2-4 h. Modified silica was filtered, washed with water, methanol and 

chloroform, and dried under vacuum at room temperature for 12 h. 

4.2.2.5 Preparation of Si-DiAm 

3-(2-Aminoethylamino)propyltrimethoxysilane (0.040 mL) was dissolved in toluene (1 mL) 

and silica SIPERNAT 320 (0.100 g) was added. The suspension was either heated under stirring 

in an oil bath (80 °C for 36 h) or the reaction was performed in a US bath (power 200 W, 

comparing 40 and 80 kHz as frequencies), as depicted in Table 2 (entries 1-5). Silica was 

filtered, washed with toluene and chloroform, and dried under vacuum at room temperature 

for 12 h. 

4.2.2.6 Preparation of Si-DiAm-CD 

6I-O-p-Toluenesulfonyl-β-CD (0.100 g, 0.077 mmol) was dissolved in DMF (1.5 mL) and Si-

DiAm (0.100 g) was added. The suspension was either heated to 60 °C and stirred for 60 h, or 

was irradiated by US (4 h, power 200 W, frequency 80 kHz) (entries 6-9 Table 3). The same 

procedure was repeated under MW and US combined irradiation: 1 g of Ts-CD was dissolved 

in 15 mL of DMF and 1 g of Si-DiAm was added. The suspension was heated at 100 °C for 4 h 

(average MW power 20 W, average US power 35 W). After cooling to room temperature, the 

modified silica was filtered, washed with water, methanol and chloroform, and dried under 

vacuum at room temperature for 12 h. 

4.2.2.7 Cyclodextrin-supported silica and copper complexation 

CD-supported silica (0.100 g) either Si-NH-CD; Si-DETA-CD, Si-diAm-CD were dispersed in 

0.675 mL of NaOH 0.5 M. The suspension was stirred for 1 min by US irradiation and 0.719 mL 

of CuSO4 0.08 M were added dropwise. The mixture was irradiated for 10 seconds in an US 

bath and was then filtered and washed thoroughly with water and methanol, and, finally, 

dried under vacuum at room temperature for 12 h. 

4.2.2.8 Click chemistry reaction 

Azide (0,0676 mmol, 1 eq) and terminal alkyne (1 eq) were dissolved in 0,500 µL of H2O : 

tBuOH (1:1). Solid supported catalyst Si-NHCD-Cu or Si-DETA-CD-Cu or Si-diAm-CD-Cu was 

added as described in Table 2. The reaction was heated up at 85 °C, for 1 h or under MW 
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irradiation (85°C) for 20 min. The resulting mixture was filtered, washed with methanol and 

chloroform. The solvent was removed under vacuum to afford the triazole. All products were 

confirmed by 1H NMR and GC-MS. 

4.2.2.9 Physico-chemical characterization 

Infrared spectra were recorded on a BRUKER FTIR-66 spectrophotometer with a resolution 

of 2 cm-1, using a DTGS detector. Measurements were carried out using a home-made cell 

allowing in situ thermal treatment and room temperature measurement. Thin self-supporting 

pellets for transmission measurements (around 10 mg/cm2) were prepared with a hydraulic 

press. Before the measurements the samples were outgassed at 80 °C for 2 h in the same cell 

used for the measurements. -CD and Cu-CD were measured after dilution in KBr, without 

thermal treatment (spectra not reported). 

UV-Vis-NIR spectra were recorded in the 2500-200 nm range at 1 nm resolution on Cary 

5000 UV-Vis-NIR spectrophotometer (Agilent) equipped with a Diffuse Reflectance 

attachment with integrating sphere coated by BaSO4. Prior to each measurement, a baseline 

spectrum was collected by using Teflon as a reference. Spectra are reported as relative 

reflectance (R%), defined as: 

R% = Rsample / Rreference ∙ 100 (3) 
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S-1. NMR Amino-derivatives 

Aniline (2.2a)446: 1H NMR (300 MHz, CDCl3) δ 7.26 (2H, t, J = 6 Hz), 6.86 (1H, t, J = 9 Hz), 6.76 

(2H, t, J = 6 Hz), 3.63 (2H, s) ppm; 13C NMR (75 MHz, CDCl3) δ 146.57, 129.30, 118.40, 115.12 

ppm. 

 
1H NMR (300 MHz, CDCl3) of Aniline (Table 9, Entry 1) (Table 11, Entry 1) (Table 23, Entry 1) 

 
13C-NMR (75 MHz, CDCl3) of Aniline (Table 9, Entry 1) (Table 11, Entry 1) (Table 23, Entry 1) 
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p-Bromoaniline (2.2b)447: 1H NMR (300 MHz, CDCl3) δ 7.24 – 7.23 (2H, d, J = 9 Hz), 6.57-

6.56 (2H, d, J = 9 Hz) ppm; 13C NMR (75 MHz, CDCl3) δ 145.07, 132.64, 117.36, 110.80 ppm.  

 
1H NMR (300 MHz, CDCl3) of p-Bromoaniline (Table 9, Entry 2) (Table 23, Entry 2) 

 
13C-NMR (75 MHz, CDCl3) of p-Bromoaniline (Table 9, Entry 2) (Table 23, Entry 2). 



Supporting Information 

SI-5 
 

p-Iodooaniline (2.2c)448: 1H NMR (300 MHz, CDCl3) δ 7.40 (2H, d, J = 9 Hz), 6.47(2H, d, J = 9 

Hz) ppm; 13C NMR (75 MHz, CDCl3) δ 146.47, 138.32, 117.72, 79.80. ppm. 

 
1H NMR (300 MHz, CDCl3) of p-Iodoaniline (Table 9, Entry 3). 

 
13C-NMR (75 MHz, CDCl3) of p-Iodoaniline (Table 9, Entry 3) 



Supporting Information 

SI-6 
 

p-Chloroaniline (2.2d)446: 1H NMR (300 MHz, CDCl3) δ 7.10 (2H, d, J = 9 Hz), 6.61 (2H, d, J = 

9 Hz) ppm; 13C NMR (75 MHz, CDCl3) δ 145.27, 129.51, 123.61, 116.69 ppm. 

 
1H NMR (300 MHz, CDCl3) of p-Chloroaniline (Table 9, Entry 4) (Table 23, Entry 3). 

 

13C-NMR (75 MHz, CDCl3) of p-Chloroaniline (Table 9, Entry 4) (Table 23, Entry 3). 



Supporting Information 

SI-7 
 

p-Aminophenol (2.2e)447: 1H NMR (300 MHz, DMSO-d6) δ 6.54- 6.45 (4H, m) ppm; 13C NMR 

(75 MHz, DMSO-d6) δ 149.47, 140.89, 116.48 ppm. 

 
1H NMR (300 MHz, DMSO-d6) of p-Aminophenol (Table 9, Entry 5) (Table 23, Entry 4). 

 

13C-NMR (75 MHz, DMSO-d6) of p-Aminophenol (Table 9, Entry 5) (Table 23, Entry 4). 



Supporting Information 

SI-8 
 

Benzene-1,4-diamine (2.2f)(2.2g)449: 1H NMR (300 MHz, CDCl3) δ (4H, s) 6.56 ppm; 13C NMR 

(75 MHz, CDCl3) δ 138.98, 117.11 ppm. 

 
1H NMR (300 MHz, CDCl3) of benzene-1,4-diamine (Table 9, Entry 6). 

 
13C-NMR (75 MHz, CDCl3) of benzene-1,4-diamine (Table 9, Entry 6).  



Supporting Information 

SI-9 
 

3-Aminopiridine (2.2h)450: 1H NMR (300 MHz, CDCl3) δ 8.10- 8.01 (2H, m), 7.10- 7.06 (1H, 

m), 6.99-6.96 (1H,m), 3.51 (2H,s) ppm; 13C NMR (75 MHz, CDCl3) δ 142.88, 140.14, 137.60, 

124.13, 121.94 ppm 

 
1H NMR (300 MHz, CDCl3) of 3-Aminopiridine (Table 9, Entry 8) (Table 23, Entry 13). 

 

13C-NMR (75 MHz, CDCl3) of 3-Aminopiridine (Table 9, Entry 8) (Table 23, Entry 13). 



