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ABSTRACT 

The objective of this PhD Thesis is the design and development of more sustainable 

catalytic processes trying to address some of the current challenges that today our 

society is facing such as the seek for clean energy alternatives, the reduction of 

environmental pollution and industrial waste (greenhouse gases, sewage). To 

contribute to this arduous task, the 12 principles of Green Chemistry have been 

followed as a guide. Special attention has been paid to the use of catalysis, the 

development of atom economical processes, design for efficient energy relevant to 

the hydrogen economy and the use of biomass transformation.  

The catalytic properties of graphene-derived materials as carbocatalysts are 

evaluated in acceptorless dehydrogenation of N-heterocycles. Among them, reduced 

graphene oxides (rGOs) are active under mild conditions acting as efficient 

heterogeneous systems. This reaction is important from the synthetic viewpoint as 

N-heterocycles are found in many added-value organic compounds. They are also 

considered interesting potential Liquid Organic Hydrogen Carriers (LOHCs) for 

hydrogen storage. 

Classical synthetic methodologies employed in the chemical sector produce high 

quantity of waste, making this scenario unsustainable. For this reason, there is a 

growing necessity to develop sustainable methodologies with high atom economy 

(AE) and selectivity. For instance, hydrosilylation and semi-hydrogenation of alkynes 

are good examples of this. To carry out these transformations in a sustainable-

manner, different supported catalysts onto rGO have been developed. The 

properties of such hybrid materials are discussed in terms of activity, stability and 

reusability.  

Abundant sugars of five and six carbon atoms are promising candidates to produce 

valuable platform chemicals. In chapter 5, it is described the catalytic 

dehydrogenation of several pentoses and hexoses into their corresponding aldonic 

acids with the concomitant formation of molecular hydrogen (H2). This biomass 

transformation is catalyzed by highly active and selective catalysts based on iridium-

(III) complexes containing a 1,2,3-triazolylidene (trz) as ligand. Monosaccharides are 

converted into sugar acids in an easy and sustainable manner using only catalyst and 

water under reflux conditions. 

Finally, the use of rGO as support to immobilize PdNPs results an efficient catalytic 

material towards hydrogenation and dehydrogenation of N-heterocycles. The rGO 

plays a dual role by acting as a carbocatalyst in acceptorless dehydrogenation of N-
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heterocycles and as a support for the palladium nanoparticles. The mild conditions 

used in both transformations represent a potential application of this system for 

hydrogen storage technologies in the form of liquid organic hydrogen carriers 

(LOHCs). The use of a single solid catalyst that is recyclable in hydrogen conversion 

and reconversion through (de)hydrogenation of N-heterocycles paves the way for 

the development of efficient hydrogen storage materials. 
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ABSTRACT 

El objetivo de esta tesis doctoral es el diseño y desarrollo de procesos catalíticos más 

sostenibles enfocados a algunos de los principales desafíos a los que se enfrenta 

nuestra sociedad actualmente. Entre tales desafíos esta la búsqueda de fuentes de 

energía alternativas más limpias, la reducción de la contaminación ambiental y los 

residuos industriales. Para realizar esta ardua tarea se han utilizado los 12 principios 

de la química verde como guía. Entre ellos hay que destacar el uso de procesos 

catalíticos, sistemas de almacenamiento de hidrógeno y el uso de biomasa como 

materia prima.  

En primer lugar, se han evaluado las propiedades catalíticas de materiales derivados 

del grafeno en la deshidrogenación (sin aceptor de hidrogeno) de N-Heterociclos.  

Entre ellos, el óxido de grafeno reducido (rGO) es activo bajo condiciones suaves 

actuando como un eficiente carbocatalizador en dicha transformación. La 

deshidrogenación de N-Heterociclos es una reacción importante desde el punto de 

vista sintético ya que los N-heterociclos se encuentran en muchos compuestos 

orgánicos de alto valor añadido. Además, a este tipo de moléculas se les considera 

potenciales líquidos orgánicos trasportadores de hidrogeno (LOHCs) para su 

utilización en almacenamiento de hidrogeno. 

Las metodologías clásicas empleadas en el sector químico producen una gran 

cantidad de desechos, siendo este escenario insostenible. Por esta razón, hay una 

creciente necesidad por desarrollar metodologías sostenibles que presenten una 

alta economía atómica (AE) y sean selectivas. Las reacciones de hidrosililación y la 

semihidrogenación de alquinos son buenos ejemplos de ello. Para llevar a cabo estas 

transformaciones de una forma sostenible, se han desarrollado catalizadores 

soportados utilizando rGO. Las propiedades cataliticas de estos materiales híbridos 

se han estudiado en términos de actividad, estabilidad y reciclabilidad.  

Los azúcares de cinco o seis carbonos, pentosas y hexosas respectivamente, son 

candidatos potenciales como materia prima en la obtención de productos de valor 

añadido. En el capítulo 5 se describe la deshidrogenación catalítica de varias 

pentosas y hexosas en sus correspondientes ácidos aldonicos con la correspondiente 

formación de hidrogeno molecular (H2). La transformación de biomasa se lleva a 

cabo mediante el empleo de complejos de iridio (III) con un ligando 1,2,3-

triazolylidene (trz) que resultan ser unos catalizadores altamente activos y sobre 

todo selectivos. Los monosacáridos son convertidos en los correspondientes ácidos 

de forma sencilla y sostenible utilizando únicamente el catalizador en medio acuoso 

a 100 oC. 
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Finalmente, se utilizó el rGO como soporte para inmovilizar nanopartículas de 

paladio. Este material híbrido resulto ser un catalizador eficiente tanto para la 

deshidrogenación de quinoleínas como para su posterior hidrogenación. En este 

caso el rGO juega un papel dual, actuando como carbocatalizador en la reacción de 

deshidrogenación y como soporte y estabilizador de las nanopartículas en la 

reacción de hidrogenación. Las condiciones suaves empleadas para ambas 

reacciones hacen de este sistema un candidato ideal para ser utilizado como LOHCs. 

El uso de un solo catalizador que sea reciclable tanto para el paso de hidrogenación 

como de deshidrogenación de N-heterociclos facilita el desarrollo de sistemas de 

almacenamiento de hidrogeno eficientes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

CHAPTER 1: 

Introduction & Objectives 

The present PhD. Thesis is the result of research efforts directed towards the design 

and development of more sustainable catalytic processes trying to address some of 

the current challenges that today our society is facing such as the seek for clean 

energy alternatives, the reduction of environmental pollution and industrial waste 

(greenhouse gases, sewage), as well as to increase the use of renewable resources. 

To contribute to this arduous task, the 12 principles of Green Chemistry have been 

followed as a guide. Special attention has been paid to the use of catalysis, the 

development of atom economical processes, design for efficient energy relevant to 

the hydrogen economy and the use of biomass transformation. For this purpose, 

novel strategies to improve both, heterogeneous and homogeneous catalytic 

processes have been studied and are now found within this PhD Thesis, which is 

comprised of 7 chapters. Each one includes a more in-depth introduction 

complementary to this first general introduction. 
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1.1 TOWARDS A SUSTAINABLE SOCIETY  

In the 1980’s emerged a growing concern emerged waste generation and the use of 

toxic and hazardous materials and pollution produced in chemicals manufacturing, 

in particular in the fine chemical and related industries.1 A pertinent example is 

provided by the production of a fine chemical such as phloroglucinol, a 

pharmaceutical chemical intermediate with a global production (in 1980) of ca. 200 

tons per annum.2 

 

Scheme 1.1 Phloroglucinol classical synthesis from trinitrotoluene (TNT). 

The synthesis renders an overall yield respect to TNT of 90 %, which may suggest 

that the process is highly efficient. However, different byproducts such as Cr2(SO4)3, 

NH4Cl, FeCl2 and KHSO4 are also obtained along with phloroglucinol. As a result, 

around 20 kg of waste per kg of product are produced based on the reaction 

stoichiometry. However, since some of the reagents are used in a large excess, 40 kg 

of waste per kg of product are finally obtained following this procedure. These 

values indicate that the classical process to obtain phloroglucinol, is far for being 

sustainable despite the high yields.  

The paradigm “high yields does not necessarily mean efficiency”, urged the necessity 

to measure the “sustainability” of chemical processes in order to improve them, or 

as Lord Kelvin said “To measure to know”.3 In this regard, Prof. Barry Trost proposed 

in 1991 the metric known as Atom Economy (AE). It is obtained after dividing the 

molecular weight of the product by the sum total of the molecular weights of all 

substances formed in the stoichiometric equation for the reaction involved.4,5 This 

theoretical value serve to quickly estimate how efficient a chemical reaction would 

be.6 For instance, when applied to the phloroglucinol synthesis (Scheme 1.2), it could 

be found that the AE of the process is only around 5% revealing the high amount of 

waste produced.  
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Scheme 1.2 Reaction equation of classical synthesis of phloroglucinol with the molecular 

weight of products and byproducts. 

 

A neater example of AE utility is obtained when applying this factor in the alcohol 

oxidation reaction. Classical oxidants such as Dess-Martin periodinane, Jone’s 

reagent or Swern oxidation have low atom economy producing high quantity of 

waste (high E-Value, see infra), making the process inefficient. Alternatively, the use 

of O2 and H2O2 could be consider as a cleaner solution, which not only would afford 

higher AE values, but also because they are least expensive oxidants (per mole).1  As 

counter example is the more recent and efficient acceptorless dehydrogenation 

reaction of alcohols. Through this procedure, alcohols are oxidized without the 

necessity of any stoichiometric oxidant. This methodology has an AE of 98% and 

produces only H2 as byproduct (Scheme 1.3). 

 

 

Scheme 1.3 Different procedures to oxidized alcohols with its AE. 
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In 1992, only one year later, R.A. Sheldon introduced the concept of “Environmental 

Impact Factor” or “E-Factor”, which could be defined as the mass ratio of waste to 

the desired product.7 A higher rate of E-factor means more waste and, consequently, 

greater negative environmental impact. When this factor is applied to the different 

areas of the chemical industry (Table 1.1), it reveals the necessity, particularly for 

the fine chemistry and pharmaceutical sectors, to reduce the huge amount of waste 

formed in their manufacturing processes.  

 

Table 1.1 E Factors in the chemical industry. 

Industry Sector Tonnage E-Factor 
 (Kgs waste/Kgs 

product) 

Oil refining 106-108 <0.1 

Bulk chemicals 104-106 <1 - 5 
Fine chemicals 102-104 5 - >50 
Pharmaceuticals 10-103 25 - >100 

 

 

1.1.1 The principles of green chemistry 

 
Clearly a new paradigm was needed to define the efficiency in organic synthesis.8 

Classical methodologies produced high quantity of waste and consumed huge 

amounts of energy. This environmentally unfriendly situation could not be sustained 

any longer.9 Under this scenario, it was introduced the term “Green Chemistry” used 

to describe minimum impact in chemistry or “benign by design chemistry”.10 The 

term gained popularity and got worldwide recognition in 1998 when Anastas and 

Warner published the 12 principles of green chemistry.11 They constitute a guiding 

framework for the design of new chemical products and transformations, which can 

be extended to all aspects of the process life-cycle ranging from the type of raw 

materials used, to the efficiency and safety of the transformation or the toxicity and 

biodegradability of products and reagents used.6  
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1. Prevention: It is better to prevent waste than to treat or clean up waste after it is 

formed. 

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 Synthesis: Whenever practicable, synthetic 

methodologies should be designed to use and generate substances that pose little or 

no toxicity to human health and the environment. 

4. Designing safer chemicals: Chemical products should be designed to preserve 

efficacy of the function while reducing toxicity.   

5. Safer solvents and auxiliaries: The use of auxiliary substances (e.g. solvents, 

separation agents, etc.) should be made unnecessary whenever possible and, when 

used, innocuous. 

6. Design for efficiency energy: 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 ambient 

temperature and pressure. 

7. Use of renewable feedstocks: A raw material of feedstock should be renewable 

rather than depleting whenever technically and economically practicable.  

8. Reduce Derivatives: Unnecessary derivatization (use of blocking groups, 

protection/deprotection, and temporary modification of physical/chemical 

processes) should be minimized or avoided, if possible, because such steps require 

additional reagents.  

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.  
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12. Inherently safer chemistry for accident prevention: Substances and the form of 

a substance used in chemical process should be chosen to minimize the potential for 

chemical accidents, including releases, explosions, and fires. 

 The “Green Chemistry” approach is now widely accepted evidenced by the efficient 

and sustainable procedures at the molecular level. The concept has become firmly 

entrenched in both industrial and academic circles and it is a guide for the 

development of the chemistry in particular and the science in general.12 A clear 

example is the modification of synthetic route for the synthesis of 4-

aminodiphenylamine (4-ADPA) by Solutia. Traditionally, toxic and hazard chlorine 

gas was being employed for this transformation, as a result aqueous waste 

containing high quantity of inorganic salts were produced. The improved procedure 

consists of a base catalyzed coupling of aniline and nitrobenzene preventing the use 

of chlorine and reducing the waste generated (Scheme 1.4). 13–15 

Scheme 1.4 Classical (top) and improved (bottom) synthesis of 4-ADPA. 

 

1.1.2 The role of catalysis in sustainable chemistry 

Among the 12 principles of green chemistry, catalysis stands out being probably one 

of the most important. It implies the use of catalytic reagents (as selective as 

possible) which are superior to stoichiometric reagents. Nowadays, its use is 

considered gateway to green and sustainable chemistry in organic synthesis.16 A 

proof of its current vital importance can be seen in the last 2001, 2005, 2010 

chemistry Nobel prizes, which have been awarded to catalysis-related 
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contributions.17 By definition, according to the IUPAC, a catalyst is “A substance that 

increases the rate of a reaction without modifying the overall standard Gibbs energy 

change in the reaction. The catalyst is both a reactant and product, is not consumed 

during the reaction”.18  

 

Figure 1.1 Differences in energetic profile for no-catalyzed (blue) and catalyzed (red) 

reaction.19 

A catalyst does not modify the overall standard Gibbs energy change of the reaction 

but provides an alternative reaction pathway with a lower energy transition state 

(Figure 1.1). In other words, a catalyst does not affect the thermodynamics of the 

reaction, but it has a deep effect on the kinetics. For that reason, catalysis can 

improve the efficiency of a reaction by reducing the energy needed, by avoiding the 

use of stoichiometric reagents, and by increasing the selectivity towards the desired 

product.20 This implies less energy consumption and less production of waste. 

Moreover, the use of catalyst opens the door to new transformations that seemed 

impossible with traditional methodologies. For these reasons, its use is widely 

spread in academics and industry, and catalyst design and development are a topic 

of great interest. 

Catalysis can be divided into two main types, homogeneous and heterogeneous 

depending on the physical state of the reagents and the catalyst employed in the 

chemical reaction. The main differences between them are summarized in table 1.2. 
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Table 1.2 Differences between homogeneous and heterogeneous catalysis. 