Supporting Information 

SI-10 
 

p-Aminoacetophenone (2.2i)447: 1H NMR (300 MHz, CDCl3) δ 7.80 (2H, d, J = 9 Hz), 6.64(2H, 

d, J = 9 Hz), 2.50 (3H, s) ppm; 13C NMR (75 MHz, CDCl3) δ 196.85, 151.38, 131.13, 129.76, 

114.07, 26.44 ppm. 

 
1H NMR (300 MHz, CDCl3) of p-Aminoacetophenone (Table 9, Entry 9) (Table 23, Entry 7). 

 
13C-NMR (75 MHz, CDCl3) of p-Aminoacetophenone (Table 9, Entry 9) (Table 23, Entry 7). 



Supporting Information 

SI-11 
 

5-Aminoindole (2.2j)447: 1H NMR (600 MHz, ) δ 7.96 (s, 1H), 7.20 (d, J = 8.5 Hz, 1H), 7.13 (t, 

J = 2.7 Hz, 1H), 6.95 (d, J = 1.9 Hz, 1H), 6.67 (dd, J = 8.5, 2.1 Hz, 1H), 6.38 (s, 1H), 3.49 (d, J = 2.6 

Hz, 2H).; 13C NMR (151 MHz, CDCl3) δ 139.62, 130.74, 128.87, 124.77, 113.04, 111.58, 105.62, 

101.66 ppm. 

 

1H NMR (600 MHz, CDCl3) of 5-Aminoindole (Table 9, Entry 10) (Table 23, Entry 12). 

 

13C-NMR (151 MHz, CDCl3) of 5-Aminoidole (Table 9, Entry 10) (Table 23, Entry 12). 



Supporting Information 

SI-12 
 

1-Naphthylamine (2.2k)447:1H NMR (600 MHz, CDCl3) δ 7.81 (ddd, J = 9.5, 6.3, 4.8 Hz, 2H), 

7.49 – 7.42 (m, 2H), 7.30 (dt, J = 8.2, 7.7 Hz, 2H), 6.80 (dd, J = 7.2, 1.2 Hz, 1H), 4.70 – 3.75 (m, 

2H).; 13C NMR (151 MHz, CDCl3 ) δ 142.32, 134.70, 128.86, 126.63, 126.15, 125.18, 123.97, 

121.09, 119.32, 110.02. 

 
1H NMR (300 MHz, CDCl3) of 1-Naphthylamine (Table 9, Entry 11) (Table 11, Entry 4) (Table 23, Entry 11). 

 
13C-NMR (151 MHz, CDCl3) of 1-Naphthylamine (Table 9, Entry 11) (Table 11, Entry 4) (Table 23, Entry 11). 



Supporting Information 

SI-13 
 

p-Aminoanisole (2.2l)446: 1H NMR (300 MHz, CDCl3) δ 6.75 (2H, d, J = 9.4 Hz), 6.66 (2H, d, J = 

9.3 Hz), 3.75 (s, 3H) ppm; 13C NMR (151 MHz, CDCl3) δ 153.62, 139.42, 117.26, 115.25, 56.16 

ppm. 

 

 1H NMR (600 MHz, CDCl3) of p-aminoanisole (Table 11, Entry 2) (Table 23, Entry 5). 

 
13C-NMR (151 MHz, CDCl3) of p-Aminoanisole (Table 11, Entry 2) (Table 23, Entry 5). 



Supporting Information 

SI-14 
 

o-Toluidine (2.2m)447: 1H NMR (300 MHz, CDCl3) δ 7.07-7.02 (2H, m), 6.77- 6.67 (2H, m), 

2.18 (3H, s) ppm; 13C NMR (75 MHz, CDCl3) δ 144.85, 130.76, 127.28, 122.64, 118.94, 115.23, 

17.68 ppm.  

 

 1H NMR (600 MHz, CDCl3) of o-Toluidine (Table 11, Entry 3). 

 
13C-NMR (75 MHz, CDCl3) of o-Toluidine (Table 11, Entry 3).  
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SI-15 
 

2-Chloroaniline (2.2n)451: 1H NMR (300 MHz, CDCl3) δ 7.25-22 (1H, m), 7.06 (1H, t, J = 6 Hz), 

6.76 (1H, d, J = 6 Hz), 6.68 (1H, t, J = 6 Hz) ppm; 13C NMR (75 MHz, CDCl3) δ 143.11, 129.64, 

127.85, 119.25, 116.09 ppm.  

 
1H NMR (600 MHz, CDCl3) of 2-Chloroaniline (Table 11, Entry 5). 

 
13C-NMR (75 MHz, CDCl3) of 2-Chloroaniline (Table 11, Entry 5). 



Supporting Information 

SI-16 
 

p-Aminotoluene (2.2o)446: 1H NMR (600 MHz, CDCl3) δ 6.96 (2H, d, J = 18 Hz) 6.61 (2H, d, J 

=12 Hz), 2.23 (3H, s) ppm; 13C NMR (151 MHz, CDCl3 ) δ 143.64, 129.84, 128.04, 115.43, 20.55 

 
1H NMR (300 MHz, CDCl3) of p-Aminotoluene (Table 23, Entry 6). 

 

13C-NMR (151 MHz, CDCl3) of p-Aminotoluene (Table 23, Entry 6). 
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SI-17 
 

4-(N-piperidinocarbonyl)aniline (2.2p)452: 1H NMR (600 MHz, CDCl3) δ 7.25 (d, J = 8.4 Hz, 

2H), 6.72 (d, J = 8.5 Hz, 2H), 3.53 (s, 4H), 1.68 – 1.65 (m, 2H), 1.58 (s, 4H). ppm; 13C NMR (151 

MHz, ) δ 170.74, 146.32, 129.01, 127.05, 115.28, 24.76 ppm. 

 
1H NMR (600 MHz, CDCl3) of 4-(N-piperidinocarbonyl)aniline (Table 23, Entry 8). 

 

13C-NMR (151 MHz, CDCl3) of 4-(N-piperidinocarbonyl)aniline (Table 23, Entry 8). 
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SI-18 
 

4-carboxamidopyrrolidinophenyl-aniline (2.2q)452: 1H NMR (600 MHz, CDCl3) δ 7.39 (d, J = 

8.5 Hz, 2H), 6.72 (d, J = 8.4 Hz, 2H), 3.54 (d, J = 75 Hz, 4H), 1.88 (dd, J = 40.4, 4.6 Hz, 4H) ppm; 
13C NMR (151 MHz, CDCl3) δ 169.85, 148.22, 129.38, 126.86, 114.02, 49.96, 46.44, 26.65, 24.55 

ppm. 

 
1H NMR (600 MHz, CDCl3) of 4-carboxamidopyrrolidinophenyl-aniline (Table 23, Entry 9). 

 

13C-NMR (151 MHz, CDCl3) of 4-carboxamidopyrrolidinophenyl-aniline (Table 23, Entry 9). 



Supporting Information 

SI-19 
 

N,N-dimethylbenzene-1,4-diamine (2.2r)453: 1H NMR (600 MHz, CDCl3) δ 6.68 (4H, dd, J = 

20.7, 8.9 Hz), 3.34 (s, 2H), 2.83 (6H, s) ppm; 13C NMR (151 MHz, CDCl3 ) δ 144.95, 137.97, 

116.68, 115.68, 42.22 ppm. 

 
1H NMR (600 MHz, CDCl3) of N,N-dimethylbenzene-1,4-diamine (Table 23, Entry 10). 

 
13C-NMR (151 MHz, CDCl3) of N,N-dimethylbenzene-1,4-diamine (Table 23, Entry 10). 



Supporting Information 

SI-20 
 

3-Chloroaniline (2.2s)449: 1H NMR (600 MHz, CDCl3 ) δ 7.05 (t, J = 8.0 Hz, 1H), 6.71 (dd, J = 

7.9, 0.9 Hz, 1H), 6.66 (t, J = 1.9 Hz, 1H), 6.53 (dd, J = 8.1, 1.9 Hz, 1H), 3.60 (d, J = 3.4 Hz, 2H) 

ppm; 13C NMR (151 MHz, CDCl3) δ 147.72, 134.92, 130.42, 118.56, 115.02, 113.30 ppm. 

 
1H NMR (600 MHz, CDCl3) of 3-Chloroaniline (Table 23, Entry 14). 