Homogeneous Heterogeneous 

Mild conditions Harsh conditions 
High activity High activity (diffusivity can be an issue) 

High selectivity Low selectivity 
Difficult catalyst separation 

(Difficult recycling) 
Easy catalyst separation 

(Simply recycling) 
Low stability High stability 

Well-defined active sites Poorly defined active sites 
Easy to understand the mechanism Difficult to understand the mechanism 

 

Homogeneous catalysis 

In the case of homogenous catalysis, the catalyst is in the same phase than the 

reactants. For that reason, the interaction of catalytic active centers and the 

reactants is easy. In this way, homogenous catalysts tend to show better activity and 

selectivity than heterogeneous catalysts. In addition, homogeneous catalysts are 

usually well-defined molecules that can be characterized with relative ease, 

facilitating the study of the reaction mechanism. This information allows the design 

of more active and selective catalyst. However, homogeneous catalysts have a main 

drawback: the difficulty in catalyst recovery, being this procedure inefficient or 

impossible in most cases. At the same time, homogeneous catalysts sometimes 

show poor stability, which implies the catalyst deactivation along reaction progress 

and hinder its possible recovery. These types of catalysts usually are Lewis 

acids/bases, organic molecules (organocatalysts), ionic liquids or metal complexes.  

Notably, among the latest are organometallic complexes, compounds containing at 

least one chemical bond between a carbon atom of an organic molecule (ligand) and 

a metal. These metal complexes are widely use as catalysts due to its high activity 

and selectivity in a huge variety of organic reactions such as olefin polymerization,21 

hydrogenations,22 cross-coupling,23–25 and olefin metathesis.26,27 An important 

feature of these complexes is its versatility and modularity given, in part, by the 

ligands. One type of useful ligands in catalysis are N-heterocyclic carbene ligands 

(NHCs). NHCs are by definition cyclic carbenes (organic species with a divalent 

carbon with six valence electrons) bearing at least one α-amino substituent. They 

display higher donating capacity when compared to other phosphorus or nitrogen 

based ligands that confer them stronger metal to ligand bond.28 Imidazolylidenes are 
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among the most studied carbenes for that purpose due to the fine-tuning of 

electronic and steric properties along with the possibility of the functionalization 

through the backbone.29 In addition, due to its carbene nature and its strong 

interaction with the metal, these types of ligands provide a strong stability to the 

complex avoiding its decomposition during the reaction progress.30  

 

Figure 1.2 Fine tuning of electronic properties and steric control of imidazolyldines. 

 

Heterogeneous catalysis 

In contrast, in the case of heterogeneous catalysis, substrates and catalysis are 

found in different phase. (The catalyst is usually a solid and reactants are liquids or 

gases).  The use of biphasic system usually hampers the approximation of reactants 

to the active center due to mass transfer problems, producing a negative effect in 

the catalytic activity and as a result, harder reactions conditions (temperature or 

pressure) are needed in comparison with homogenous catalysis. However, despite 

of all these drawbacks, around 90 % of industrial catalytic processes are carried out 

by heterogeneous catalysts.31 The solid nature of the catalyst and its major stability 

allows its easy recyclability, making these catalysts more efficient and attractive for 

industry. Typical heterogeneous materials are based on zeolites, metal oxides or 

metal nanoparticles.  

The latest of this type of materials has gained strong interest in scientific research as 

well as industrial applications due to their unusual properties. Thanks to their 

intrinsic large surface-to-volume ratios, which provide a large number of active sites 

per unit area, these materials shows extraordinary catalytic properties.32 Its 

immobilization not only prevents the agglomeration of metallic nanoparticles 

avoiding its deactivation but it can also produce a synergy between surface 

nanoparticle and support with positive effect in the catalytic properties.33 For that 
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reason these types of materials are widely used as catalysts in different organic 

transformations.34,35 

 

Carbocatalysis 

The use of carbon based materials as catalysts (carbocatalysts) is an attractive 

approach in this regard because of their low cost and natural abundance.36 They can 

be defined as those catalysts whose elemental composition contains predominantly 

carbon, which plays an active role. It could be considered the heterogeneous version 

of an organocatalysts to some extent, where a homogeneous organic molecule is the 

active species. In carbocatalysts the key point is to incorporate the active sites into 

the carbon network by suitable modifications.37  

The term carbocatalysis encompasses a wide variety of materials such as activated 

carbon (AC),38 CNTs,39,40 ordered mesoporous carbon (OMC),41,42 nanodiamonds,43 

carbon dots44 and carbon nitride (C3N4).45 Among them, it is worth highlighting the 

important role of chemically derived graphenes (CDGs) as carbocatalyst and 

particularly reduced graphene oxide (rGO).   

Graphene is a bidimensional layer of one atom thick sp2 carbons in a hexagonal 

arrangement. It was obtained for the first time in 2004 by A. Geim and K. Novoselov, 

who were awarded with the Nobel Prize in Physics in 2010.46 Pristine graphene 

shows excellent mechanical, electric, thermal, and optical properties. However, it is 

very expensive and unreactive so it cannot be considered a good candidate to be 

used as carbocatalyst. In contrast, CDGs (graphenes with a certain degree of 

functionalization) are more reactive and are cheaper maintaining the properties of 

pristine graphene. Among the existing CGD graphene oxide (GO) and reduced 

graphene oxide (rGO) are two of the most widely used. Pristine graphene and the 

related CDGs derivatives present different physical properties in terms of surface 

area, electrical conductivity, C/O ratio and number of layers which values are 

summarized in Table 1.3. 
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Table 1.3 Properties of pristine graphene and CDGs. 

 Graphite Graphite 
oxide 

GO rGO* Graphene 

Surface Area 
(m2/g) 

4-10 4-10 20-30 400-500 2600 

Electrical 
conductivity 
(S/m) 

1x105 Insulator Insulator 
600-
2400 

1x108 

C/O relation - 2-4 2-4 10-14 - 
Dimensionality 3D 3D 2D 2D 2D 
Number of layers Multilayer Multilayer <10 <10 1 

*Properties of CDGs vary depending on the synthetic route preparation 

There are different synthetic routes to obtain these CGDs but from a chemical point 

of view the most common methodology is based on a series of sequential redox 

reactions and exfoliation processes. 

 

Scheme 1.5 Synthetic route to obtain GO and rGO from graphite. 

Initially, graphite is oxidized to obtain graphite oxide (I), usually the Hummers 

method is used to carry out this transformation.47 This new material now contains 

oxygen functionalities that reduce π-π interactions between the carbon layers 

facilitating its exfoliation and yielding graphene oxide (II). Then, GO can be reduced 

by chemical48,49 or thermal reduction50 to yield the reduced graphene oxide (III), 
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whose properties are between GO and pristine graphene. Due to the reduction step 

many oxygenated functional groups are removed while resetting the π network. 

Thus, the material shows higher surface area, major thermal stability and major 

conductivity. In addition, depending on the reduction process the structure and 

composition can be modified and it can suffer post-synthesis functionalization, 

making the material tunable.36,50,51 

This material shows high thermal and chemical stability, high surface area and 

contains oxygen functionalities at the surface. Moreover, it exhibits a great facility to 

incorporate dopant atoms (such as N, B, P and S in less than 10 wt%) and the 

possibility to modify its surface with pendant units making rGO a material with 

potential applications in carbocatalysis. The surface defects in rGO may also act as 

active sites in catalysis. In addition, if dopant atoms or pendant groups are present in 

the material, the catalytic properties may improve (Figure 1.3).

 

Figure 1.3 Possible catalytic active sites in rGO. 

Reduced graphene oxide, has been used as carbocatalyst in different reactions such 

as cross coupling,84 reduction reactions,53,54 photophemton reactions,55 
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peroxymonosulfate (PMS) activation in pollutant degradation,56 and water 

splitting.57 Remark that material is widely used in oxidative dehydrogenation 

reactions (ODH) of different type of molecules: amines,36,58 N-Heterocycles59 and 

alcohols.60 

Heterogenization of Homogeneous Catalysts for recycling 

Transition metal-based catalysts are usually based on precious and rare metals, 

which are expensive and scarce, or/and by molecules obtained by complex 

procedures. A key factor to develop greener catalytic processes is to have an 

effective method to recycle them. For that reason, heterogeneous catalysts are the 

most used in the industry. However, to obtain more efficient catalysts, an important 

part of the academic research is trying to merge the benefits of homogeneous and 

heterogeneous catalysis, combining the activity and selectivity of homogeneous 

catalysts with the stability and recyclability of heterogeneous catalysts. These 

methodologies allow the heterogenization of traditional homogeneous catalysts and 

open the possibility of easy-isolation and reutilization. 61,62 

Although different recycling strategies to heterogenize a homogenous catalyst are 

available, anchoring of a transition metal-based complex onto a solid support is one 

of the most commonly used. In this manner, the new solid catalytic material can be 

easily separated from the reaction media and reused. Still, the main drawback of this 

strategy is that the catalyst may show less activity than its homogeneous 

counterpart due to mass transfer problems and difficulty to access the active sites. 

This problem is closely related to the support used for the heterogenization of the 

homogeneous catalysts.  

In general, the two main methodologies employed in the immobilization differ on 

the type of interaction between homogeneous catalyst and the solid support which 

can be: via covalent bond or non-covalent bond. The first one is the most extended 

and consists in the formation of covalent bonds between the homogenous catalyst 

and the support. Modification of the molecular species and surface functionalization 

of the support is usually needed to ensure a proper immobilization. In addition, the 

variation of the catalyst can alter its activity and selectivity. A clarifying example of 

this strategy was reported by Prof. P. Van Leeuwen in 1999, where a cationic 

rhodium (I) complex bearing a POP ligand was supported onto silica is active in the 

hydroformylation reaction.63,64 That catalyst can be reused 8 runs without 

deactivation by simple filtration (Scheme 1.6) 
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Scheme 1.6 1-Octene hydroformylation catalysed by heterogenized Rh catalyst. 

The second strategy consists in immobilizing the homogenous system onto a solid 

support through non-covalent forces such as physisorption,65 electrostatic 

interactions,66 and π-π stacking.67 Through this methodology the nature of the 

homogeneous catalyst is better preserved, maintaining its catalytic properties and 

no further functionalization steps are required. However, the interaction between 

homogeneous species and the support are weaker than in covalent anchoring. For 

that reason, it is more prone to suffer leaching. Thus, careful catalyst design is 

needed to ensure strong interactions between the catalyst and the support to avoid 

this problem.  

Traditionally, the common supports to immobilize homogeneous catalysts have 

been silica, polymeric supports and metal nanoparticles.68–71 However, carbon based 

materials are considered promising candidates in its field. The increasing interest in 

the use of these materials as catalyst supports is due to its advanced properties such 

as inertness, mechanical and thermal stability, high surface area and the possibility 

to modulate and control the composition and surface functionalization.72 

Specifically, graphene and chemically derived graphenes like rGO (above described) 

are considered one of the most interesting carbon based materials. Thanks to the 

excellent properties of rGO in terms of stability, high surface area and tuneability, it 

is considered an ideal material for supporting catalysis. In addition, their particular 

electronic properties convert rGO in an optimal material for photo- and 

electrocatalysis.73,74 

Both, covalent and no-covalent approaches have been investigated. In the first case, 

the presence of oxygen functionalities allows after further derivatization the 

incorporation of the catalyst via covalent bond facilitating the direct interaction with 

the support (Scheme 1.7) .75  
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Scheme 1.7 Synthesis of Rh-Triazole complex covalent anchored to reduced graphene oxide. 

 

In the second case, non-covalent interactions such as electrostatic, adsorption and 

supramolecular forces have also been studied. Thanks to the extended π-cloud of 

reduced graphene oxide, it is considered an ideal material to support molecular 

catalysts bearing an aromatic auxiliary through π stacking interactions.  This 

interaction is a Van der Waals forces and the energy of a single interaction is low, 

about 2 kJ/mol.76 However, the complete strength between a polyaromatic system 

and rGO depends on the number of aromatic rings of the molecule aromatic region 

and the curvature contact with rGO surface. For these reasons, molecular catalyst 

must possess a polyaromatic moiety such as pyrene to strength the interaction with 

graphene and ensure immobilization. The advantage of this methodology is that 

neither the catalyst nor the support needs to be modified during the immobilization 

process.  

Immobilization of homogeneous catalyst over carbon surfaces through π stacking 

interactions is well studied for grafting metal complexes onto carbon nanotubes (a 

graphene sheet rolled into a cylindrical shape). 77–79 However, the use of rGO for this 

purpose is a novel strategy pioneered by our research group and only a few 

examples can be found in the literature.67,80,81 One of them is a Ru-NHC complex with 

a pyrene moiety that is immobilized over rGO by π stacking interactions. This 

catalyst shows better activity than its homogeneous counterpart. In addition it can 

be reused 10 times without deactivation.82  
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Figure 1.4 Non-covalent immobilization of Ru complex over rGO and its catalytic properties. 
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1.2 ENERGY PRODUCTION vs SUSTAINABILITY 

The current overpopulation and growing energy consumption per capita imply an 

unsustainable energy production system that does not stop growing in the last years 

(Figure 1.5).83   

 

Figure 1.5 Total energy consumption and its source (top) and energy consumption per capita 

in the world (down).84 

The current energy sector (either to produce electricity, to use as transport 

combustible or to heat water) is mainly based on the use of fossil fuels such as coal, 

oil and gas (Figure 1.5), which is no longer sustainable due to their limited availability 

and negative environmental impact (Figure 1.6).  
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Figure 1.6 Years of fossil fuels reserves left according with the current demand in year 

2016.84 

Fossil fuels (coal, natural gas and oil) are composed basically of carbon and hydrogen 

with variable amounts of other elements such as sulfur, oxygen and nitrogen. 

Depending on the fuel these elements are found in varying degree. For example, 

coal contains high quantity of sulfur and oxygen. In contrast, natural gas shows very 

low amount of these contaminants. Generally, the energy from fossil fuels is 

obtained through combustion where a fossil fuel acts as fuel and atmospheric 

oxygen as oxidant to obtain CO2 and H2O as products (Scheme 1.8).  

 

Scheme 1.8 General reaction for fossil fuels combustion. 

 

Unfortunately, CO2 is one of the side products, a non-toxic gas and one of the main 

responsible of the greenhouse effect.85 In parallel, CO2 is produced by the major part 

of the living beings, but its concentration, in the atmosphere, remains constant due 

to the fact that autotroph beings re-absorb part of it achieving equilibrium. 