 
13C-NMR (151 MHz, CDCl3) of 3-Chloroaniline (Table 23, Entry 14). 
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SI-21 
 

m-aminoanisole (2.2t)454: 1H NMR (600 MHz, CDCl3) δ 7.07 (t, J = 8.0 Hz, 1H), 6.34 (dd, J = 

8.2, 2.0 Hz, 1H), 6.30 (dd, J = 7.9, 1.5 Hz, 1H), 6.25 (t, J = 2.2 Hz, 1H), 3.77 (s, 3H), 3.59 (s, 2H) 

ppm; 13C NMR (151 MHz, CDCl3) δ 160.85, 147.85, 130.21, 108.05, 104.08, 101.20, 55.18 ppm. 

 
1H NMR (600 MHz, CDCl3) of m-aminoanisole (Table 23, Entry 15). 

 
13C-NMR (151 MHz, CDCl3) of m-aminoanisole (Table 23, Entry 15). 



Supporting Information 

SI-22 
 

m-toluidine (2.2u)455: 1H NMR (600 MHz, CDCl3) δ 7.08 (t, J = 7.7 Hz, 1H), 6.65 – 6.59 (m, 

1H), 6.54 (dd, J = 9.9, 4.2 Hz, 2H), 3.52 (s, 2H), 2.30 (s, 3H) ppm ; 13C NMR (151 MHz, CDCl3) δ 

146.36, 139.24, 129.28, 119.63, 116.09, 112.42, 21.55 ppm. 

 
1H NMR (600 MHz, CDCl3) of m-toluidine (Table 23, Entry 16). 

 

 13C-NMR (151 MHz, CDCl3) of m-toluidine (Table 23, Entry 16). 



Supporting Information 

SI-23 
 

3-bromoaniline (2.2v)447: 1H NMR (600 MHz, CDCl3) δ 7.00 (t, J = 8.0 Hz, 1H), 6.87 (ddd, J = 

7.9, 1.8, 0.9 Hz, 1H), 6.83 (t, J = 2.1 Hz, 1H), 6.59 (ddd, J = 8.1, 2.2, 0.9 Hz, 1H), 3.70 (s, 2H) 

ppm; 13C NMR (151 MHz, CDCl3) δ 147.86, 130.69, 123.12, 121.46, 117.90, 113.70 ppm. 

 
1H NMR (600 MHz, CDCl3) of 3-bromoaniline (Table 23, Entry 17). 

 
13C-NMR (151 MHz, CDCl3) of 3-bromoaniline (Table 23, Entry 17).



Supporting Information 

SI-24 
 

Tert-butyl (4-hydroxyphenyl)carbamate (2.2w 456: 1H NMR (600 MHz, CDCl3) δ 7.14 (d, J = 

3.9 Hz, 2H), 6.64 (d, J = 8.7 Hz, 2H), 6.27 (s, 1H), 3.55 (s, 2H), 1.50 (s, 9H).ppm; 13C NMR (151 

MHz, CDCl3) ppm. 

 
1H NMR (600 MHz, CDCl3) of Tert-butyl (4-hydroxyphenyl)carbamate (Table 23, Entry 18). 

 
13C-NMR (151 MHz, CDCl3) of Tert-butyl (4-hydroxyphenyl)carbamate (Table 23, Entry 18). 



Supporting Information 

SI-25 
 

S-2. NMR Alkyl amines derivatives 

Benzylamine (2.15a)457: 1H NMR (300 MHz, CDCl3) δ 7.24-7.10 (5H, m), 3.70 (2H, s) ppm; 
13C NMR (75 MHz, CDCl3) δ 143.16, 128.29, 126.87, 126.53, 46.23.  

 
1H NMR (300 MHz, CDCl3) of Benzylamine (Table 12, Entry 1) 

 
13C-NMR (75 MHz, CDCl3) of Benzylamine (Table 12, Entry 1).  



Supporting Information 

SI-26 
 

1-Phenylethylamine (2.15b)458: 1H NMR (300 MHz, CDCl3) δ 7.37-7.24 (5H, m), 4.13 (1H, q, 

J = 6 Hz), 1.40 (3H, d, J = 9 HZ) ppm; 13C NMR (75 MHz, CDCl3) δ 147.69, 128.92, 127.31, 126.1, 

51.75, 25.85 ppm.  

 
1H NMR (300 MHz, CDCl3) of 1-Phenylethylamine (Table 12, Entry 2). 

 
13C-NMR (75 MHz, CDCl3) of 1-Phenylethylamine (Table 12, Entry 1).  



Supporting Information 

SI-27 
 

3-Chlorobenzylamine (2.15c)459: 1H NMR (300 MHz, CDCl3) δ 7.33-7.30 (1H, m), 7.28- 7.19 

(3H, m), 3.87 (2H, s) ppm; 13C NMR (75 MHz, CDCl3) δ 145.57, 134.64, 130.08, 127.52, 127.20, 

125.48, 77.36, 46.25 ppm.  

 
1H NMR (300 MHz, CDCl3) of 3-Chlorobenzylamine (Table 12, Entry 3). 

 
13C-NMR (75 MHz, CDCl3) of 3-Chlorobenzylamine (Table 12, Entry 3).  



Supporting Information 

SI-28 
 

3-Methoxybenzylamine (2.15e)460: 1H NMR (300 MHz, CDCl3) δ 7.16 (1H, t, J =6 Hz), 6.81-

6.79 (2H, m), 6.72- 6.68 (1H, m), 3.96 (2H, s), 3.72 (3H, s) ppm; 13C NMR (75 MHz, CDCl3) δ 

160.24, 129.96, 119.73, 112.98, 112.64, 55.60, 46.84 ppm.  

 
1H NMR (300 MHz, CDCl3) of 3-Methoxybenzylamine (Table 12, Entry 5) 

 
13C-NMR (75 MHz, CDCl3) of 3-Methoxybenzylamine (Table 12, Entry 5).  



Supporting Information 

SI-29 
 

3-Benzyloxypropylamine (2.15f)461: 1H NMR (300 MHz, CDCl3) δ 7.30-7.19 (5H, m), 4.43 

(2H, s), 3.48 (2H, t, J = 6 Hz), 2.68 (2H, t, J = 6 Hz), 1.70 (2H, q, J = 6 Hz) ppm; 13C NMR (75 MHz, 

CDCl3) δ 138.68, 128.69, 127.93, 127.88, 73.29, 68.60, 39.72, 33.16.  

 
1H NMR (300 MHz, CDCl3) of 3-Benzyloxypropylamine (Table 12, Entry 6).

 
13C-NMR (75 MHz, CDCl3) of 3-Benzyloxypropylamine (Table 12, Entry 6).   



Supporting Information 

SI-30 
 

1-Octanamine (2.15g)459: 1H NMR (300 MHz, CDCl3) δ 2.67 (2H, t, J = 9Hz), 1.43-1.40 (2H, 

m), 1.27 (10H, m), 0.87 (3H, t, J = 6 Hz) ppm; 13C NMR (75 MHz, CDCl3) δ 42.63, 34.18, 32.23, 

29.86, 29.69, 27.29, 23.05, 14.49 ppm. 

  
1H NMR (300 MHz, CDCl3) of 1-Octanamine (Table 12, Entry 7). 

 
13C-NMR (75 MHz, CDCl3) of 1-Octanamine (Table 12, Entry 7).  



Supporting Information 

SI-31 
 

1,6-Diaminohexane (2.15h)462: 1H NMR (300 MHz, CDCl3) δ 2.41 (4H, t, J = 6 Hz), 1.54 (4H, q, 
J = 3 Hz), 1.31 (4H, q, J = 3 Hz) ppm; 13C NMR (75 MHz, CDCl3) δ 42.35, 33.98, 27.00 ppm. 

 

1H NMR (300 MHz, CDCl3) of 1,6-Diaminohexane (Table 12, Entry 8). 

 

13C-NMR (75 MHz, CDCl3) of 1,6-Diaminohexane (Table 12, Entry 8).  



Supporting Information 

SI-32 
 

1,8-Diaminooctane (2.15i)463: 1H NMR (300 MHz, D2O) δ 2.58 (4H, t, J = 6 Hz), 1.43- 1.38 

(4H, m), 1.28 (8H, m) ppm; 13C NMR (75 MHz, D2O) δ 40.84, 31.77, 28.88, 26.37 ppm.  

 
1H NMR (300 MHz, D2O) of 1,8-Diaminooctane (Table 12, Entry 9). 

 
13C-NMR (75 MHz, D2O) of 1,8-Diaminooctane (Table 12, Entry 9).  



Supporting Information 

SI-33 
 

6-Amino-1-hexanol (2.15j)464: 1H NMR (300 MHz, CDCl3) δ 3.54 (2H, t, J = 6 Hz), 2.68 (2H, t, 

J = 6 Hz), 1.53-1.30 (8H, m) ppm; 13C NMR (75 MHz, CDCl3) δ 62.58, 42.32, 33.17, 33.12, 27.00, 

26.03 ppm.  

 

1H NMR (300 MHz, CDCl3) of 6-Amino-1-hexanol (Table 12, Entry 10). 

 
13C-NMR (75 MHz, CDCl3) of 6-Amino-1-hexanol (Table 12, Entry 10).  



Supporting Information 

SI-34 
 

10-Undecen-1-amine (2.15k)465: 1H NMR (300 MHz, CDCl3) δ 5.86- 5.73 (1H, m), 5.00-4.89 

(2H, m), 2.66 (2H, t, J = 6Hz), 2.02 (2H, q, J = 6 Hz), 1.82- 1.60 (2H, m), 1.44-1.24 (12H, m) ppm; 
13C NMR (75 MHz, CDCl3) δ 139.54, 114.41, 42.50, 34.12, 32.23, 29.89, 29.44, 29.24, 27.20 

ppm. 

 

1H NMR (300 MHz, CDCl3) of 10-Undecen-1-amine (Table 12, Entry 11).  

13C-NMR (75 MHz, CDCl3) of 10-Undecen-1-amine (Table 12, Entry 11).  



Supporting Information 

SI-35 
 

S-3. NMR Azo-derivatives 

(E)-1,2-Diphenyldiazene (2.19a)167: 1H NMR (600 MHz, CDCl3) δ 7.93 (dd, J = 8.4, 1.2 Hz, 

4H), 7.55 – 7.50 (m, 4H), 7.48 (d, J = 7.2 Hz, 2H) ppm; 13C NMR (151 MHz, CDCl3) δ 153.01, 

131.34, 129.44, 123.19 ppm. 

 
1H NMR (600 MHz, CDCl3) of (E)-1,2-diphenyldiazene (Table 24, Entry 1) 

 

13C-NMR (151 MHz, CDCl3) of (E)-1,2-diphenyldiazene (Table 24, Entry 1) 



Supporting Information 

SI-36 
 

(E)-1,2-Di-p-tolyldiazene (2.19b)167: 1H NMR (600 MHz, CDCl3) δ 7.81 (d, J = 8.3 Hz, 4H), 

7.30 (d, J = 8.4 Hz, 4H), 2.43 (s, 6H) ppm; 13C NMR (151 MHz, CDCl3) δ 151.13, 141.56, 130.05, 

123.06, 21.83 ppm. 

 

1H NMR (600 MHz, CDCl3) of (E)-1,2-di-p-tolyldiazene (Table 24, Entry 2) 

 

13C-NMR (151 MHz, CDCl3) of (E)-1,2-di-p-tolyldiazene (Table 24, Entry 2) 



Supporting Information 

SI-37 
 

(E)-1,2-bis(4-chlorophenyl)diazene (2.19c)167: 1H NMR (600 MHz, CDCl3) δ 7.87 (d, J = 8.9 

Hz, 4H), 7.50 (d, J = 8.9 Hz, 4H); 13C NMR (151 MHz, CDCl3) δ 150.71, 137.21, 129.41, 124.22 

ppm. 

 

1H NMR (600 MHz, CDCl3) of (E)-1,2-bis(4-chlorophenyl)diazene (Table 24, Entry 4) 

 
13C-NMR (151 MHz, CDCl3) of (E)-1,2-bis(4-chlorophenyl)diazene (Table 24, Entry 3) 



Supporting Information 

SI-38 
 

(E)-1,2-bis(4-bromophenyl)diazene (2.19d)167: 1H NMR (600 MHz, CDCl3) δ 7.81 - 7.75 (m, 

4H), 7.68 – 7.61 (m, 4H) ppm; 13C NMR (151 MHz, CDCl3) δ 151.23, 132.50, 125.85, 124.51 

ppm. 

 

1H NMR (600 MHz, CDCl3) of (E)-1,2-bis(4-bromophenyl)diazene (Table 24, Entry 4) 

 
13C-NMR (151 MHz, CDCl3) of (E)-1,2-bis(4-bromophenyl)diazene (Table 24, Entry 4) 



Supporting Information 

SI-39 
 

(E)-1,2-Bis(4-methoxyphenyl)diazene (2.19e)167: 1H NMR (600 MHz, CDCl3) δ 7.89 (d, J = 

9.0 Hz, 4H), 7.01 (d, J = 9.0 Hz, 4H), 3.89 (s, 6H) ppm; 13C NMR (151 MHz, CDCl3) δ 161.73, 

146.99, 124.51, 114.27, 55.66 ppm. 

 
1H NMR (600 MHz, CDCl3) of (E)-1,2-Bis(4-methoxyphenyl)diazene (Table 24, Entry 5) 

 

13C-NMR (151 MHz, CDCl3) of (E)-1,2-Bis(4-methoxyphenyl)diazene (Table 24, Entry 5) 
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SI-40 
 

(E)-4,4'-(diazene-1,2-diyl)bis(N,N-dimethylaniline) (2.19f)466: 1H NMR (600 MHz, CDCl3) δ 

8.13 (d, J = 9.4 Hz, 4H), 6.60 (d, J = 9.4 Hz, 4H), 3.11 (s, 12H) ppm; 13C NMR (151 MHz, CDCl3) δ 

126.21, 110.30, 40.36 ppm. 

 

1H NMR (600 MHz, CDCl3) of 4,4'-(diazene-1,2-diyl)bis(N,N-dimethylaniline) (Table 24, Entry 6) 

 

13C-NMR (151 MHz, CDCl3) of 4,4'-(diazene-1,2-diyl)bis(N,N-dimethylaniline) (Table 24, Entry 6) 
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SI-41 
 

(E)-1,2-di-m-tolyldiazene (2.19g)167: 1H NMR (600 MHz, CDCl3) δ 7.74 (d, J = 6.3 Hz, 4H), 

7.42 (t, J = 8.0 Hz, 2H), 7.30 (d, J = 7.5 Hz, 2H), 2.47 (s, 6H) ppm; 13C NMR (151 MHz, CDCl3) δ 

152.88, 139.07, 131.79, 128.99, 122.95, 120.57, 21.47 ppm. 

 
1H NMR (600 MHz, CDCl3) of (E)-1,2-di-m-tolyldiazene (Table 24, Entry 7) 

 
13C-NMR (151 MHz, CDCl3) of (E)-1,2-di-m-tolyldiazene (Table 24, Entry 7) 



Supporting Information 

SI-42 
 

(E)-1,2-bis(3-chlorophenyl)diazene (2.19h)370: 1H NMR (600 MHz, CDCl3) δ 7.90 (s, 2H), 7.84 

(d, J = 3.9 Hz, 2H), 7.47 (dd, J = 3.8, 1.9 Hz, 4H) ppm; 13C NMR (151 MHz, CDCl3) δ 153.20, 

135.32, 131.30, 130.30, 122.73, 121.97 ppm. 

 
1H NMR (600 MHz, CDCl3) of (E)-1,2-bis(3-chlorophenyl)diazene (Table 24, Entry 8) 

 
13C-NMR (151 MHz, CDCl3) of (E)-1,2-bis(3-chlorophenyl)diazene (Table 24, Entry 8) 
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SI-43 
 

(E)-1,2-bis(3-bromophenyl)diazene (2.19i)370: 1H NMR (600 MHz, CDCl3) δ 8.07 – 8.02 (m, 

2H), 7.87 (ddd, J = 7.9, 1.6, 1.0 Hz, 2H), 7.64 – 7.58 (m, 2H), 7.44 – 7.38 (m, 2H) ppm; 13C NMR 

(151 MHz, CDCl3) δ 153.25, 134.21, 130.61, 124.81, 123.32 ppm 

 
1H NMR (600 MHz, CDCl3) of (E)-1,2-bis(3-bromophenyl)diazene (Table 24, Entry 9) 

 
13C-NMR (151 MHz, CDCl3) of (E)-1,2-bis(3-bromophenyl)diazene (Table 24, Entry 9) 
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(E)-1,2-bis(3-methoxyphenyl)diazene (2.19j)370: 1H NMR (600 MHz, CDCl3) δ 7.56 (d, J = 7.8 

Hz, 2H), 7.45 (dt, J = 16.0, 5.0 Hz, 4H), 7.05 (dd, J = 8.2, 1.9 Hz, 2H), 3.91 (s, 6H) ppm; 13C NMR 

(151 MHz, CDCl3) δ 160.42, 153.88, 129.87, 117.98, 117.25, 105.81, 55.57 ppm. 