However, if this equilibrium is broken and CO2 (or other greenhouse gas) 

accumulates in excess, the earth temperature will increase exceeding the optimal 

range due to the greenhouse effect. Since the eighteen centuries, the world 

population is increasing as well as the energy demand (Figure 1.5) causing an 

exorbitant production of CO2. These anthropogenic (originated by human activity) 

emissions of CO2 have broken the equilibrium and it is accumulating in the 

atmosphere. The atmospheric CO2 concentration between years 1000 and 1800 was 
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around 280 ppm, but nowadays it has achieved a value of 419 ppm.86 These facts 

produce an amplification of the greenhouse effect and an increase of the world 

temperature as final consequence (Figure 1.7). 87,88 

 

Figure 1.7 Relation between CO2 concentration in atmosphere and global temperature.89 

 

That increase of CO2 concentration and the world temperature has various negative 

implications: 

1.- Increment of sea temperature. According with the Henry’s law, an increment of 

water temperature reduces the oxygen solubility.  It plays a crucial role in all aerobic 

aquatic life. For that reason, a reduction of dissolved O2 could be lethal for these 

beings (hypoxia). Thus, the amplification of global warming is producing that fishery 

sources are decreasing and aquatic ecosystems are being seriously affected.90,91 

2.- Reduction of water availability. Saturation vapor pressure of water in air is highly 

sensitive to temperature, for that reason perturbations in the global water cycle are 

expected as consequence to increase of world temperature.92 It has been estimated 

an increase of the runoff, the differences between precipitation and 

evapotranspiration, among 10-30% in North America and Eurasia by the year 2050,93 

reducing the water availability.94 

3.- Sea-level rise. Thermal expansion, glacier loss and mass loss from Greenland and 

Antarctic, due to the high temperatures, are the main responsible of the increase of 

sea-level.95 The measures, since 1993 until 2018, indicated that global sea level rise 3 

mm per year, more than 7 cm in 25 years.96 
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4.- Increment of extreme climate events. It has been demonstrated that human-

induced increases in greenhouse gases have contributed to the observed 

intensification of extreme climate events such as heavy precipitation events, storms 

and extreme temperatures.97–100 

5.- Plants, crops and animals need specific conditions to survive and grow including 

the suitable ambient temperature where the increase in the global temperature will 

disturb the growth and the breed of these creatures.101 In addition, lack of water and 

extreme events (see above) make this situation worse.  

6.- Physico-chemical changes in water chemistry. Half of the anthropogenic CO2 has 

been absorbed with the time by oceans. When it dissolves in water, carbonic acidic 

is formed which will cause a drop in the surface water’s pH, this change will affect 

the life cycle of many marine creatures.102,103  

 

 

Figure 1.8 Accumulated numbers of reported hypoxia sites since 1916 to 2006. Exponential 

growth rate of 5.54% per year. (a) Number of global recorded natural disaster events since 

1900 to 2019. (b) The total economic costs and the insured costs of catastrophic weather 

events for the second half of the 20th century as recorded by the Munich Reinsurance 

company85 (c). 
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All the implications derived from global warming mentioned above have as final 

consequences important ecologic, economic and human losses.104 Due to these 

problematic, global warming becomes one of the most important issues for the 

scientific and politic community.88 Along with carbon dioxide, there are other 

greenhouse gases like NOx (nitrogen oxides) that are produced by reaction with 

oxygen at high temperatures, commonly during fossil fuels combustion. Another one 

is methane, which is the mainly constituent of natural gas. Its presence in the 

atmosphere is due to leaks of natural gas.  

In this context, renewable energies such as wind or solar energy are considered as 

an alternative energy source to overcome these problems. The main drawback of 

these technologies is their intermittent character. For example, solar technology 

only produces energy during the day. This fact makes impossible to satisfy the 

constant demand of energy. For this reason, energy storage is experiencing a surge 

of interest by the scientific community. 

 

1.2.1 Hydrogen economy 

Among all the possibilities, the use of molecular hydrogen as an energy vector is a 

promising clean energy alternative. The hydrogen economy consists in the use of 

hydrogen as reservoir of energy. The methodology consists of the production of 

green hydrogen from the energy surpluses of renewable sources, mainly by water 

electrolysis. Then, it can be storage and/or transport and used when needed. Energy 

recovery from green hydrogen can be obtained by combustion or used in a fuel cell 

but the most important is that the only by product is water (Scheme 1.9).  

 

Scheme 1.9 Schematic procedure of the use hydrogen as energetic vector. 
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Hydrogen is used due to its high gravimetric energy density (33 kW·h/kg). 

Furthermore, the use of hydrogen as fuel is very efficient. For example, hydrogen 

powered cars using a fuel cell shows efficiencies of energy conversion around 50–

60%, much higher than today's cars using fossil which has maximum efficiencies of 

25%.105,106 In addition, when it is used to obtain energy, water is the only by-product 

avoiding the carbon footprint ligated to present energy generation. However, this 

technology has also some drawbacks. First, H2 is extremely flammable and explosive, 

which makes it difficult to manipulate. In addition, it shows low gravimetric density 

(0.0899 kg/m3) under standard conditions. For that reason, conventionally, high 

pressures (usually 700 bar) or cryogenic temperatures (-253 oC) are used to store it 

in a reasonable amount. These methodologies require an important energy intake 

(approx. 15 and 30% of the total stored energy respectively) as well as complex, 

expensive materials and procedures to store the hydrogen in an efficient and safe 

manner. 107 

Hydrogen storage 
 
To overcome the limitations of these traditional methodologies various storage 

methods have been proposed. For instance physisorption of H2 onto surface of solid 

materials, which has been studied for many years,108 consists in a physical and 

reversible process in which H2 is adsorbed onto a surface through van der Waals 

forces without the creation or activation of any type of bound.109,110 Hydrogen 

storage of this methodology is mainly governed by specific surface area and pore 

volume of the material.111 For that reason, metal-organic frameworks, zeolites, 

chlathrate hydrates, organic polymers and carbon materials are used for this 

purpose.107 This methodology shows fast kinetics and good reversibility due to of the 

weak interactions between hydrogen and support. However, it makes that high 

storage capacities are only achieved employing extreme low temperatures (≈-196 oC) 

and high pressures.   

 
Another alternative is the storage of H2 as solid hydrides. In this case, hydrogen is 

chemisorbed in a solid material. The bond of the hydrogen molecule is activated and 

reacts with the support forming bonds and giving a new material. This reaction is 

reversible and the H2 can be obtained on demand when is needed. Different 

materials are employed for this purpose such as metal hydrides, metal alloy 

hydrides, alanates, metal borohydrides and alkali imides/amides systems. As usual, 

these materials show a storage capacity between 2 to 8 wt%. This methodology, 
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usually, is limited by the high temperatures needed to activate and/or release the 

molecular hydrogen (in some cases over 300 oC).112 In addition, in the major part of 

the cases low recyclability of the material has been achieved.107   

Liquid Organic Hydrogen Carriers (LOHCs) 
 

A promising alternative that has gained ground in this field is storage of hydrogen in 

the form of liquid organic hydrogen carriers (LOHC).113,114 It is a similar approach that 

solid hydrides but using liquid molecules as carriers. A LOHC system is formed by a 

hydrogen rich molecule (Hn-LOHC) and its dehydrogenate counterpart (H0-LOHC). H2 

is loaded in the system through the catalytic hydrogenation of the H0-LOHC to obtain 

the Hn-LOHC. Then, this liquid molecule can be safely transported or stored during 

long periods of time. Once there is an energetic demand, hydrogen is discharged of 

the system by a catalytic dehydrogenation reaction recovering the initial molecule 

(H0-LOHC) (Scheme 1.10). 

 

Scheme 1.10 Schematic use of LOHCs. 

Two important characteristics of this technology must be taken into account. The 

first one is the dehydrogenation temperature (usually is the thermodynamic 

disfavored process of the system), the temperature at which hydrogen is release 

from the Hn-LOHC. For practical purposes and efficiency this temperature should be 

as low as possible. Another important aspect is the hydrogen storage capacity (HSC) 

which determines the amount of H2 that can be stored in the system. This feature 

must be as high as possible to reduce the quantity of LOHC needed becoming the 
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system more efficient.  This fact gains special importance if hydrogen is use as fuel 

for on-board storage system or other mobile functions where space is limited.113 

The different efficient organic pairs have been summarized in table 1.4 

Table 1.4 Different LOHC systems. 

System Reaction Tdehydro 
(oC) 

HSC 
(wt%) 

Cycloalkanes 
 

>250 7.2 

N-heterocycles 
 

>150 5.2 

Methanol  >100 4.4 

Formic acid  R.T. 4.4 

Ammonia-borane 
   Hydrolysis  <100 7.1 

   Methanolysis  <100 3.8 

Silane/alcohol  <0 4.4 

 

Historically, the first research activities toward hydrogen storage using LOHC 

systems date back to the 1980s. Taube and co-workers proposed a system based on 

the pair methylcyclohexane/toluene (MCH/TOL) for on-board applications.115 That 

pair shows an interesting HSC of 6.1 wt%. However, that system has an important 

drawback, the hydrogen recovery (the dehydrogenation of MCH) occurs at 

temperatures of ca. 300oC.116 Despite this limitation, the pair MCH/TOL is being used 

as a system to storage energy by the Japanese company Chiyoda corporation.117 

More recent studies have focused on the perhydro-

dybenzyltoluene/dibenzyltoluene pair (pHDBT/DBT). This pair is no-toxic and liquid 

in a wide range of temperatures (-30-390 oC). Its HSC is similar than MHC/TOL pair 

(6.2 towards 6.1 wt%) but shows low dehydrogenation  temperatures (around 250 
oC) due to its lower dehydrogenation enthalpy (65.3 vs 68.3 kJ/mol) making 

pHDBT/DBT a good pair for hydrogen storage. In fact, there are two companies 

(Hydrogenious technologies and H2 industries) that supply this type of technology 

for stationary power storage.118,119 

To improve the efficiency of LOHCs through the reduction of dehydrogenation 

temperature other systems were studied. Pez along with the company Air 

Products120 and Crabtree121,122 demonstrated that the partial substitution of carbon 
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atoms by nitrogen in a cyclic compound reduce the energy required for the 

dehydrogenation reaction (Figure 1.9). 

 

Figure 1.9 Calculated enthalpies of dehydrogenation for cyclohexane and structurally similar 

N-heterocycles. 

 

Among all the N-heterocycles, dodecahydrocarbazole was found one of the most 

effective hydrogen storage carriers. It can be considered as an indoline moiety with 

two six-membered rings as substituents showing a low dehydrogenation enthalpy.122 

The dehydrogenation reaction is carried out at ca. 200 oC catalyzed by noble metals. 

Although decahydrocarbazole has a HSC of 6.7 wt%, it shows low dehydrogenation 

reaction rates due to the nitrogen heteroatom is free to interact with the metal 

catalyst surface through the lone pair of electrons inhibiting the catalyst.123,124 For 

this reason, recent studies have focused in use N-ethyldecahydrocarbazole instead 

of decahydrocarbazole due to ethyl group prevents the strong adsorption onto 

metal surface. It has HSC slightly lower than decahydrocarbazole of 5.8 wt% but 

shows better reactions rates, no catalyst deactivation and it shows good stability in 
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repeated hydrogenation/dehydrogenation cycles. As in the case of 

decahydrocarbazole, the dehydrogenation of this molecule is mainly carried out by 

heterogeneous novel metals such as: Pd,125 Pt,126  Rh,127 or Ir.128 The main drawback 

of this N-ethyldecahydrocarbazole/N-ethylcarbazole pair is its high melting point, it 

is solid at ambient temperature. However, the eutectic mixture of different N-alkyl 

carbazoles has a melting point of 24 oC without having a high impact in the HSC.129 

Another issue that needs to solve is the lability of the N-alkyl bond that under high 

temperatures can be broken leading with substrate decomposition and inhibiting 

the catalyst.114  

Other interesting N-heterocycles to be used as LOHC are piperidines and 

tetrahydroquinoleines (THQ). The first one, piperidines/piridynes system show a 

high storage capacity of 7 wt% for piperidine/pyridine pair (it decreases with the 

substitution of the molecule) and low dehydrogenation enthalpies. Milstein et al. 

dehydrogenate quantitatively piperidines to the correspondent dehydrogenated 

counterpart using Pd/C at 170 oC (reflux temperature of the substrate) in 2 days.130 

Although it is liquid in a wide range of temperatures, the boiling point of these pairs 

is usually low (between 100 and 150 oC). This fact could be a drawback from a 

practical point of view. On the other hand, tetrahydroquinoline (THQ)/quinoline (Q) 

pair shows a lower dehydrogenation enthalpy due to the aromatic fused ring 

allowing carrying out the reaction at low temperatures. There are examples that 

reaction occurs quantitatively at 110 oC in less than 24h.131 Although this pair shows 

low HSC of 3 wt%, it can be use as model substrate to understand the mechanism of 

the reactions involved and design more efficient catalysts. Thus, this reaction is 

widely studied in academics. To carry out the dehydrogenation of THQ to obtain Q 

and H2 both homogeneous and heterogeneous catalysts are used, usually based on 

novel metals.132–134 In addition there are some examples where the catalysts are 

based on 3d metals such as Ni,135Co,136 Cu,137 or Fe138 among others139. Despite of 

this fact, it is more interesting carry out this transformation with a recyclable metal-

free catalyst such as a carbocatalyst. However, this field has not been studied. There 

are few examples in metal-free dehydrogenation of THQ and in all cases an oxidant 

is used as hydrogen acceptor obtaining another product (H2O or H2O2) instead of 

H2.59,140,141 Only there is an example in the literature of acceptorless 

dehydrogenation (ADH) of THQ to obtain Q and H2 using a metal-free catalyst.142  

 

 



Chapter 1 
 

28 
 

1.3 SUSTAINABLE TRANSFORMATIONS AND BIOMASS AS 

FEEDSTOCK FOR CHEMICALS PRODUCTION 

In parallel, still today, a major part of all chemical and material products obtained 

from the chemical industry is derived from seven simple building-block molecules 

(Figure 1.10), the ‘base chemicals’.  

Most of chemicals produced by the chemical industry are derived from seven simple 

building-block molecules known as the ‘base chemicals’ (Figure 1.11). These 

chemicals are derived from fossil resources (predominately crude, oil and natural 

gas) via distillation, cracking, reforming and fractionation. All seven base chemicals 

are produced on a global annual scale exceeding 10 million tones, with ethene 

produced in more than 100 million tons (Table 1.5). 143  

 

 

Figure 1.10 Basic fossil-fuel derived products. 
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Table 1.5 Global annual production (2010) of 7 “base chemicals” and its sources. 

Base/Bulk chemical Predominant feedstock Annual production from 
fossil sources (ton) 

Ethene Oil, gas 123 300 000 
Propene Oil, gas 74 900 000 

Butadiene Oil, gas 10 200 000 
Benzene Oil 40 200 000 
Toluene Oil 19 800 000 
Xylenes Oil 42 500 000 

Methanol Syngas 49 100 000 

 

The main problem of this current scenario is the non-renewable character of 

feedstock (coal, natural gas and predominantly oil). Around 10% of global crude oil is 

used to produce the base chemicals. As previously mentioned, its availability is 

limited and it has been estimated, with the actual production and demand that we 

will run off oil in less than 50 years (Figure 1.6). In addition, the use of this type of 

feedstock generates high quantities of CO2.  

On the other hand, apart from methanol (MeOH), all base chemicals are devoid of 

heteroatoms with only double bonds or aromatic rings as functional groups. As a 

result, further chemical modifications, such as oxidation, are required to introduce 

chemical complexity in the form of functional groups.144 Normally, these 

transformations involve harsh conditions and strong reactants that are usually toxic 

and/or generate high quantity of waste.  