 
1H NMR (600 MHz, CDCl3) of (E)-1,2-bis(3-methoxyphenyl)diazene (Table 24, Entry 10) 

 
13C-NMR (151 MHz, CDCl3) of (E)-1,2-bis(3-methoxyphenyl)diazene (Table 24, Entry 10) 



Supporting Information 

SI-45 
 

S-4. NMR alkynes-derivatives 

1-nitro-4-(phenylethynyl)benzene467: 1H NMR (600 MHz, CDCl3) δ 8.24 – 8.21 (m, 2H), 7.69 

– 7.65 (m, 2H), 7.56 (dd, J = 7.3, 2.4 Hz, 2H), 7.42 – 7.37 (m, 3H). 

 
1H NMR (600 MHz, CDCl3) of 1-nitro-4-(phenylethynyl)benzene 

1-methoxy-4-(phenylethynyl)benzene467: 1H NMR (600 MHz, CDCl3) δ 7.53 – 7.50 (m, 2H), 

7.49 – 7.46 (m, 2H), 7.36 – 7.30 (m, 3H), 6.88 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H). 

 
1H NMR (600 MHz, CDCl3) of 1-methoxy-4-(phenylethynyl)benzene  
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1-methyl-4-(phenylethynyl)benzene467: 1H NMR (600 MHz, CDCl3) δ 7.54 (dd, J = 7.9, 1.6 

Hz, 3H), 7.44 (d, J = 8.1 Hz, 3H), 7.35 (dd, J = 7.3, 1.4 Hz, 5H), 7.17 (d, J = 7.8 Hz, 3H), 2.38 (s, 

5H). 

 
1H NMR (600 MHz, CDCl3) of 1-methyl-4-(phenylethynyl)benzene. 

1-(4-(2-Phenylethynyl)phenyl)ethanone468:1H NMR (600 MHz, CDCl3) δ 7.94 (d, J = 8.6 Hz, 

2H), 7.61 (d, J = 8.6 Hz, 2H), 7.55 (dd, J = 6.6, 3.0 Hz, 2H), 7.41 – 7.35 (m, 3H), 2.62 (s, 3H). 

 
1H NMR (600 MHz, CDCl3) of 1-(4-(2-Phenylethynyl)phenyl)ethanone.  
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1-nitro-2-(phenylethynyl)benzene469: 1H NMR (600 MHz, ) δ 8.64 (d, J = 7.1 Hz, 2H), 7.71 – 

7.66 (m, 2H), 7.66 – 7.63 (m, 1H), 7.51 (dddd, J = 14.4, 13.6, 6.7, 3.9 Hz, 4H). 

 
1H NMR (600 MHz, CDCl3) of 1-nitro-2-(phenylethynyl)benzene. 

1-methyl-2-(phenylethynyl)benzene469: 1H NMR (600 MHz, CDCl3) δ 7.60 – 7.55 (m, 2H), 

7.53 (d, J = 7.5 Hz, 1H), 7.40 – 7.34 (m, 3H), 7.29 – 7.24 (m, 2H), 7.24 – 7.16 (m, 1H), 2.55 (s, 

3H). 

 
1H NMR (600 MHz, CDCl3) of 1-methyl-2-(phenylethynyl)benzene.  
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1-methoxy-2-(phenylethynyl)benzene469: 1H NMR (600 MHz, CDCl3) δ 7.60 – 7.55 (m, 2H), 

7.54 – 7.49 (m, 1H), 7.38 – 7.30 (m, 4H), 6.95 (td, J = 7.5, 1.0 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 

3.92 (s, 3H). 

 
1H NMR (600 MHz, CDCl3) of 1-methoxy-2-(phenylethynyl)benzene. 

1-Chloro-4-(2-phenylethynyl)benzene470: 1H NMR (600 MHz, CDCl3) δ 7.52 (dt, J = 3.6, 3.0 

Hz, 3H), 7.40 (d, J = 7.4 Hz, 1H), 7.37 – 7.34 (m, 3H), 7.32 – 7.24 (m, 2H). 

 
1H NMR (600 MHz, CDCl3) of 1-Chloro-4-(2-phenylethynyl)benzene.
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1-methoxy-3-(phenylethynyl)benzene471: 1H NMR (600 MHz, CDCl3) δ 7.55 – 7.53 (m, 2H), 

7.38 – 7.33 (m, 3H), 7.28 – 7.24 (m, 1H), 7.15 – 7.13 (m, 1H), 7.07 (dd, J = 2.6, 1.4 Hz, 41), 6.90 

(ddd, J = 8.3, 2.6, 1.0 Hz, 1H), 3.83 (s, 3H). 

 
1H NMR (600 MHz, CDCl3) of 1-methoxy-3-(phenylethynyl)benzene. 

1,3-dimethyl-2-(phenylethynyl)benzene469: 1H NMR (600 MHz, ) δ 7.57 – 7.51 (m, 2H), 7.40 

– 7.30 (m, 3H), 7.15 – 7.10 (m, 1H), 7.07 (dd, J = 7.3, 0.5 Hz, 2H), 2.52 (s, 6H). 

 
1H NMR (600 MHz, CDCl3) of 1,3-dimethyl-2-(phenylethynyl)benzene.
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1,4-diethoxybut-2-yne: 1H NMR (600 MHz, CDCl3) δ 4.06 (s, 2H), 3.45 (q, J = 7.0 Hz, 2H), 

1.10 (t, J = 7.0 Hz, 3H). 

 
1H NMR (600 MHz, CDCl3) of 1,4-diethoxybut-2-yne. 

1,4-bis(benzyloxy)but-2-yne472: 1H NMR (600 MHz, CDCl3) δ 7.38 – 7.32 (m, 8H), 7.30 (td, J 

= 5.6, 2.4 Hz, 2H), 4.61 (s, 4H), 4.24 (s, 4H). 

 
1H NMR (600 MHz, CDCl3) of 1,4-bis(benzyloxy)but-2-yne. 
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4-phenylbut-3-yn-1-ol473: 1H NMR (600 MHz, CDCl3) δ 7.45 – 7.38 (m, 2H), 7.32 – 7.27 (m, 

3H), 3.82 (q, J = 6.1 Hz, 2H), 2.70 (t, J = 6.3 Hz, 2H), 1.88 (t, J = 6.1 Hz, 1H). 

 
1H NMR (600 MHz, CDCl3) of 4-phenylbut-3-yn-1-ol. 

11-phenyl-undec-10-yn-1-ol474: 1H NMR (600 MHz, CDCl3) δ 7.39 – 7.28 (m, 2H), 7.27 – 7.24 

(m, 3H), 3.63 (t, J = 6.7 Hz, 2H), 2.39 (t, J = 7.1 Hz, 2H), 1.57 (ddd, J = 14.4, 10.1, 4.9 Hz, 2H), 

1.48 – 1.39 (m, 1H), 1.32 (d, J = 8.5 Hz, 4H). 

 
1H NMR (600 MHz, CDCl3) of 11-phenyl-undec-10-yn-1-ol.
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S-5. NMR (Z)-alkenes-derivatives 

Cis stilben (2.26a)475: 1H NMR (600 MHz, CDCl3) δ 7.26 - 7.19 (m, 10H), 6.60 (s, 2H); 13C NMR 

(151 MHz, CDCl3) δ 137.62, 130.63, 129.26, 128.60, 127.47 ppm. 