 

1.3.1 Sustainable catalytic reactions 

The classical methodologies employed in the different organic transformations by 

the chemical sector produce high quantity of waste, making this scenario 

unsustainable. For this reason, there is a growing necessity to develop sustainable 

methodologies, based on the 12 principles of green chemistry to replace them.  
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Hydrosilylation reaction 

From an industrial point of view, organosilanes are interesting type of molecules due 

to it is versatile functionalities in the synthetic chemist’s toolbox, offering a 

convenient and inexpensive procedure to create new carbon-carbon or carbon-

heteroatom bonds.145 In special vinylsilanes, a silyl moiety attached to double bond, 

due to its particular reactivity.  

The silicon-carbon bond is generally robust towards many reagents used in organic 

synthesis but, under specific conditions can be easily activated.146 The reactivity of 

vinylsilanes includes a wide variety of reactions such as substitution of silyl moiety 

by an electrophilic carbon (Scheme  1.11.a),147 Heck reaction (Scheme 1.11.b)148 or 

attack of hydroxyl group to the olefinic double bond (Scheme 1.11.c).149  Moreover, 

configuration of the double bond after some reactions can be controlled.150 

 

Scheme 1.11 Different reactivity of vinylsilane group. TASF = (Et2N)3S+ SiMe3F2
-. 

 

Due to these properties vinylsilanes are extensively observed in many organic 

reactions as intermediates. An example of this is the synthesis of Pumiliotoxin 251D, 

an alkaloid isolated from the Ecuadoran poison-dart frog that could be used as toxin, 

from 1-heptyn-3-ona. In this synthetic route the key step is the vinylsilane 

cyclization.151 

Vinylsilanes are obtained by different ways such as the reaction of 

organomagnesium reactants with chlorosilanes (Scheme 1.12.a),152 terminal alkenes 
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and cyclic silanes (Scheme 1.12.b),153 or dihalomethylsilanes and aldehydes (Scheme 

1.12.c).145 These synthetic routes require several reaction steps producing undesired 

by-products.  

 

 
 

Scheme 1.12 Different synthetic routes to obtain vinylsilanes. 

Alternatively, there is a more sustainable synthetic route, the hydrosilylation of 

alkynes. This reaction occurs in one step, shows good yields and has an atom 

economy of 100%. Hydrosilylation consists in the reaction between a hydrosilane 

and an alkyne. In this way, the silane moiety and the hydrogen are inserted in the 

different sp carbons yielding the corresponding vinylsilane (Scheme 1.13). 

 

Scheme 1.13 Schema of hydrosilylation of alkynes reaction. 

However, the main drawback of this methodology is limited selectivity due to 

different products can be obtained such as  addition,  addition, disilylation or 

dehydrogenative product.154 For that reason, the search for catalysts that can 

promote selective hydrosilylation processes under mild and aerobic conditions is 

one of the main goals in industry and academy. Traditionally, the Karstedt complex 

(Pt2(dvtms)3, dvtms = divinyltetramethyldisiloxane) is the reference catalyst for 

hydrosilylation due to its good activity and selectivity for this reaction.155 However, 
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this catalyst generates colloidal platinum species, which are responsible of a number 

of undesired reactions.156 Then, Markó and co-workers demonstrated that NHC-

platinum(0) complexes avoid the formation of platinum colloids catalyzing the 

hydrosilylation of alkynes in a more efficient way.157,158  

 

Although Marko catalysts (NHC-Platinum (0)) show excellent catalytic properties in 

hydrosilylation of alkynes reaction, it cannot be recycled after the reaction. To make 

the process more sustainable the development of efficient, stable and recyclable 

catalyst for that transformation is necessary. The last efforts in hydrosilylation 

reactions have focused in that field and different recyclable catalyst have appeared, 

but the examples are still scared.159–161 Chapter 3 is focused on achieve this target. 

For that purpose, a platinum complex is immobilized onto reduced graphene oxide 

and tested as reusable catalyst for alkynes hydrosilylation reaction.  

 

 

Figure 1.11 Structure of Karstedt and Markó catalysts. 

 

 

Semihydrogenation of alkynes reaction 

The preparation of bioactive natural products such as medicaments, drugs or 

pheromones containing Z-alkenes is an important issue in fine chemistry.162–164 

However, methods for highly selective access to Z-alkenes are less established than 

those for the E-isomers. One of the reasons is thermodynamic control that favors 

the lower-in-energy E-alkenes. 
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Figure 1.12 Structure of Cruentaren A (antifungal and antitumoral molecule) and 7,9-

dodecadien-1-yl-acetate (sex pheromone). In red Z-alkene functionality. 

 

The number of methodologies to obtain Z alkynes is limited. One of the most used in 

natural product synthesis is the Wittig reaction. This transformation consists in the 

reaction between a carbonyl compound and a phosphorous ylide (prepared in situ) 

to yield the corresponding alkene with the concomitant formation of phosphorous 

oxide as by-product (Scheme 1.15.a).165 In general, selectivity of 90% towards Z 

isomer is achieved. The main drawback of this synthetic route is the undesired by-

products formed. Other way to obtain Z-alkenes functionalities is through olefin 

metathesis reactions (Scheme 1.15.b). Although it is a methodology with enormous 

synthetic possibilities, the selectivity towards Z-alkene is low (usually Z:E relation is 

2:1) with a big depending of the substrate.166 However, in recent years, the Z-alkene 

selectivity have been improved by the development of better catalysts based on Mo, 

W and Ru. 167–169  

 

An alternative to these methodologies is the isomerization of alkenes (terminal or E-

alkenes) to obtain the desire Z-alkene (Scheme 1.14.c).170–172 The isomerization of 

terminal alkenes to internal alkenes is thermodynamically favorable but the E-

isomer is more favored than Z which difficult the formation of Z-alkenes.  
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Scheme 1.14 Different methodologies to Z-Alkenes synthesis. 

One promising and sustainable alternative to these methodologies is the catalytic 

semi-hydrogenation of alkynes (Scheme 1.15.d). This reaction consists in a partial 

hydrogenation of alkyne to obtain the corresponding Z-alkene without a completed 

hydrogenation to the corresponding alkane. It means, that the catalyst employed to 

carry out the reaction have to be selective towards Z-isomer173 without over-

hydrogenate the substrate.174 To carry out this transformation Lindlar’s catalyst is 

widely use. It consists in Pd supported over CaCO3 poisoned with lead co-catalyst 

and quinoline.175 In contrast to Pd over carbon, no complete hydrogenation of 

alkyne towards alkane occurs when this catalyst is used. In addition, due to the 

nature of heterogeneous catalysts, H2 is bound to the surface of the catalyst and Z-

configured alkenes could be generated exclusively.176 Although Lindlar’s catalyst 

shows good catalytic properties for this reaction and is widely used for this purpose, 

it shows two important drawbacks: 

-Rigorous control of catalyst loading. If the amount of catalyst is too low the 

reactions is not completed. On the other hand, an excess of catalyst 

produces the overhydrogenation of the substrate. 



Introduction & Objectives 
 

35 
 

-The use of toxic lead co-catalyst poses problems in terms of 

environmentally and safety issues. 

  -Partial isomerization of Z to E-alkene.177 

Due to the potential of the semi-hydrogenation of alkynes to obtain Z-alkenes 

reaction in fine chemistry many efforts are directed towards the design of a catalytic 

system that overcomes these inconvenients.178–180 Consequently, chapter 4 it is 

devoted to the synthesis of palladium nanoparticles supported onto rGO and 

stabilized by NHC ligands to be applied as selective and reusable catalyst in the semi-

hydrogenation of alkynes reaction.  

 

1.3.2 Revalorization of Biomass 

As early mentioned, a major part of chemical products proceeds from fossil fuels. 

This scenario is not sustainable because it generates considerable amounts of CO2. In 

addition, they derive from non-renewable sources for that reason its availability is 

limited. Alternatively, the use of biomass as feedstock is a more sustainable 

alternative towards the synthesis of organic compounds.181,182 Moreover, biomass 

molecules show high grade of oxygenated functionalization (around of 45% of 

weight is oxygen).183 From an economical and chemical point of view, this is an 

advantage due to it is typically more simple and inexpensive remove oxygen from a 

molecule than add oxygen via selective oxidization reactions.184  

Considering both economics and avoidance of competition with food production, 

biomass for platform chemical production should ideally be the “waste” originated 

from other industries and not specifically grown for chemicals.144 The most abundant 

waste biomass is lignocelluloses,185 material constituted by a mix of lignin, cellulose 

and hemicellulose in a variable concentration.186 Lignins are bio-polymers made by 

cross-linking phenolic precursos.187 On the other hand, cellulose and hemi-cellulose 

are polysaccharides, bio-polymers based on sugars. These types of molecules are 

interesting initial platform chemicals in organic synthesis due to the variety of 

products that can be obtained (Scheme 1.15).188,189  
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Scheme 1.15 Different products obtained from glucose. 

 

An interesting example of these reactions is the conversion of sugars in its 

corresponding aldonic acid. In the case of glucose, gluconic acid is obtained, a 

biocompatible and biodegradable molecule (Scheme 1.15). For these reasons, it is 

widely used as food additive (E574),190 medicines191 and biodegradable polymers.192 

In addition, it is used in other fields such as building and construction193 and 

chelating agent for extraction of rare earth elements.194 The huge amount of 

gluconic acid applications converts it in a valuable chemical intermediate having an 

annual production of 60 000 ton.  

The main challenge in the synthesis of gluconic acid, or any aldonic acid from its 

corresponding sugar, is selectivity due to presence of many oxygenated 

functionalities.195 The Industrial obtainment of gluconic acid from glucose is carried 

out by enzymatic catalysis, concretely by Aspergillus niger enzyme.196 Despite of this 

methodology shows high productivity, it has a few drawbacks: need of specific 

conditions for an optimal enzyme activity, waste-water removal and difficulties for 

reusing the catalyst.184,195 In the last years, it has been developed different 

heterogeneous catalysts based on noble metals (Pd, Pt and Au) that oxidase glucose 

to gluconic acid using O2 as final oxidant. Among them, Au/TiO2 based materials 

show the most interesting catalytic properties.184,197 
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 A promising and more sustainable alternative methodology is the acceptorless 

dehydrogenation of sugars. Through this synthetic procedure aldonic acids are 

obtained without the use of any oxidant. Only H2 is obtained as byproduct that can 

be used in energy production or as reactant in other organic synthetic procedures. 

Despite the great potential of this technology only one example exists in the 

bibliography developed by our group. In that example, glucose is dehydrogenated at 

reflux in water using  homogeneous iridium complexes with H2SO4 as additive 

yielding gluconic acid with good yield and selectivity.195 

 

Scheme 1.16 Acceptorless dehydrogenation of glucose to obtain gluconic acid and hydrogen 

using an iridium complex. 

Carrying out with this work, different iridium complexes with a triazolylidene ligand 

are synthesized in Chapter 5. Then, these complexes are tested as additive-free 

catalysts in sugars dehydrogenation reaction in water media under reflux conditions.   
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1.4 OBJECTIVES 

The general objective of this PhD. thesis is the development of more sustainable 

catalytic processes, using the 12 principles of Green Chemistry as a guide, to address 

the main current challenges of our society such as the seek for clean energy 

alternatives, the reduction of environmental pollution and industrial waste. To carry 

out this arduous task, special attention has been paid to the design and 

development of catalysts to make the processes more efficient. This general 

objective can be divided in the following: 

 Evaluation of properties of graphene derived materials as carbocatalysts in 

hydrogenation transformations. 

 

 Design and development of palladium and platinum-based catalysts to carry 

out sustainable synthetic procedures such as semi-hydrogenation of alkynes 

and hydrosilylation of alkynes. 

 

 Development of selective transformation for biomass feedstocks. The 

synthesis of different iridium complexes and the study of its catalytic 

properties in the conversion of sugars in their corresponding aldonic acid in 

water media. 

 

 Development and evaluation of catalytic properties of hybrid material based 

on graphene derivatives functionalized with organometallic or metal 

nanoparticles.  
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CHAPTER 2: 

Reduced Graphene Oxides as Carbocatalysts in 

Acceptorless Dehydrogenation of N-Heterocycles 

 

 

 

 

ABSTRACT 

The catalytic properties of graphene-derived materials are evaluated in acceptorless 

dehydrogenation of N-heterocycles. Among them, reduced graphene oxides (rGOs) 

are active (quantitative yields in 23 h) under mild conditions (130 ºC) and act as 

efficient heterogeneous carbocatalysts. rGO exhibits reusability and stability at least 

during eight consecutive runs. Mechanistic investigations supported by experimental 

evidence (i.e. organic molecules as model compounds, purposely addition of metal 

impurities and selective functional group masking experiments) suggest a 

preferential contribution of ketone carbonyl groups as active sites for this 

transformation. 
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2.1 INTRODUCTION 

Metal-free catalysts might play an important role in the design of sustainable and 

environmentally friendly chemical transformations.1–4 The actual dependence of 

catalysis on metals, often precious and rare, is no longer sustainable owing to the 

cost, limited abundance, and depletion of metal sources. Development of metal-free 

catalysts based on abundant elements is a promising area of research. 

Organocatalysis is a well-established field in which well-defined active sites are 

present in organic molecules.5–7 Parallel to this, the use of heterogeneous 

carbonaceous materials is gaining interest, but the area is in its earlier development 

in terms of understanding the reaction mechanisms, architecture of the active sites 

and engineering of materials with single sites.8–10 In recent years we have witnessed 

a rapid development of graphene-type materials as catalysts.11,12 Defective 

graphenes have shown catalytic activity in oxidation,13,14 reduction15,16 and coupling 

reactions.17,18 

In parallel, the hydrogenation and dehydrogenationn of N-heterocycles is an 

important reaction from the synthetic viewpoint. N-heterocycles are found in many 

highly added-value organic compounds. They are also considered as potential Liquid 

Organic Hydrogen Carriers (LOHCs) for hydrogen storage and release.19–21 One 

advantage of N-heterocycles as LOHCs compared to cycloalkanes is the reduction of 

dehydrogenation enthalpy facilitating hydrogen release.22–24 The success of H2 

storage in organic compounds depends on the development of efficient, stable an 

affordable catalysts.25–27 However, to the best of our knowledge, acceptorless 

dehydrogenation (ADH) of tetrahydroquinolines using metal-free catalysts has not 

been reported. Previous examples describe the use advanced nanostructures (e.g. 

nanodiamons) or activated mesoporous carbons in acceptorless gas-phase dehydro-

genation of alkanes at high temperatures (> 500 °C).28–30 Alternatively, graphene 

oxide (GO) or activated carbon (AC) have been used in the oxidative 

dehydrogenation of N-heterocycles with the concomitant formation of water or 

hydrogen peroxide (Figure 2.1).31–35 In this manuscript, we describe the activity of 

reduced graphene oxides (rGOs) as efficient and reusable carbocatalysts for the ADH 

of tetrahydroquinolines with the production of molecular hydrogen, a key reaction 

for on-board hydrogen release. Our research provides a general scope of the metal-

free ADH carbocatalysts as well as evidence of the active sites responsible for this 

transformation. 
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Figure 2.1 Differences between oxidative (ODH) and acceptorless dehydrogenation (ADH) of 

N-heterocycles. The latter is important for H2 storage. In ADH, H2 gas is released while in ODH 

hydrogen is transferred to oxygen and released as H2O. (GO: Graphene oxide, AC: Activated 

carbon, rGO: reduced graphene oxide). 
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2.2 RESULTS AND DISCUSSION 

The performance of rGO as carbocatalyst in ADH of N-heterocycles was first 

evaluated using 1,2,3,4-tetrahydroquinoline (THQ, 1H) as model substrate under 

oxygen-free conditions (Tables 2.1 and S2.1). Our first concern was to find out 

whether rGO was acting as a true carbocatalyst or as a stoichiometric reagent.36 First 

of all, we confirmed that dehydrogenation of THQ did not occur without rGO (Table 

2.1, entry 1). In the presence of rGO, quinoline is obtained under different solvents 

and reaction conditions indicating that the process is general. ADH of 1H afforded 

quinoline (1D) with the concomitant release of two molecules of H2. Hydrogen was 

qualitatively analyzed using a micro GC. The ADH of N-heterocycles is an endergonic 

reaction in contrast to the ODH. The driving force of ADH is the removal of hydrogen 

from the reaction media. In fact, when the dehydrogenation reaction is carried out 

in a closed system, no product formation occurred (Table 2.1, entry 8). Then, the 

influence of catalyst loading in the dehydrogenation of 8-

methoxytetrahydroquinoline (7H) was assessed (Figure S2.1). The apparent reaction 

rates depended on the amount of rGO and the reaction profiles suggest a catalytic 

nature for the reaction. For instance, lowering the catalyst loading to 5 mg, instead 

of using 15 mg as in the standard conditions, considerably decreased the apparent 

reaction rate, but still a good yield (68 %) could be obtained after 23 h. The 

selectivity and the presence of other reaction products was evaluated through 

analogous experiments using deuterated o-dichlorobenzene (o-DCB) and analyzing 

the reaction mixture without any purification process (Figures S2.2). 

By monitoring the reaction progress by 1H NMR spectroscopy it could be seen how 

the starting substrate (3H) is converted to the corresponding dehydrogenated 

product (3D) without the formation of other products. This confirmed the high 

selectivity of ADH of THQs towards quinolines using rGO as carbocatalyst. 
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Table 2.1. Catalytic activity of rGO in ADH of 1,2,3,4-tetrahydroquinoline (1H) under various 

reaction conditions. 

 

Entry Solvent T (⁰C) Conv. (%) Yield (%) 

1a o-DCB 130 5 1 

2 o-DCB 130 91 85 

3 o-DCB 110 78 67 

4 DMF 130 74 58 

5 toluene 110 14 9 

6 n-decane 130 81 64 

7 DIPB 130 79 58 

8b o-DCB 130 10 n.d. 

Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.15 mmol), rGO (15 mg), solvent (1 mL) 

for 23 h. Evolution of starting material (conversion) obtained by GC/FID using 1,3,5-

trimethoxybenzene as internal standard and product formation (yield) obtained by 1H NMR 

analysis. [a] Without rGO. [b] Closed system. o-DCB: ortho dichlorobenzene; DMF: N,N-

dimethylformamide: DIPB, 1,3-diisopropylbenzene. 

Reaction scope 

Next, we investigated the scope and limitations of N-heterocycle dehydrogenation 

using rGO as carbocatalyst (Table 2.2). The reactions were monitored by GC and the 

activity was compared using apparent reaction rates (Figure S2.3-S2.6 and Table 

S2.2). rGO is an efficient carbocatalyst for a variety of substituted THQs and 

indolines. Methyl (3H) or phenyl (5H) substitution at the 2-position of THQ showed 

similar rates and afforded quantitative yields after 23 h. Introduction of different 

groups at the 6-position (6H and 7H) does not influence the formation of quinolines 

and similar reaction rates were obtained. A substantial limitation in ADH of THQ 

substituted at the 8-position was observed. The presence of a methyl (2H) or a 

phenyl (8H) reduced the yield of 2D and 8D to 56 and 50 %, respectively, probably 

due to steric effects. The same procedure was used for dehydrogenation of 
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tetrahydroisoquinoline (10H). Under these conditions, full conversion of 10H was 

also obtained, but only 15 % yield corresponds to isoquinoline (10D), the rest (about 

70 % yield) being the monodehydrogenated product. Monitoring of the temporal 

reaction profile indicates that double dehydrogenation of 10H requires longer 

reaction times (Figure S2.5). A fast reaction and quantitative conversion was 

obtained for tetrahydroquinoxaline (4H) containing two nitrogen groups (92 % conv. 

in 8h). This result agrees with previous theoretical calculations revealing that the 

dehydrogenation is thermodynamically favored by increasing the number of 

nitrogen atoms in the N-heterocycles.23 An important limitation was found for 

tetrahydronaphthyridine (9H) due to product degradation, while a good conversion 

of 76 % was observed, in contrast, the product 9D could only be obtained in a low 

yield (32 %). Further studies using five-membered ring N-heterocycles (indolines) 

showed faster reactions. For instance, indoline (11H) and 2-methylindoline (12H) 

were fully dehydrogenated to the corresponding indole (11D) or 2-methylindole 

(12D) in less than 10 h.  

Table 2.2 Scope of ADH of N-heterocycles. 

 

Reaction conditions: Substrate (0.15 mmol), 15 mg of rGO, o-DCB (1 mL) at 130 oC for 23 h. 

The number under the starting material corresponds to conversion obtained by GC/FID and 

the number under the product corresponds to the isolated product yield after purification. 

See SI for the reaction profiles and details. H, (hydrogenated); D (dehydrogenated). 
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Recyclability study 

The performance of rGO as carbocatalyst was further evaluated by recycling 

experiments. The temporal reaction profile provides valuable information of activity 

and stability. The rGO was removed from the solution after each run by decantation, 

washed with MeOH and reused without any preactivation process. The data 

presented in Figure 2.2 are the average of two independent reactions. These results 

show some decrease in activity from run 1 to run 2 and then, from run 4 to 6. 

However, the activity is recovered from runs 7 and 8. These fluctuations are due to 

the imperfect experimental working procedure with rGO, rather than a real 

tendency to deactivation. In any case, the catalytic activity of rGO is maintained for 

eight consecutive runs. It is worth mentioning that we have not observed any sing of 

catalyst deactivation. This fact suggests that rGO is a stable carbocatalyst. After the 

recycling experiments the rGO spent in the reaction was analyzed by HRTEM, XPS, 

elemental analysis and Raman spectroscopy to determine any change in the 

morphology and composition (Figures S2.7 – S2.9). The only subtle difference is the 

presence of more wrinkles in the spent rGO carbocatalyst. We believe that the 

presence of these wrinkles is not directly related to the catalytic activity but a 

consequence of the use of rGO in multiple experiments. XPS spectra of the C1s and 

O1s bands for the fresh and spent rGO show a similar peak-shape and at the same 

binding energy (Figure S2.9). Deconvolution provides similar contributions of 

different bonding modes (C-C, C-N, C-O, C=O and HO-C=O) for the fresh and spent 

rGO. The oxygen/carbon ratio for the fresh rGO sample was 0.12 and for the spent 

rGO (8 runs) was 0.13. These results confirm that during the catalytic reaction there 

is not an increase or decrease of oxygen content. Elemental composition by 

combustion analyses, confirmed that the oxygen/carbon ratio is maintained after 

exhaustive recycling. The Raman spectra provided the characteristic graphene 

pattern with D, G and 2D bands. The relative intensity (ID/IG) of D and G bands is 

preserved after eight runs indicating the high stability of rGO. (Figure S2.7). The 

available characterization data before and after the recycling experiment indicates 

that rGO is not altered during dehydrogenation of N-heterocycles. 
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Figure 2.2 Activity of rGO as carbocatalyst for ADH of N-heterocycles. Reaction conditions: 

Tetrahydroquinaldine (3H, 0.3 mmol), catalyst loading (30 mg of rGO), o-DCB (2.0 mL) as 

solvent at 130 ⁰C. Conversion determined by GC/FID and using 1,3,5-trimethoxybenzene as 

internal standard. 

 

Mechanistic studies 

Mechanistic studies of catalytic reactions using carbonaceous materials is a difficult 

task because of the ill-defined nature of the active sites.37 To get information about 

the catalytic active sites of rGO, experiments were performed to address influence 

of residual metals, use of organic molecules as models of the active centres and 

selective masking of functional groups. We first assessed the catalytic activity of 

different graphene-related materials including rGO from different commercial 

suppliers. The results (Figure S2.10) showed that graphene (G) and graphite are not 

active in the dehydrogenation of N-heterocycles. GO is highly active at low 

conversions, but then it deactivates fast and after a prolonged reaction time only 63 

% yield is obtained. On the contrary, all rGO materials used show a remarkable 

activity independently if they are obtained by thermal or chemical reduction. This 

observation indicates that the presence of vacancies or holes, which are more 

common in thermal rGO, or the presence of adventitious sites, N atoms in chemical 

reduction by hydrazine, are not necessary for the catalytic activity. The results 

derived from different carbonaceous materials indicate that the functional groups 

and the sp2 character of the basal plane of carbonaceous materials play a role as 

active sites in the catalytic reaction. 
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Then, we analysed the potential catalytic activity of metal impurities in the 

carbonaceous materials. Carbonaceous materials are predominantly obtained from 

graphite that contains several metal impurities present at trace levels.38–40 These 

impurities could have an impact in the catalytic properties of graphene. In addition, 

the preparation of GO and rGO involves the use of oxidant/reducing agents, some of 

which can contain metals that may remain in the final samples even at low 

concentrations. Common metal impurities found in rGO are iron and manganese. 

We evaluated the catalytic activity in dehydrogenation of N-heterocycles by adding 

known amounts of these metals in minute concentrations. The reaction progress in 

three parallel reactions containing: no added metal, with 0.5 mg of M2+ and with 1 

mg of M2+ were monitored (Figures S2.11 and S2.12). The results show that the 

three curves overlapped for Mn2+ or Fe2+ suggesting that the catalytic effect induced 

by the presence of these metal ions at these concentrations is negligible. 

We also used a series of organic molecules as models of the active sites to assess the 

role of different functional groups (-OH, -COOH and C=O) in ADH of N-heterocycles 

(Figure S2.13). The use of simple organic molecules for mimicking the role 

oxygenated groups at the surface of carbon materials is gaining interest, due to the 

relevant information provided.41,42 The results show that model molecules 

containing carboxylic acids and carbonyl groups promote somehow 

dehydrogenation of N-heterocycles (Table S2.4). For instance, the yield of 2-

methyltretraquinoline (3D) is 19 and 34 % when using benzoic acid (A) and pyrene-

4,5-dione (H), respectively. Other compounds like benzoquinone and phenol also 

exhibit some activity. The results also suggested that the chemical environment of 

the functional groups is important, as we observed differences between functional 

groups attached to benzene or pyrene scaffolds. The activity of the model molecules 

suggests that carboxylic acids, hydroxy and carbonyl groups present on rGO are 

potential catalytic active sites. We then used modified rGO samples in which certain 

functional groups have been selectively masked to provide further information on 

active sites. Carboxylic acids, ketone and phenol groups of rGO were selective 

masked using established procedures (Figure 2.14).43,44 The catalytic activity of the 

parent rGO and the masked materials rGOCOOH, rGOCO and rGOOH (superscript 

indicates the masked group) was evaluated in dehydrogenation of 

tetrahydroquinaldine (3H). The results reveal that samples without carboxylic groups 

or phenolic moieties exhibit lower apparent reaction rates than unprotected rGO. A 

more remarkable decrease in the dehydrogenation rates occurs upon masking the 

carbonyl groups (Figure S2.15). The results of masking experiments suggest that the 
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carbonyl groups are the prevalent active sites that together with lesser activity of 

carboxylic and hydroxyl groups are responsible for the performance of rGO. 

Previous studies on the use of rGO as carbocatalyst have already claimed the role of 

carbonyl groups (quinone type) as active sites.41,45,46 Based on present experimental 

evidence, a plausible mechanism for ADH of N-heterocycles is proposed in which the 

role of carbonyl groups is emphasized as previously observed in ODH (Figure 2.3).47-

49 According to this proposal, dehydrogenation of N-heterocycles would occur with 

the concomitant reduction of carbonyl groups that in a subsequent step would 

release molecular hydrogen 

 

Figure 2.3 Plausible mechanism in dehydrogenation of N-heterocycles showing the role of 

carbonyl groups. 
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2.3 CONCLUSIONS 

Graphene oxide (GO) is an efficient metal-free carbocatalyst for oxidative 

dehydrogenation reactions (OHD). In this manuscript, reduced graphene oxide (rGO) 

behaves as a suitable carbocatalysts to promote, without metal assistance, a more 

challenging thermodynamically uphill reaction, namely acceptorless 

dehydrogenation of N-heterocycles (ADH). H2 must be removed from the system, in 

order to precede the reaction, while the catalyst has to be very efficient in 

establishing equilibrium concentrations. rGOs obtained from diverse synthetic 

methodologies are equally active as catalysts promoting dehydrogenation of a wide 

range of N-heterocycles. Available catalytic data indicate that possible metal 

impurities are not involved in the process and that the most likely active sites are 

quinone-like carbonylic groups. In this way, the present results represent a step 

forward towards the sustainability for on-board hydrogen release that could be 

applicable in massive scale without mining or depletion of limited metal resources.  
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2.4 SUPPORTING INFORMATION 

This section contains the most relevant data of the article supporting information. 

To see the complete version, we invite you to download the PDF version of the 

article at the publisher website (https://pubs.acs.org/doi/10.1021/acscatal.1c04649) 

General considerations 

Reagents and solvents 

N-heterocycles were purchased from commercial suppliers and used without further 

purification. Anhydrous solvents were dried using a solvent purification system or 

purchased from commercial suppliers and stored over molecular sieves. Solvents 

were deoxygenated using the freeze-pump-thaw methodology and kept under an 

atmosphere of nitrogen. 

Instrumentation 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker spectrometers 

operating at 300 or 400 MHz (1H NMR) and 75 or 100 MHz (13C{1H} NMR), 

respectively, and referenced to SiMe4 ( in ppm and J in Hertz). NMR spectra were 

recorded at room temperature with the appropriate deuterated solvent. Elemental 

Analysis was carried out in a TruSpec Micro Series. High-resolution images of 

transmission electron microscopy (HRTEM) and high-angle annular dark-field 

(HAADF-STEM) images of the samples were obtained using a Jem-2100 LaB6 (JEOL) 

transmission electron microscope coupled with an INCA Energy TEM 200 (Oxford) 

energy dispersive X-Ray spectrometer (EDX) operating at 200 kV. Samples were 

prepared by drying a droplet of a MeOH dispersion on a carbon-coated copper grid. 