 

Figure 3. 1H NMR (300 MHz, CDCl3) of Aniline (Table 3, Entry 1) 

 

Figure 4. 13C-NMR (75 MHz, CDCl3) of Aniline (Table 3, Entry 1) 
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(Z)- 4-styrylbenzenamine (2.26b) 476: 1H NMR (600 MHz, CDCl3) δ 7.30 (d, J = 7.5 Hz, 2H), 

7.23 (t, J = 7.5 Hz, 2H), 7.18 (d, J = 7.3 Hz, 1H), 7.07 (d, J = 8.5 Hz, 2H), 6.55 (d, J = 8.4 Hz, 2H), 

6.46 (d, J = 14.1 Hz, 2H) ppm; 13C NMR (151 MHz, CDCl3) δ 138.03, 130.24, 130.18, 128.89, 

128.25, 127.84, 127.74, 127.73, 126.78, 114.85 ppm.  

 
1H NMR (600 MHz, CDCl3) of (Z)- 4-styrylbenzenamine (Table 25, Entry 2) 

 
13C-NMR (151 MHz, CDCl3) of (Z)-4-styrylaniline (Table 25, Entry 2). 
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(Z)-1-(4-methoxystyryl)benzene (2.26c)476: 1H NMR (600 MHz, CDCl3) δ 7.29 – 7.20 (m, 7H), 

6.77 – 6.79 (m, 2H), 6.54 (d, 2H), 3.80 (s, 3H) ppm; 13C NMR (151 MHz, CDCl3) δ 158.76, 137.71, 

130.25, 129.86, 128.91, 128.85, 128.33, 127.00, 113.67, 55.28 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1-(4-methoxystyryl)benzene (Table 25, Entry 3). 

 
13C-NMR (151 MHz, CDCl3) of (Z)-1-(4-methoxystyryl)benzene (Table 25, Entry 3). 
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(Z)-1-methyl-4-styrylbenzene (2.26d)380: 1H NMR (600 MHz, CDCl3) δ 7.30 – 7.26 (m, 2H), 

7.24 (ddd, J = 7.4, 6.2, 1.4 Hz, 2H), 7.20 (dd, J = 5.1, 3.6 Hz, 1H), 7.19 – 7.15 (m, 2H), 7.04 (d, J 

= 7.9 Hz, 2H), 6.59 – 6.55 (dd, 2H), 2.32 (s, 3H) ppm; 13C NMR (151 MHz, CDCl3) δ 137.59, 

136.97, 134.36, 130.30, 129.65, 129.01, 128.95, 128.89, 128.29, 127.07, 21.35 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1-methyl-4-styrylbenzene (Table 25, Entry 4)  

 

 13C-NMR (151 MHz, CDCl3) of (Z)-1-methyl-4-styrylbenzene (Table 25, Entry 4). 
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(Z)-1-(4-styrylphenyl)ethanone (2.26e)477: 1H NMR (600 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 

2H), 7.32 (d, J = 8.1 Hz, 2H), 7.23 (dd, J = 11.8, 6.6 Hz, 5H), 6.72 (d, J = 12.2 Hz, 1H), 6.60 (d, J = 

12.2 Hz, 1H), 2.56 (s, 3H) ppm; 13C NMR (151 MHz, CDCl3) δ 197.61, 142.39, 136.76, 135.70, 

132.52, 129.20, 129.14, 128.93, 128.46, 128.41, 127.64, 26.64 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1-(4-styrylphenyl)ethanone (Table 25, Entry 5) 

 
13C-NMR (151 MHz, CDCl3) of (Z)-1-(4-styrylphenyl)ethanone (Table 25, Entry 5)
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 (Z)-2-styrylpyridine (2.26h)380: 1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 6.1 Hz, 2H), 7.25 

(ddd, J = 14.9, 6.2, 2.6 Hz, 5H), 7.12 (d, J = 6.0 Hz, 2H), 6.81 (d, J = 12.3 Hz, 1H), 6.52 (d, J = 12.3 

Hz, 1H). ppm; 13C NMR (101 MHz, CDCl3) δ 149.86, 144.97, 136.15, 134.04, 128.75, 128.46, 

127.85, 127.55, 123.50 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-2-styrylpyridine (Table 25, Entry 8) 

 

13C-NMR (151 MHz, CDCl3) of (Z)-2-styrylpyridine (Table 25, Entry 8)
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 (Z)-4-phenyl-1-(4-styrylbenzyl)-1H-1,2,3-triazole (2.26i): 1H NMR (600 MHz, ) δ 7.84 (dd, J 

= 8.3, 1.2 Hz, 2H), 7.70 (s, 1H), 7.47 – 7.41 (m, 2H), 7.38 – 7.33 (m, 1H), 7.31 – 7.25 (m, 6H), 

7.26 – 7.21 (m, 1H), 7.19 (d, J = 8.2 Hz, 2H), 6.68 (d, J = 12.2 Hz, 1H), 6.59 (d, J = 12.2 Hz, 1H), 

5.56 (s, 2H); 13C NMR (151 MHz, CDCl3) δ 148.30, 131.30, 129.71, 129.31, 128.91, 128.86, 

128.42, 127.98, 125.78, 119.57, 54.05 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-4-phenyl-1-(4-styrylbenzyl)-1H-1,2,3-triazole (Table 25, Entry 9) 

 
13C-NMR (151 MHz, CDCl3) of (Z)-4-phenyl-1-(4-styrylbenzyl)-1H-1,2,3-triazole (Table 25, Entry 9)
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(Z)-1-chloro-2-styrylbenzene (2.26j)478: 1H NMR (400 MHz, CDCl3) δ 7.40 (dd, J = 8.0, 1.1 

Hz, 1H), 7.24 – 7.11 (m, 7H), 7.04 (td, J = 7.5, 1.1 Hz, 1H), 6.72 (d, J = 12.2 Hz, 1H), 6.67 (d, J = 

12.2 Hz, 1H).ppm  13C NMR (101 MHz, CDCl3) δ 136.48, 136.07, 133.72, 131.75, 130.78, 129.55, 

129.01, 128.53, 128.22, 127.39, 127.28, 126.39 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1-chloro-3-styrylbenzene (Table 25, Entry 10) 

 
13C-NMR (151 MHz, CDCl3) of (Z)-1-chloro-3-styrylbenzene (Table 25, Entry 10)
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(Z)-1-fluoro-2-styrylbenzene (2.26k)476: 1H NMR (400 MHz, CDCl3) δ 7.26 – 7.15 (m, 7H), 

7.04 (ddd, J = 10.0, 8.8, 1.2 Hz, 1H), 6.97 – 6.89 (m, 1H), 6.72 (d, J = 12.2 Hz, 1H), 6.62 (d, J = 

12.2 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 161.61, 132.24, 132.23, 130.53, 130.50, 128.98, 

128.90, 128.75, 128.25, 127.39, 123.64, 123.60, 122.63, 122.60, 115.72 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1-fluoro-2-styrylbenzene (Table 25, Entry 11). 

 

Figure 18. 13C-NMR (151 MHz, CDCl3) of (Z)-1-fluoro-2-styrylbenzene (Table 25, Entry 11).
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(Z)-1-(2-methoxystyryl)benzene (2.26l)479: 1H NMR (600 MHz, CDCl3) δ 7.20 (dddd, J = 13.7, 

8.5, 6.0, 4.7 Hz, 7H), 6.89 (d, J = 8.2 Hz, 1H), 6.76 (t, J = 7.5 Hz, 1H), 6.69 (d, J = 12.3 Hz, 1H), 

6.63 (d, J = 12.3 Hz, 1H), 3.83 (s, 3H).; 13C NMR (151 MHz, CDCl3) δ 157.26, 137.39, 130.33, 

130.19, 128.94, 128.69, 128.13, 127.01, 126.27, 125.88, 120.30, 110.72, 55.55 ppm.  

 
1H NMR (600 MHz, CDCl3) of (Z)-1-(2-methoxystyryl)benzene (Table 25, Entry 12).) 