X-ray photoelectron spectra (XPS) were acquired on a Kratos AXIS ultra DLD 

spectrometer with a monochromatic Al Kα X-ray source (1486.6 eV) using a pass 

energy of 20 eV. To provide a precise energy calibration, the XPS binding energies 

were referenced to the C1s peak at 284.6 eV. Gas chromatography (GC) analyses 

were obtained on a shimadzu GC-2010 apparatus equipped with a FID detector, and 

using a Teknokroma column (TRB-5MS, 30 m x 0.25 mm x 0.25 m). 

Synthesis of graphenes 

Reduced graphene oxide (rGO): The employed reduced graphene oxide in 

dehydrogenation reactions of N-heterocycles was obtained from a commercial 
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supplier (Graphenea). The same batch of rGO was used for all experiments to assure 

reproducibility. The rGO is produced by oxidation of graphite using the Hummer’s 

method.50 Then is chemically reduced using an organic reducing agent under basic 

conditions. Properties: Specific surface area 423 – 498 m2/g; Electrical conductivity: 

667 S/m; Density 0.06 – 0.09 g/cm3.  

Graphene oxide (GO): It was prepared from graphite powder (natural, universal 

grade, 200 mesh, 99,9995%) by the Hummer’s method.50 Briefly, graphite is oxidized 

using potassium permanganate under strong acidic conditions (sodium nitrite and 

sulfuric acid). Exfoliation is performed using ultrasounds. 

Thermal reduced graphene oxide (rGOt): The rGOt was obtained by thermal 

reduction of GO. The GO (prepared by the Hummer’s method) was heated in a 

furnace under inert atmosphere (Ar) at 200 oC (5 oC/min) for 4 h. Removal of 

functional groups produces a black material known as thermally reduced graphene 

oxide (rGOt) that has been previously described.51 

Graphene (G): G was prepared according to a literature procedure literature.52 

Commercial alginate, after purification by dissolution in aqueous solution and 

filtration under pressure, was pyrolyzed as powder on a ceramic crucible at 900 oC (5 
oC/min) under an argon flow for 4h. The carbonaceous residue was submitted to 

sonication (250 W) for 30 min in water. The suspension was decanted, and the solid 

residue discarded. The suspension was freeze-dried and the graphenic material 

resuspended before using as a catalyst. 

Catalytic dehydrogenation reactions 

All catalytic experiments were carried out under an atmosphere of nitrogen using 

dry and deoxygenated solvents. In a typical procedure, the carbocatalyst was filled 

into a dry Schlenk flask (20 mL) connected to condenser containing a bubbler filled 

with mineral oil to exclude air from the reaction system and allowing the release of 

hydrogen gas. Solvent, substrate and 1,3,5-trimethoxybenzene as a standard were 

added under a nitrogen flux. The mixture was stirred at 130 oC (bath temperature) 

for at least 23h. The reaction progress was monitored by gas chromatography taking 

aliquots at selected intervals. 
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Optimization of reaction conditions 

Table S2.1 Optimization of reaction conditions in dehydrogenation of 1,2,3,4-

tetrahydroquinoline. 

 

Entry rGO 

(mg) 

Substrate 

(mmol) 

Solvent T (oC) Time 

(h) 

Conv. 

(%) 

Yield 

(%) 

1 - 0.1 o-DCB (2mL) 130 23 5 1 

2 20 0.1 o-DCB (2mL) 130 23 100 85 

3 10 0.3 o-DCB (2mL) 130 23 41 35 

4 15 0.15 o-DCB (1mL) 130 23 91 85 

5 15 0.15 o-DCB (1mL) 110 23 78 67 

6 15 0.15 DMF(1mL) 130 23 74 58 

7 15 0.15 toluene (1mL) 110 23 14 9 

8 15 0.15 n-butanol (1mL) 120 23 18 12 

9 15 0.15 n-decane (1mL) 130 23 81 64 

10 15 0.15 DIPB (1mL) 130 23 79 58 

11a 15 0.15 o-DCB (1mL) 130 23 10 n.d. 

12b 15 0.15 o-DCB (1mL) 130 32 99 90 

13c 15 0.15 o-DCB (1mL) 130 30 90 84 

Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.15 mmol), rGO, solvent for 23 h. 

Evolution of starting material (conversion) obtained by GC/FID using 1,3,5-

trimethoxybenzene as an internal standard and product formation (yield) obtained by 1H 

NMR analysis [a] Closed system. o-DCB, ortho dichlorobenzene; DMF, N,N-

dimethylformamide; DIPB, 1,3-diisopropylbenzene. [b] Under aerobic conditions. [c] Under 

aerobic conditions in a closed system. 
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Influence of catalyst loading 

The influence of catalyst loading in dehydrogenation of N-heterocycles was 

evaluated using 6-methoxytetraquinoline (7H) as model substrate. The catalytic 

reaction was monitored by gas chromatography using different amounts of rGO as 

carbocatalyst.  

 

 

Figure S2.1 Reaction progress profiles: Influence of catalyst loading in dehydrogenation of 

7H. Conditions: Substrate (0.15 mmol), rGO (x mg), o-DCB (1 mL) at 130 ⁰C. Conversion by 

GC/FID. 
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Selectivity study in the conversion of 6-Methyl-tetrahydroquinoline (6H) 

 

 

 

Figure S2.2 Acceptorless dehydrogenation of 6H. Initial 1H NMR spectrum (a) and after t = 23 

h reaction (b) using 1,3,5-trimethoxybenzene (signals at 3.61 and 6.06 ppm) as an internal 

standard. Residual o-DCB solvent signals at 6.93 and 7.19 ppm. 

a) t = 0 h 

b) t = 23 h 
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Scope and limitations: Reaction progress profiles  

 

 

Figure S2.3 Reaction progress profile in the conversion of 1H to 1D.  

 

 

Figure S2.4 Reaction progress profile in the conversion of 4H to 4D. 
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Figure S2.5 Reaction progress profile in the conversion of 10H to 10D and dhiq. 

 

 

 

Figure S2.6 Reaction progress profile in the conversion of 11H to 11D. 
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Table S2.2 Comparison of the initial conversion rates in ADH of N-heterocycles for substrates 

included in table 2. 

 

 

Recycling experiment: Fresh and spent rGO characterization.  
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Figure S2.7 Raman spectra of rGO during the recycling experiment. 

Entry Substra

te 

Conversion rate 
(mmol gcat

-1 h-1) 
Entry Substrate Conversion rate 

(mmol gcat
-1 h-1) 

1 1H 1.086E-5 7 7H 1.920E-5 

2 2H 4.172E-6 8 8H 2.559E-6 

3 3H 1.673E-5 9 9H - 

4 4H 2.864E-5 10 10H 3.655E-5 

5 5H 8.679E-6 11 11H 2.665E-5 

6 6H 1.263E-5 12 12H 4.271E-5 
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 rGO    1 run    8 run 

 

Figure S2.8 HRTEM images of rGO at different magnifications at selected runs. 

   rGO    rGO (8 runs) 

 

Figure S2.9 XPS analysis of fresh and 8 runs rGO. Binding energies of C1s and O1s. 

O1s 

C1s 
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Catalytic properties of graphene materials in dehydrogenation of N-heterocycles 

 

 

 

 

Figure S2.10 Reaction progress profile in dehydrogenation of tetrahydroquinoleine (1H) to 

quinoline (1D) using different graphene-related materials. 

 

 

Influence of metal ions in the catalytic properties of rGO  

Table S2.3 ICP/MS analysis of iron and manganese in rGO 

Catalyst Mn (ppm) Mn (wt%) Fe (ppm) Fe (wt%) 

rGO 2400 0.2400 420 0.420 
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Figure S2.11 Reaction progress profile in dehydrogenation of 3H into 3D under standard 

conditions with the addition of different amounts of Mn2+.  

 

 

 

Figure S2.12 Reaction progress profile in dehydrogenation of 3H into 3D under standard 

conditions with the addition of different amounts of Fe2+.  
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Functional groups: Model molecules as carbocatalyst 

 

Figure S2.13 Model molecules used as carbocatalyst for dehydrogenation of N-heterocycles. 

 

Table S2.4 Catalytic properties of model compounds in dehydrogenation of 2-

methyltetrahydroquinoline (3H). 

 

Entry Cat. Yield 

1 - <1 
2 A 19 
3 B <1 
4 C 9 
5 D 8 
6 E <1 
7 F 9 
8 G <1 
9 H 34 

Conditions: Anaerobic conditions using N2. 2-methyltetrahydroquinoline (0.15 mmol), o-

dichlorobenzene (1 mL), T=130 ºC and model molecule (25 mol%). Conversion and yield 

determined by GC/FID using trimethoxybenzene as an internal standard. 
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Masking experiments 

 

Figure S2.14 Synthesis of masked rGO derivatives. 

 

Masking of phenol type groups (rGOOH) 

rGOOH was synthesized by adapting a previously described procedure.46 rGO (100 

mg) was dispersed in 10 mL of dry CH2Cl2 and in an ultrasonic bath for 30 min. Then 

200 µL of trimethylsilylimidazole (1.31 mmol) was added and the mixture was stirred 

under N2 for 12 h at 60 oC. The suspension was filtered out and washed with CH2Cl2, 

water and acetone giving a black solid. 

 

Masking of carboxylic acid groups (rGOCOOH) 

rGOCOOH was synthesized adapting a procedure previously described.45 2-bromo-1-

phenylethanone (200 mg, 1 mmol) and 100 mg rGO were mixed in 5 mL of dry 

CH2Cl2 and stirred at room temperature for 5 h under N2 in the dark. The mixture 

was filtered out washed with CH2Cl2, water and acetone to remove the physical 

adsorbed molecules of 2-bromo-1-phenylethanone, giving a black solid. 
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Masking of ketonic carbonyl groups (rGOCO) 

 rGOCO was synthesized adapting a procedure previously described.45 

Phenylhydrazine (200 mg, 1.81 mmol) and 10 μL HCl acid (37 %) were dissolved in 10 

ml of dry CH2Cl2.Then, 100 mg rGO was added to the solution and was stirred for 72h 

under N2. The mixture was filtered out, washed with CH2Cl2, water and acetone to 

remove the physical adsorbed molecules of phenyl hydrazine, giving a black solid. 

 

 

 

 

Figure S2.15 Reaction progress profile in dehydrogenation of 3H into 3D under standard 

conditions using masked rGO derivatives.  
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CHAPTER 3: 

A Platinum molecular complex immobilised on the 

surface of graphene as active catalyst in alkyne 

hydrosilylation 

 

 

ABSTRACT 

A platinum complex bearing a N-heterocyclic carbene (NHC) ligand functionalised 

with a pyrene-tag is immobilised onto the surface of reduced graphene oxide (rGO). 

The hybrid material composed of an organometallic complex and a graphene 

derivative is readily available in a single-step process under mild reaction conditions. 

This methodology preserves the inherent properties of the active catalytic centre 

and the support. The platinum hybrid material is an efficient catalyst in 

hydrosilylation of alkynes and can be recycled and reused without significant loss of 

activity due to its high stability. Interestingly, the catalytic activity of the platinum 

complex is not affected by diffusion problems after immobilisation. The influence of 

graphene in hydrosilylation of alkynes is discussed in terms of activity and selectivity. 

Eur. J. Inorg. Chem., 2020, 45, 4254-4262 (DOI: 10.1002/ejic.202000356)
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3.1 INTRODUCTION 

Hydrosilylation of alkynes represents a direct approach for the synthesis of carbon-

silicon bonds.1-4  These compounds are useful industrial intermediates for the 

production of fine chemicals, silicones, lubricants, coatings and fine chemicals.5,6 

Among all the active metals in hydrosilylation reactions, platinum stands out in 

terms of activity and selectivity. As example, highly active Karstedt7 and Speier8 

catalysts are present in several industrial processes (Figure 3.1). However, they bear 

limited stability against oxygen and moisture under catalytic conditions forming 

platinum species that can taint the products. To circumvent this problem, Markó et 

al, introduced a series of N-heterocyclic carbene ligand (NHC) based platinum 

complexes (Figure 3.1).9-12 These homogeneous catalysts have shown remarkable 

efficiency and selectivity in the hydrosilylation of alkynes under aerobic conditions, 

but they cannot be easily isolated and used in multiple runs.13-18 Hence, seeking new 

effective alternatives for catalysts endurance is highly encouraging. In this context, 

immobilisation of molecular metal complexes onto supports enables the 

development of hybrid materials with specific and controllable properties relevant 

for ulterior catalytic applications.19-22 Metal complexes can be anchored onto 

supports by means of strong covalent bonds to avoid leaching during the catalytic 

reactions. This immobilisation process normally requires several synthetic steps and 

lacks of complete control in the way the metal sites are tethered to supports.23-25 

Some of them have recently been applied for the hydrosilylation of terminal 

alkynes.26-28 On the contrary, the use of non-covalent interaction for the 

immobilisation of well-defined complexes onto graphene allows the preparation of 

hybrid materials in a single step with controllable metal positions at specific sites.29-

32 This approach is complementary to homogeneous systems, since allows the easy 

recovery of the catalysts, and at the same time provides mechanistic information 

regarding catalysts resting state. In addition, the immobilisation of metal complexes 

facilitates the precise control of the catalytic active sites.33-35 Based on our 

experience on the preparation of different supported catalysts, we envisioned that 

the incorporation of a molecular platinum catalyst onto the surface of graphene 

could result beneficial for the hydrosilylation reaction of alkynes by: i) decreasing the 

kinetics of the deactivation pathways, ii) hampering the interaction with external 

agents and iii) increasing the catalyst activity by facilitating the interactions between 

the catalyst and the substrates. 
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Figure 3.1 Active platinum catalytic systems for hydrosilylation. 

Herein, in this chapter, we describe a contrastive study of the structural and catalytic 

properties of a molecular platinum type PEPPSI complex 1 (PEPPSI = pyridine-

enhanced precatalyst preparation, stabilisation and initiation) and its related 

derivative immobilised onto the surface of reduced graphene oxide (rGO) by non-

covalent interactions 1-rGO (Figure 3.1). The hybrid catalytic material is obtained in 

a single step starting from an organometallic complex and the carbonaceous 

material. 

 

Scheme 3.1 Synthesis of the platinum complex 1 and the hybrid material 1-rGO. 

 

The catalytic performance of both, molecular system and the hybrid material were 

evaluated towards the hydrosilylation reaction of alkynes. Metal complex 1 is a 

competent catalyst towards terminal and internal alkynes displaying moderate 

regioselectivity, having a preferential inclination for  versus the  isomer. In 

parallel, the catalytic activity of 1 was matched by the hybrid material 1-rGO, which 

displayed a greater stability but present the advantage that can be recycled and 

reused for up to ten runs without significant loss of activity. 
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3.2 RESULTS AND DISCUSSION 

Synthesis and characterization of 1 and 1-rGO 

The platinum molecular complex 1 and the related hybrid material 1-rGO 

immobilized onto graphene were synthesised as described in Scheme 3.1. The aim of 

this study is the evaluation of the catalytic properties in hydrosilylation from a 

homogeneous and heterogeneous approach. Initially, molecular Pt-NHC complex 1 

was prepared by applying the same methodology described for the palladium PEPPSI 

type complexes.36-38 Imidazolium salt functionalised with a pyrene polyaromatic tag39 

used as ligand precursor was treated with PtCl2, 3-chloropyridine, K2CO3 as based 

and excess of NaBr to avoid halide scrambling. Complex 1 was isolated in 70% yield 

and fully characterised by NMR spectroscopy, ESI-MS spectrometry, elemental 

analysis and thermogravimetric analysis (Figure S3.1). The complete characterisation 

at the molecular level facilitates the monitoring of the changes that the complex 

undergoes during the immobilisation process and the catalytic experiments. 

Coordination of the NHC ligand to platinum is confirmed by the disappearance of the 

acidic signal of the imidazolium salt in the 1H NMR spectra at 9.36 ppm. 13C NMR 

spectra showed the characteristic signal for Pt–Ccarbene at 148.3 ppm although the 

satellites corresponding to the coupling with 195Pt could not observed due to their 

low intensity. Positive ion ESI mass spectrum analysis (ESI-MS) in acetonitrile of 

complex 1 shows a base peak for [M – Br + CH3CN]+ at m/z = 830.3 and a less intense 

peak for [M – Br – (3-Cl-Pyridine) + 2CH3CN]+ at m/z = 757.3. The presence of these 

fragments confirms the proposed molecular composition of complex 1 based on the 

mass/charge relation and the isotopic pattern. In addition, it reveals the lability of 

the 3-chloropyridine ligand, as expected for PEPPSI-type complexes. Metal–halide 

bond-breaking is a common ionisation mechanism for neutral complexes under ESI 

conditions and L-type ligands correlate with ease metal-ligand substitution. The 

molecular structure of complex 1 was confirmed by single-crystal X-ray diffraction.40 

The structure analysis reveals a platinum centre with two trans bromides, a 3-

chloropyridine and the NHC ligand in square-planar coordination environment 

(Figure 3.2). 
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Figure 3.2 Molecular structure of compound 1. Ellipsoids are at 50% probability level. 

Hydrogen atoms and crystallisation solvent (dichloromethane) have been omitted for clarity. 

Selected bond lengths [Å] and angles [°]:Pt(1) - C(4) 1.962(3), Pt(1) - Br(2) 2.4266(3), Pt(1) - 

Br(3) 2.4173(4), Pt(1) - N(9) 2.097(3), Br(2) - Pt(1) - Br(3) 176.945(13), N(9) - Pt(1) - C(4) 

178.55(12), N(9) - Pt(1) - Br(2) 89.76(8), C(4) - Pt(1) - Br(2) 89.37(9). 

 

The hybrid organometallic-graphene material 1-rGO was obtained by applying an 

immobilisation methodology previously reported by our research group.30,41,42 It is 

based in the establishment of non-covalent π-type interactions between the 

polyaromatic pyrene tag and the rGO. The tethering of the molecular complex 

involves mixing complex 1 with reduced graphene oxide (rGO) in dichloromethane at 

room temperature, followed by 30 minutes sonication in a water bath. Finally, the 

mixture is stirred at room temperature for 24 h. The exact platinum content on the 

hybrid material 1-rGO was determined by digestion of the samples in hot mixture of 

HCl/HNO3 followed by ICP-MS analysis. The results obtained by ICP-MS analysis 

accounted for 4.6 wt% of 1 in the hybrid material 1-rGO. 

The characterisation of the platinum hybrid material 1-rGO was performed using 

High Resolution Transmission Microscopy (HRTEM) and X-ray Photoelectron 

Spectroscopy (XPS). HRTEM images of 1-rGO at different magnifications (Figure 3.3 

a, b) show the characteristic 2D morphology of graphene and the absence of metal 

nanoparticles. Elemental mapping by Energy-Dispersive X-ray Spectroscopic analysis 

(EDX) of 1-rGO (Figure 3.3 c) confirms the elemental composition of the molecular 

complex 1 (Pt, N, Br and Cl) and the homogeneous distribution of platinum in the 

hybrid materials (Fig. 3.3d). In parallel to this, the surface of hybrid material 1-rGO, 
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was characterised and analysed by means of XPS. This technique provides relevant 

information related to the elemental composition and oxidation states. In our case, a 

comparative analysis of complex 1 and hybrid material 1-rGO facilitates the 

interpretation of the results. A survey XPS analysis of 1 shows the presence of 

platinum, nitrogen, bromide and chloride (Figure 3.4). As expected for the molecular 

complex 1, the two peaks of Pt4f confirm the +2 oxidation state at binding energies 

of 72.7 and 76.0 eV.43 A high-resolution XPS analysis of 1 and 1-rGO shows the 

characteristic core-level peaks of Pt 4f, Br 3d, N 1s and Cl 2p at the same binding 

energies for the molecular complex and the hybrid material (Figure 3.4). These 

results confirm the tethering of the molecular complex 1 onto the surface of 

graphene. The nature of the complex is not altered during the harness process. 

Additionally, we have evidence of the exact nature and composition of the platinum 

species deposited onto the graphene surface. 

 

Figure 3.3 HRTEM images of 1-rGO at different magnifications (a, b). STEM images (c) and 

EDS elemental mapping (d) images showing the homogeneous distribution of platinum on 

the hybrid material 1-rGO. 
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Figure 3.4 XPS analysis of the core-level peaks Pt4f, Br3d N1s and Cl2p for complex 1 (top) 

and hybrid material 1-rGO (bottom). 

 

 

 

 

 

 

 

 

 

 

 

 



A Platinum molecular complex immobilised on the surface of graphene as active 
catalyst in alkyne hydrosilylation 

 

91 
 

Catalytic applications 

The catalytic properties of the molecular platinum complex 1 and the hybrid 

material 1-rGO were studied in the hydrosilylation reaction of internal and terminal 

alkynes. Optimisation of reaction conditions was carried out using phenyl acetylene 

and dimethylphenylsilane as model substrates (Table 3. 1). 

Table 3.1 Optimization of reaction conditions for the hydrosilylation of phenyl acetylene

 

Entry Cat 
mol% 

Solvent 
T 

 (oC) 
Time 

(h) 
Conv 
(%)a 

Sela 

 () 

1 - Toluene 50 3 0 - 
2 - Toluene 80 3 0 - 
3 1 Toluene 30 3 0 - 
4 1 Toluene 50 3 0 - 
5 1 Toluene 65 3 5 30/70 
6 1 Toluene 80 3 40 33/67 
7 1 Toluene 90 3 76 32/68 
8 1b Toluene 80 3 29 33/67 
9 0.5 Toluene 80 3 34 32/68 

10 0.5 Toluene 80 6.5 69 35/65 
11 0.5 Toluene 80 24 ≥99 32/68 
12 0.5 Acetonitrile 80 3 8 40/60 

13 0.5 1,4-Dioxane 80 3 74 41/59 

14 0.5 1,2-Dichloroethane 80 3 10 40/60 

Conditions: 0.3 mmol of alkyne, 0.31 mmol of silane and 0.3 mmol of anisole used as internal 

standard. Aerobic conditions. [a] conversion of alkyne and selectivity determined by GC 

analyses. [b] KPF6 (3 mol%) was used as additive. 

Control experiments at two different temperatures 50 and 80 oC respectively were 

carried out to confirm that the metal complex is required in the hydrosilylation 

reaction. No conversion was observed when the reaction was performed in the 

absence of the platinum catalyst 1 (Table 3.1, entry 1, 2). Then, we evaluated the 

activity of the catalyst varying the temperature (Table 3.1, entries 3 - 7). Using 1 

mol% of catalyst, the reaction does not occur below 50 oC and it is very slow at 65 oC 

(3h, 5% yield). Increasing the temperature to 80 – 90 oC affords moderate to good 

conversions after 3h. According to these results, the lowest temperature to study 
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the hydrosilylation reaction under reasonable experimental conditions was 80 oC. 

The addition of a halide abstractor (KPF6) did not improve the catalytic outcomes 

(Table 3.1, entry 8). Reduction of catalyst loading to 0.5 mol% allows to monitor the 

reaction into a reasonable time-scale of 24h (Table 3.1, entries 9 - 11). The influence 

of catalyst loading in hydrosilylation is described using reaction progress profiles in 

the supporting information (Figure S3.3). We evaluated the solvent influence and 

observed that hydrosilylation also took place with solvents other than toluene such 

as Acetonitrile, 1,4-dioxane and 1,2-dichloroethane (Table 3.1, entries 12 - 14). It is 

worth mentioning that although higher activity was observed when using 1,4-

dioxane, lower selectivity was obtained (Entry 13). The influence of the presence of 

air or moisture was assessed. However, no significant catalytic difference in the 

presence of air was observed, suggesting a relative high stability of catalysts 

precursor and intermediates versus oxygen and moisture. The optimal results in 

terms of activity and selectivity for the study of hydrosilylation reaction were 

obtained using a catalyst loading of 0.5 mol%, toluene as solvent at 80 oC under 

aerobic conditions. 

Next, we studied the scope and limitations in hydrosilylation of different terminal 

and internal alkynes under these reaction conditions. We first explored the 

hydrosilylation of aryl (Table 3.2, entry 1-5) and alkyl terminal alkynes (Table 3.2, 

entry 6-14) using complex 1 and the hybrid material 1-rGO. Both catalytic systems 

are competent in the hydrosilylation of alkynes affording quantitative yields after 20 

h reaction. Preliminary comparison experiments of 1 vs. 1-rGO for different 

substrates reveal that the catalytic activity is maintained or slightly improved (Vide 

infra). We have observed that substrate scope is preserved after immobilization 

(Table 3.2, entries 2, 7, 10, 13). Improvement of regioselectivity is a difficult task 

in hydrosilylation. In our case, we have observed that the average regioselectivy is 

40/60 for the -addition products (Table 3.2) and that is maintained after catalysts 

immobilization. The best results were obtained in the case of 1-hexyne displaying a 

regioselectivity ratio of 25/75 for the -addition products using catalysts 1-rGO 

(Table 3.2, entry 10). Interestingly a very high stereoselectivity towards the (E) 

versus the (Z)-addition product was observed. In fact, no formation of (Z)-isomer 

was detected in any case.  

 

 



A Platinum molecular complex immobilised on the surface of graphene as active 
catalyst in alkyne hydrosilylation 

 

93 
 

Table 3.2 Hydrosilylation of terminal alkynes 

 

Entry R R’3SiH Cat Yields 
(%) 

Sel.(%)a 

(E)/(Z) 

1 Ph Me2PhSiH 1 91 35/65/0 
2 Ph Me2PhSiH 1-rGO 96 43/57/0 
3 Ph Et3SiH 1 94 65/35/0 
4 p-tolyl Me2PhSiH 1 80 30/70/0 
5 p-tolyl Et3SiH 1 92 65/35/0 
6 Benzyl Me2PhSiH 1 ≥99 40/60/0 
7 Benzyl Me2PhSiH 1-rGO ≥99 32/68/0 
8 Benzyl Et3SiH 1 93 42/58/0 
9 n-Hex Me2PhSiH 1 94 30/70/0 
10 n-Hex Me2PhSiH 1-rGO 94 25/75/0 
11 n-Hex Et3SiH 1 ≥99 38/62/0 
12 (CH2)3CN Me2PhSiH 1 82 37/63/0 

13 (CH2)3CN Me2PhSiH 1-rGO 90 39/61/0 

14 (CH2)3CN Et3SiH 1 87 35/65/0 

Reaction conditions: 0.3 mmol of alkyne, 0.31 mmol of silane, 0.5 mol% of catalyst (based on 

Pt), T = 80 ⁰C, 20h and 1 mL of toluene. Aerobic conditions. [a] Yields were determined with 

GC using anisole as a standard and selectivity by 1H NMR. 

Then, we studied the performance of complex 1 and the hybrid material 1-rGO in 

hydrosilylation of a variety of internal alkynes using different silanes (Table 3.3), 

resulting an efficient catalyst. Yields over 90% were obtained for internal alkynes in 

ca. 3 h, much faster than the previously observed for the terminal alkynes. The 

regioselectivity for non-symmetric internal alkynes favours the addition of the silyl 

group at the C atom bound next to the phenyl group (defined as the -addition 

product). We have observed that the regioselectivity is controlled by sterics imposed 

by the alkyne rather than the nature of the silane. For instance, the hydrosilylation 

of the small ethyl phenyl acetylene gave moderate selectivities (Table 3, entries 1 – 

2). In contrast, when using a more steric demanding trimethylsilane phenyl 

acetylene the regioselectivity was 100% and only the  isomer was observed (Table 

3, entries 5 – 7). These results suggest that steric factors of the internal alkyne 

dominate the selectivity of the reaction. 
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Table 3.3 Hydrosilylation of internal alkynes 

 

Entry R R’ R’’3SiH Cat t (h) Yields 
(%) 

Sel.(%)a 

) 

1 Ph Et Me2PhSiH 1 2.5 99 82/18 
2 Ph Et  Et3SiH 1 4 ⩾99 81/19 
3 Ph nPr Me2PhSiH 1 2 93 84/16 
4 Ph nPr  Et3SiH 1 3 ⩾99 79/21 
5 Ph (CH3)3Si Me2PhSiH 1 2.5 86 100/0 
6 Ph (CH3)3Si Me2PhSiH 1-rGO 2.5 87 100/0 

7 Ph (CH3)3Si Et3SiH 1 6 96 100/0 
8 Ph Ph Me2PhSiH 1 1 ⩾99 - b 
9 Ph Ph Et3SiH 1 6 92 - b 

10 nPr nPr Me2PhSiH 1 1.5 ⩾99 - b 
11 nPr nPr Me2PhSiH 1-rGO 1.5 ⩾99 - b 
12 nPr nPr Et3SiH 1 3.5 95 - b 

13 MeO(CH2)2 MeO(CH2)2 Me2PhSiH 1 4 92 - b 

14 MeO(CH2)2 MeO(CH2)2 Me2PhSiH 1-rGO 3 95 - b 

15 MeO(CH2)2 MeO(CH2)2 Et3SiH 1 6 98 - b 

Regioselectivity  vs. the Ph group except for symmetric alkynes. E/Z isomerism not 

determined. Reaction conditions: 0.3 mmol of alkyne, 0.31 mmol of silane, 0.5 mol% of 

catalyst, T = 80 ⁰C and 1 mL of toluene. Aerobic conditions. [a] Yields were determined with 

GC using anisole as a standard and selectivity by 1H NMR. [b] Only one regioisomer is 

possible. 