 
13C-NMR (151 MHz, CDCl3) of (Z)-1-(2-methoxystyryl)benzene (Table 25, Entry 12)
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(Z)-2-styrylaniline (2.26m)117: 1H NMR (600 MHz, CDCl3) δ 7.25 – 7.16 (m, 5H), 7.13 – 7.08 

(m, 2H), 6.80 – 6.74 (m, 1H), 6.74 – 6.70 (m, 1H), 6.67 (d, J = 12.1 Hz, 1H), 6.55 (d, J = 12.1 Hz, 

1H) ppm; 13C NMR (151 MHz, CDCl3) δ 142.78, 136.70, 131.99, 129.72, 128.84, 128.77, 128.51, 

128.29, 127.55, 126.64, 126.36, 123.86, 119.16, 116.12 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-2-styrylaniline (Table 25, Entry 13) 

 
13C-NMR (151 MHz, CDCl3) of (Z)-2-styrylaniline (Table 25, Entry 13)
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(Z)-1-methyl-2-styrylbenzene (2.26n)480: 1H NMR (600 MHz, CDCl3) δ 7.26 – 7.10 (m, 8H), 

7.06 (t, J = 7.4 Hz, 1H), 6.65 (q, J = 12.2 Hz, 2H), 2.29 (s, 3H) ppm; 13C NMR (151 MHz, CDCl3) δ 

137.21, 137.12, 136.21, 130.60, 130.17, 129.64, 129.03, 129.01, 128.98, 128.96, 128.95, 

128.19, 127.33, 127.14, 125.81, 20.00 ppm. 

 

Figure 15. 1H NMR (600 MHz, CDCl3) of (Z)-1-methyl-2-styrylbenzene (Table 25, Entry 14) 

 

Figure 16. 13C-NMR (151 MHz, CDCl3) of (Z)-1-methyl-2-styrylbenzene (Table 25, Entry 14)
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(Z)-2-(2-phenylethenyl)pyridine (2.26o)373: 1H NMR (400 MHz, CDCl3) δ 8.65 – 8.51 (m, 1H), 

7.42 (td, J = 7.7, 1.8 Hz, 1H), 7.28 – 7.21 (m, 5H), 7.15 (d, J = 7.9 Hz, 1H), 7.07 (ddd, J = 7.4, 4.8, 

0.8 Hz, 1H), 6.83 (d, J = 12.5 Hz, 1H), 6.69 (d, J = 12.4 Hz, 1H). ppm; 13C NMR (101 MHz, CDCl3) 

δ 156.35, 149.55, 136.65, 135.61, 133.24, 130.51, 128.87, 128.29, 127.58, 123.84, 121.74. 

ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-2-(2-phenylethenyl)pyridine (Table 25, Entry 15). 

 

Figure 18. 13C-NMR (151 MHz, CDCl3) of (Z)-2-(2-phenylethenyl)pyridine (Table 25, Entry 15).
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 (Z)-1,3-dimethyl-2-styrylbenzene (2.26p)481: 1H NMR (600 MHz, CDCl3) δ 7.13 (dt, J = 10.1, 

4.6 Hz, 4H), 7.04 (d, J = 7.5 Hz, 2H), 7.02 – 6.96 (m, 2H), 6.66 (d, J = 12.3 Hz, 1H), 6.54 (d, J = 

12.3 Hz, 1H), 2.16 (s, 6H) ppm;  13C NMR (151 MHz, CDCl3) δ 137.55, 137.17, 135.70, 131.13, 

128.88, 128.31, 128.15, 127.57, 127.24, 126.96, 20.31 ppm.  

 
1H NMR (600 MHz, CDCl3) of (Z)-1,3-dimethyl-2-styrylbenzene (Table 25, Entry 16) 

 

 13C-NMR (151 MHz, CDCl3) of (Z)-1,3-dimethyl-2-styrylbenzene (Table 25, Entry 16) 
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 (Z)-1-(3-methoxystyryl)benzene (2.26q)482: 1H NMR (600 MHz, ) δ 7.31 – 7.22 (m, 4H), 7.20 

(d, J = 7.1 Hz, 1H), 7.15 (t, J = 7.9 Hz, 1H), 6.85 (d, J = 7.6 Hz, 1H), 6.82 – 6.78 (m, 1H), 6.78 – 

6.73 (m, 1H), 6.60 (q, J = 12.2 Hz, 2H), 3.65 (s, 3H). ppm; 13C NMR (151 MHz, ) δ 159.44, 138.63, 

137.36, 130.58, 130.24, 129.32, 129.01, 128.30, 127.24, 121.61, 113.81, 113.41, 55.09 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1-(3-methoxystyryl)benzene (Table 25, Entry 17) 

 

Figure 20. 13C-NMR (151 MHz, CDCl3) of (Z)-1-(3-methoxystyryl)benzene (Table 25, Entry 17) 
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(Z)-1-chloro-3-styrylbenzene (2.26r)380: 1H NMR (600 MHz, CDCl3) δ 7.24 – 7.22 (m, 6H), 

7.16 – 7.11 (m, 3H), 6.65 (d, J = 12.2 Hz, 1H), 6.52 (d, J = 12.2 Hz, 1H) ppm; 13C NMR (151 MHz, 

CDCl3) δ 139.20, 136.71, 134.15, 131.66, 129.53, 128.93, 128.91, 128.81, 128.42, 127.54, 

127.23, 127.10 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1-chloro-3-styrylbenzene (Table 25, Entry 18). 

 
13C-NMR (151 MHz, CDCl3) of (Z)-1-chloro-3-styrylbenzene (Table 25, Entry 18)
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(Z)-3-styrylpyridine (2.26s)483: 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 1.9 Hz, 1H), 8.42 (dd, 

J = 4.8, 1.4 Hz, 1H), 7.51 (dt, J = 7.9, 1.6 Hz, 1H), 7.31 – 7.17 (m, 5H), 7.12 (dd, J = 7.9, 4.8 Hz, 

1H), 6.75 (d, J = 12.2 Hz, 1H), 6.55 (d, J = 12.2 Hz, 1H). ppm; 13C NMR (101 MHz, CDCl3) δ 150.19, 

148.09, 136.52, 135.78, 132.98, 132.68, 128.69, 128.51, 127.58, 126.43, 122.98 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-3-styrylpyridine (Table 25, Entry 19). 

 
13C-NMR (151 MHz, CDCl3) of (Z)-3-styrylpyridine (Table 25, Entry 19). 
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(Z)-1,4-diethoxybut-2-ene (2.26u): 1H NMR (600 MHz, CDCl3) δ 5.73 – 5.68 (m, 2H), 4.03 (d, 

J = 4.8 Hz, 4H), 3.47 (q, J = 7.0 Hz, 4H), 1.20 (t, J = 7.0 Hz, 6H) ppm; 13C NMR (151 MHz, CDCl3) 

δ 129.48, 66.32, 65.82, 15.30 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1,4-diethoxybut-2-ene (Table 26, entry 2). 

 
13C-NMR (151 MHz, CDCl3) of (Z)-1,4-diethoxybut-2-ene (Table 26, entry 2). 
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(Z)-1,4-bis(benzyloxy)but-2-ene (2.26v)484: 1H NMR (600 MHz, CDCl3) δ 7.31 (dt, J = 8.6, 6.6 

Hz, 10H), 5.79 (t, J = 3.8 Hz, 2H), 4.49 (s, 4H), 4.06 (d, J = 4.7 Hz, 4H) ppm; 13C NMR (151 MHz, 

CDCl3) δ 138.21, 129.61, 128.51, 127.89, 127.77, 72.35, 65.85 ppm. 

 
1H NMR (600 MHz, CDCl3) of (Z)-1,4-bis(benzyloxy)but-2-ene (Table 26, entry 3) 

 
13C-NMR (151 MHz, CDCl3) of (Z)-1,4-bis(benzyloxy)but-2-ene (Table 26, entry 3)
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(Z)-4-phenylbut-3-en-1-ol (2.26w)485: 1H NMR (600 MHz, CDCl3) δ 7.36 – 7.24 (m, 5H), 6.57 

(d, J = 11.7 Hz, 1H), 5.68 (dt, J = 11.7 Hz, 1H), 3.73 (t, J = 6.5 Hz, 2H), 2.68 (t, J = 6.3 Hz, 2H), 

2.60 (ddd, J = 13.9, 6.5, 1.8 Hz, 5H) ppm; 13C NMR (151 MHz, CDCl3) δ 137.30, 131.62, 128.82, 

128.39, 128.31, 126.91, 62.55, 32.07. 

 

Figure 27. 1H NMR (600 MHz, CDCl3) of (Z)-4-phenylbut-3-en-1-ol (Table 26, entry 4). 

 
13C-NMR (151 MHz, CDCl3) of (Z)-4-phenylbut-3-en-1-ol (Table 26, entry 4).
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(Z)-11-phenylundec-10-en-1-ol (2.26x)486: 1H NMR (600 MHz, CDCl3) δ 7.36 – 7.31 (m, 2H), 

7.31 – 7.26 (m, 2H), 7.24 – 7.17 (m, 1H), 6.40 (d, J = 11.7 Hz, 1H), 5.66 (dt, J = 11.7, 7.3 Hz, 1H), 

3.74 (s, 1H), 3.63 (t, J = 6.7 Hz, 2H), 2.32 (ddd, J = 15.0, 7.4, 1.8 Hz, 2H), 1.56 (dd, J = 8.2, 6.7 

Hz, 2H), 1.44 (dd, J = 15.2, 7.6 Hz, 2H), 1.34 – 1.28 (m, 10H) ppm; 13C NMR (151 MHz, CDCl3) δ 

137.89, 133.36, 128.84, 128.75, 128.18, 126.49, 63.17, 32.87, 30.06, 29.63, 29.51, 29.48, 

29.41, 28.72, 25.80. 

 
1H NMR (600 MHz, CDCl3) of (Z)-11-phenylundec-10-en-1-ol (Table 26, entry 5). 

 
13C-NMR (151 MHz, CDCl3) of (Z)-11-phenylundec-10-en-1-ol (Table 26, entry 
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Appendix: Achievements 

Papers 

Published: 

“Highly efficient nitrobenzene and alkyl/aryl azide reduction in stainless steel jars without 
catalyst addition” Katia Martina, Francesca Baricco, Silvia Tagliapietra, Maria Jesus Moran, 
Giancarlo Cravotto * and Pedro Cintas, New J.Chem., 2018, 42, 18881 

“Sonochemically-Promoted Preparation of Silica-Anchored Cyclodextrin Derivatives for 
Efficient Copper Catalysis” K. Martina, F. Calsolaro, A. Zuliani, G. Berlier, F. Chavez-Rivas, M.J. 
Moran, R. Luque, G. Cravotto, Molecules, 2019, 24, 2490 

“Glycerol: an optimal hydrogen source for MW promoted Cu catalysed transfer 
hydrogenation of nitrobenzene to aniline” Maria Jesus Moran, Katia Martina, Georgios D. 
Stefanidis, Jeroen Jordens, Tom Van Gerven, Vincent Goovaerts, Maela Manzoli, Carlo Groffils, 
Giancarlo Cravotto, Front. Chem, 2019, 8:34 

Submitted:  

"Tuneable copper catalysed transfer hydrogenation of nitrobenzenes to aniline or azo 
derivatives" Maria Jesus Moran, Katia Martina,* Francesca Baricco, Silvia Tagliapietra, Maela 
Manzoli, Giancarlo Cravotto,* Adv. Synth. Catal., 2020 

In preparation: 

“MW and US-assisted Cu-catalysed semihydrogenation of alkynes to Z-alkenes using 
ethylen glycol as solvent and hydrogen source”- Maria Jesus Moran Plata, Katia Martina and 
Giancarlo Cravotto. 

“Efficient flow procedure for the transfer hydrogenation reduction of nitroderivatives using 

CuNPs/Celite as heterogeneous reusable catalyst”- Maria Jesus Moran Plata, Katia Martina 

and Giancarlo Cravotto. 

 

Conferences Communications 

Simposio Jovenes Investigadores (Badajoz, Spain) (7-10/11/2017) (Poster) “Copper-

catalysed C-H activation REACTIONS under non-conventional techniques” Moran M.J., 

Martina. K., Cravotto G. 

III Encuentro Jóvenes Investigadores SECAT (Valencia, Spain) (25-27/06/18) (Poster) 

“Selective hydride-free copper catalysed reduction of aromatic nitrocompounds”, M.J. Moran, 

K. Martina, G. Cravotto. 

Merck & Elsevier Young Chemist Symposium 2018 (Rimini, Italy) (19-21/11/2018) (Oral) 

“Copper (0) nanoparticles in glycerol: an efficient and versatile catalyst for hydride-free 

reduction of nitro derivatives”, Maria Jesus Moran Plata, Katia Martina and Giancarlo 

Cravotto. 

II International process intensification process (Leuven, Belgium) (27-29/05/2019) (Oral) 

“Green approach to copper catalysed reduction of nitro and alkyne under hydride free 

condition”, Maria Jesus Moran Plata, Katia Marti and Giancarlo Cravotto. 
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A.CORBELLA” International Summer School on Organic Synthesis (Gargnano, Italy) (09-

13/06/2019) (Oral) “Green approaches to nitrobenzene reduction”, M.J. Moran Plata, K. 

Martina, G. Cravotto. 

VII Workshop of GC-CS (Padova, Italy) (05/07/2019) (Poster) “Combined Microwave and 

Ultrasound irradiation for efficient production and grafting of nanomaterials” Federica 

Calsolaro, Katia Martina, Maria Jesus Moran Plata, Gloria Berlier, Giancarlo Cravotto. 

XXXIX Convegno Nazionale della Divisione di Chimica Organica (Turin, Italy) (08-

12/09/2019) (Oral) “Non-conventional technologies for copper heterogeneous catalysts 

production and its applications in organic synthesis”, M.J Moran Plata, F. Calsolaro, K. Martina, 

G. Cravotto. 

First International Conference on Unconventional Catalysis, Reactors and Applications 

(Zaragoza, Spain) (16-18/10/2019) (Oral) “Innovative approach to the synthesis and 

application of nanocatalysts” Katia Martina, Maria Jesus Moran Plata, Giancarlo Cravotto. 

 

Secondments 

1) KU Leuven, Leuven (Belgium) 

Period: 10/01/2018 – 28/03/2018 & 28/10/2018 – 16/12/2018 

Supervisors: T. Van Gerven, S. Kuhn and G. Stefanidis 

Title: “Testing of model reactions under different reactors” 

Activity: During the first period, Cu nanoparticles preparation and reactivity was 

explored under US irradiation. A laser diffractometer (Malvern, MasterSizer 3000 hydro 

SV) was employed and particle sizes were determined by measuring the intensity of 

scattered light. US irradiation significantly influenced particle magnitude, increasing the 

particles dispersion and so, the catalytic activity. Afterwards, Cu catalysed reduction of 

aromatic nitrocompounds was performed under different MW apparatus (monomode 

and multimode). Moreover, during the second period, a simple set-up for laboratory 

scale transfer hydrogenations reactions in continuous flow was designed for an efficient 

reduction of aromatic nitro compounds to anilines, catalysed by copper nanoparticles. 

The reaction was optimized varying solution concentration, reaction flow, residence 

time and catalyst loading. 

 

2) Test Center, MEAM, (Belgium) 

Period: 29/10/2018 – 30/11/2018 

Supervisors: C. Groffils J.L. 

Title: “Development of reactor design and reactions testing” 

Activity: Microwave heating scaling-up of nitrobenzene reduction to aniline was 

successfully studied. When moving to high quantities, a little re-optimization was 

required if comparing with lab-scale. The optimization was focused on: solution 

concentration, catalyst loading, microwave input power and reaction temperature. 

Emissivity and transmissivity were firstly measured in order to set up all parameters. A 

number of reactions were performed to optimise the MW-heating protocol and scale-

up the reaction to different volumes: 80 mL, 250 mL, 500 mL. 
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3) ARKEMA, Lyon, (France) 

Period: 29/10/2018 – 30/11/2018 

Supervisors: Dubois & J.L.Couturier 

Title: “Cavitation for industrial processes. Oxidative cleavage of terminal alkenes” 

Activity: Oxidative cleavage of different terminal alkenes was investigated and results 

were compared with the one obtained when working with internal double bonds, such 

as oleic acid. Oxidation of 1-Decene, methyl decanoate and 10-Undecenoic in presence 

of hydrogen peroxide catalysed by phosphotungstic acid was performed and nonanoic 

acid, mono-methyl azelate acid and sebacic acid were respectively synthesized. H2O2 

concentration, different phase transfer agents and different catalysts loading were 

studied. In collaboration with Ana Luisa Soutello Maria, another PhD student from 

COSMIC project, further investigation will be performe. 
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