Next, different competition experiments were carried out to explore the selectivity 

of alkyne hydrosilylation in the presence of other substrates bearing different 

functional groups such as alkenes, aldehydes, and nitriles (Figure S3.4 – S3.6). It was 

found that the platinum catalyst 1 produced the hydrosilylation of alkynes without 

altering any of the other substrates bearing aldehydes, alkenes or nitriles. It is 

important to note that the kinetics of hydrosilylation are strongly affected by the 

presence of other functionalities and in particular the induction time is completely 

different. The results suggest that complex 1 is a competent catalyst in the 

hydrosilylation of alkynes also in the presence of other functional groups. 
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We assessed the effect of catalyst loading in the hydrosilylation of 1-phenyl-1-

butyne with dimethylphenylsilane using 1 (Figure S3.3). The reaction progress 

profiles showed that quantitative yields are obtained for catalyst loadings between 2 

– 0.01 mol%. These experiments reveal that the induction time is dependent of the 

catalyst loading. The maximum catalyst turnover number (TON) of 9.3 x 103 was 

obtained at 0.01 mol% loading after 24h. The best catalyst turnover frequency (TOF) 

at 50% conversion reached a remarkable 380 h-1 and was achieved when using a 

catalyst loading of 0.01 mol%. These results reveal that 1 is a robust and stable 

catalyst. To analyse the nature of the catalytic active species we performed 

poisoning experiments (ESI). We used poly(4-vinylpyridine) (PVP)44 as an scavenger 

of Pt(II) molecular species and Hg (Mercury test)45 as an scavenger of Pt 

nanoparticles.46 The addition of Hg increases the time of the induction period from 

50 to ca. 100 min (Compare Figure S3.2 vs S3.7). The results reveal that the addition 

of mercury had no effect in hydrosilylation but the addition of PVP completely 

inhibits the reaction (Figure S3.7). The poisoning experiments suggest that the 

catalytic active species are homogeneous in nature.  

Once we studied the reaction scope and limitations of complex 1 and the hybrid 

material 1-rGO, we explored the catalytic properties of both systems by means of 

reaction progress profiles in the hydrosilylation of phenyl acetylene (Figure 3.5). 

These experiments provide valuable information of apparent reaction rates, 

induction time and influence of the support in the catalytic reaction. Both reactions 

were carried out under the exact conditions and using the same catalyst loading (0.5 

mol%). The reaction progress profiles reveal that the supported catalyst is more 

active that the molecular version in terms of reaction rates (TOF) and product 

formation (TON). For instance, the yield is ca. 80% for the hybrid material 1-rGO and 

56% for the molecular complex 1 after 5h. Importantly, immobilization of 1 onto 

graphene aided to reduce the induction period significantly as show in the reaction 

profile (Figure 3.5). These results indicate that the activity of catalyst 1 is not 

affected by diffusion problems when supported onto graphene. In general, diffusion 

problems are especially important when using supported catalysts onto porous 

materials. The 2D structure of graphene avoids or at least limits the problems 

related to diffusion issues. We have observed that this process is general, and it has 

been experienced for other catalytic systems using graphene as support.47-53 The 

catalytic activity of the molecular platinum complex improves when supported onto 

graphene. 
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Figure 3.5 Reaction progress profile in the hydrosilylation of phenylacetylene using catalysts 

1 and 1-rGO. Reaction conditions: 0.3 mmol of phenylacetylene, 0.31 mmol of PhMe2SiH, 0.5 

mol% of catalyst (based on Pt), T = 80 ⁰C and 1 mL of toluene. Conversion by GC analysis 

using anisole as a standard. 

A common problem generally encountered in supported catalysis is the release of 

the catalytic active species into the solution during the reaction, known as the 

“boomerang effect”.54,55 In order to evaluate the mechanism of action in the 

immobilisation of molecular species onto graphene we performed hot filtration 

experiments.56 We used catalyst 1-rGO (0.5 mol%) in the hydrosilylation of 

phenylacetylene and dimethylphenylsilane as a model reaction. After 2 h reaction 

(GC conversion 54%), half of the reaction mixture was separated by filtration at 80 

⁰C. The GC analysis after 15 h indicates a slight increment for the filtrate vs. 

quantitative conversion in the case of the supported catalysts 1-rGO. Preliminary 

results in the hot filtration test support the absence of catalytic species in solution 

due to the release of the molecular complex from the surface of graphene. These 

results suggest that the catalytic process is heterogeneous in nature and take place 

at the surface of graphene. 
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Recyclability study 

In view of the good results of complex 1 in the hydrosilylation of alkynes, we decided 

to test the recyclability properties of the hybrid material 1-rGO to determine the 

influence of the support.57 Recycling experiments were carried out using 

phenylacetylene and dimethylphenylsilane as the model substrates. The reactions 

were performed using the conditions described in the general procedure (Table 3.1), 

the reaction progress was monitored by GC and the selectivity by 1H NMR. After 

each run, the mixture was cooled down to room temperature. The solid catalyst was 

isolated by decantation, washed thoroughly with toluene (3 x 5 mL) and used again 

in another run. The reaction progress profiles allow comparing the apparent reaction 

rates is a direct method to observe catalyst deactivation. The hydrosilylation of 

phenylcetylene with dimethylphenylsilane was monitored for ten runs. The reaction 

progress profiles reveal that the hybrid material 1-rGO was reused up to ten times 

(Figure 3.6a). The reaction progress profiles overlapped for seven runs within the 

experimental error (<10%). Run 6 should be considered as an outlier because the 

catalyst activity is even lower than for runs 7, 8 and 9 (Figure 3.6a, green line with 

triangles). This artefact is most probably due to an experimental error in the GC 

measurement. In order to evaluate the mechanism of the deactivation process, the 

platinum content in the solution of each run was analysed by ICP-MS. The results 

reveal that the platinum content in the solutions corresponding to runs 1 – 10 is very 

low. These results suggest that deactivation of the hybrid material 1-rGO is 

produced by catalyst manipulation during the recycling experiments. It is important 

to note that we have not observed a sharp catalyst deactivation. In addition, the 

selectivity of hydrosilylation is not affected in the recycling experiments (Figure 

3.6b). The  addition product ratio is maintained ca. 40:60 (at 5h reaction) during 

all runs. Interestingly, the -(Z) product is not observed in any run. These results 

suggest that the nature of the catalytic active species is preserved from batch to 

batch. We believe that these results are excellent in terms of recycling especially if 

we consider the catalyst loading used of 0.5 mol%. 
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Figure 3.6 Recycling properties of 1-rGO in hydrosilylation. a) Activity using reaction progress 

profiles for runs 1 to 10. b) Selectivity in the hydrosilylation of phenylacetylene at 5h 

reaction. Conversions determined by GC analysis and selectivity by 1H NMR. 

 

We analysed the hybrid catalytic material 1-rGO after the recycling experiments in 

order to explore the changes of the support and complex 1 and get important 

information about the reaction mechanism and/or deactivation pathways. After ten 
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catalytic runs, HRTEM images of the hybrid material 1-rGO showed that the 

morphology of the graphene is maintained after the reactions. The only difference 

that we noticed was the presence of more wrinkles as consequence of the usage of 

the hybrid material in the catalytic experiments (Figure 3.7). The dark field STEM 

images confirmed the absence of platinum nanoparticles and the EDS elemental 

mapping showed the homogeneous distribution of platinum on the hybrid material 

1-rGO after ten catalytic runs as it was in the initial material. These results agree 

with the poisoning experiments indicating that platinum nanoparticles are not 

involve in the hydrosilylation reaction. 

 

 

Figure 3.7 HRTEM images of 1-rGO at different magnifications (a,b) after ten catalytic runs. 

STEM image showing the absence of platinum nanoparticles (c) and EDS elemental mapping 

(d) image shows the homogeneous distribution of platinum on the hybrid material 1-rGO 

after ten catalytic runs. 
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XPS analysis comparison of the hybrid material 1-rGO before and after ten catalytic 

runs (Figure 3.8) displayed the expected peaks corresponding at Pt4f, Br3d and N1s 

at the same binding energies. The high-resolution XPS analysis for the core-level 

peak of Pt4f, which appears as a doublet, indicates the presence of platinum only in 

the +2 oxidation state. These results demonstrate that after ten catalytic runs the 

platinum species observed are like the initial ones. XPS analysis also suggests that 

the nature and composition of catalyst resting state should be similar to the complex 

1. Thus, the hybrid material 1-rGO is a robust solid catalyst that can be reused 

maintaining the selectivity in hydrosilylation. 

 

Figure 3.8 XPS analysis comparison of the hybrid material 1-rGO before (top) and 

after ten catalytic runs (bottom). 
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3.3 CONCLUSIONS 

A direct method for the immobilisation of metal complexes onto the surface of 

graphene by non-covalent interactions allows the precise control of the catalytic 

properties of the corresponding hybrid material. The structure of the metal complex 

and the properties of the support are not altered during the immobilisation process 

due to mild conditions used. The hybrid material contains metal sites 

homogeneously distributed and not only located at edges of defects. The catalytic 

studies with the molecular platinum complex 1 and the hybrid material 1-rGO in the 

hydrosilylation reaction of alkynes reveal some of the advantages of the 

immobilisation. The catalytic activity and stability of the molecular complex 1 is 

maintained when anchored onto graphene while greater reaction rates were 

observed. Most probably the support prevents some deactivation pathways and aid 

to bring in close proximity substrates with the metal sites at the surface of graphene 

facilitating their interaction. Nevertheless, the platinum hybrid material (1-rGO) is an 

efficient catalyst in hydrosilylation of alkynes allowing recycling and reuse. This work 

represents a clear example of the catalytic benefits observed in the immobilisation 

of metal complexes onto graphene. The catalytic improvement in terms of activity 

and stability may inspire future research in development of efficient supported 

catalysis. 
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3.4 SUPORTING INFORMATION 

This section contains the most relevant data of the article supporting information. 

To see the complete version, we invite you to download the PDF version of the 

article at the publisher website (https://chemistry-

europe.onlinelibrary.wiley.com/doi/full/10.1002/ejic.202000356). 

General considerations 

Reagents and solvents 

Anhydrous solvents were dried using a solvent purification system or purchased 

from commercial suppliers and stored over molecular sieves 

Instrumentation 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker spectrometers 

operating at 300 or 400 MHz (1H NMR) and 75 or 100 MHz (13C{1H} NMR), 

respectively, and referenced to SiMe4 ( in ppm and J in Hertz). NMR spectra were 

recorded at room temperature with the appropriate deuterated solvent. Elemental 

analyses were carried out in a TruSpec Micro Series. Electrospray Mass Spectra (ESI-

MS) were recorded on a MicroMass Quatro LC instrument. Methanol was used as 

mobile phase and nitrogen was used as the drying and nebulizing gas. High-

resolution images of transmission electron microscopy (HRTEM) and high-angle 

annular dark-field (HAADF-STEM) images of the samples were obtained using a Jem-

2100 LaB6 (JEOL) transmission electron microscope coupled with an INCA Energy 

TEM 200 (Oxford) energy dispersive X-Ray spectrometer (EDX) operating at 200 kV. 

Samples were prepared by drying a droplet of a MeOH dispersion on a carbon-

coated copper grid. X-ray photoelectron spectra (XPS) were acquired on a Kratos 

AXIS ultra DLD spectrometer with a monochromatic Al Kα X-ray source (1486.6 eV) 

using a pass energy of 20 eV. To provide a precise energy calibration, the XPS binding 

energies were referenced to the C1s peak at 284.6 eV. GC analyses were obtained 

on a Shimadzu GC-2010 apparatus equipped with a FID detector, and using a 

Teknokroma column (TRB-5MS, 30 m x 0.25 mm x 0,25 m). 
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Catalysts synthesis 

Synthesis of 1: Platinum chloride (200 mg, 0.75 mmol), imidazolium salt 

functionalised with a pyrene-tag (361.3 mg, 0.75 mmol), potassium carbonate (521.3 

mg, 3.75 mmol) and sodium bromide (780,0 mg, 7,5 mmol) were added to a Schlenk 

flask under nitrogen atmosphere. Then, 2.2 mL of 3-chloropyridine were added, and 

the mixture was stirred at 80 ⁰C for 43 h. After solvent removal, the crude product 

was purified by column chromatography. The pure compound 1 was eluted using 

CH2Cl2 and was precipitated as a yellow solid from a mixture of CH2Cl2/hexane in 69 

% yield. Full characterization of complex 1 is Figure S3.1. 

Synthesis of 1-rGO: In a round-bottom flask were introduced 180 mg of rGO and 100 

mL of CH2Cl2. The suspension was introduced in ultra-sounds for 30 minutes. Then, 

25 mg of compound 1 was added to the exfoliated graphene, and the mixture was 

sonicated for 5 extra min. Next, the suspension was stirred at room temperature for 

12 hours. The mixture was filtered and washed with CH2Cl2 (3 x 25 mL) obtaining a 

black solid (material 1-rGO). The filtrates were combined and evaporated to dryness 

under reduced pressure. The presence of unsupported complex 1 was analysed by 
1H NMR using anisole as internal standard. Integration of the characteristic signal of 

anisole accounts for a first indication of the complex amount deposited onto rGO. 

The exact amount of complex supported was determined by ICP-MS analysis. 

Digestion of the materials was performed in a microwave oven using nitric and 

hydrochloric acids (3:1). This analysis shows that the quantity of complex 1 in the 

material 1-rGO is 4.55% in weight. 

Catalytic hydrosilylation experiments 

A pyrex© tube with a stirring bar is charged with 0.3 mmol of alkyne, 0.31 mmol of 

hydrosilane, catalyst and 1 mL of toluene as solvent. The tube is then introduced in a 

preheated 80 oC oil bath. Yields and conversions were determined by GC and/or 1H 

NMR analysis using anisole or 1,3,5-trimethoxybenzene as internal standard. 

Recycling experiments were carried out under the same reaction conditions as 

described in the general procedure. After completion of each run (24 h), the reaction 

mixture was allowed to reach room temperature and the catalyst was isolated by 

decantation. The solid was washed thoroughly with toluene (3 x 5 mL) and toluene 

(3 x 5 mL) and reused in the following run. 
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Catalyst characterization 

 

 

Figure S3.1 1H NMR spectrum (a), APT spectrum (b), ESI/MS spectrum (c) and 

thermogravimetric analysis (d) of complex 1. 
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Kinetic analysis of hydrosilylation reaction 

General procedure for the catalytic hydrosilylation of alkynes: In a general catalytic 

experiment, a pyrex tube equipped with a stirring bar is charged with 0.3 mmol of 

alkyne, 0.31 mmol of hydrosilane, catalyst and 1 mL of toluene as solvent. The pyrex 

tube is then introduced in a preheated 80 oC oil bath. Yields and conversions were 

determined by GC and/or 1H NMR analysis using anisole or 1,3,5-trimethoxybenzene 

as internal standard. 

 

 

 

Figure S3.2 Hydrosilylation of 1-phenyl-1-butyne with dimethylphenylsilane. 
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Figure S3.3 Hydrosilylation of 1-phenyl-1-butyne with dimethylphenylsilane using cat. 1 at 

different loadings. Zoom of t = 0 – 300 min (down). 
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Competitive experiments 

General procedure for competitive catalytic hydrosilylation: In a general catalytic 

experiment, a pyrex tube equipped with a stirring bar is charged with 0.3 mmol of 

alkyne, 0.3 mmol of competitive molecule, 0.62 mmol of dimethylphenylsilane, 

catalyst and 1.5 mL of toluene as solvent. The pyrex tube is then introduced in a 

preheated 80 oC oil bath. Yields and conversions were determined by GC and/or 1H 

NMR analysis using anisole or 1,3,5-trimethoxybenzene as internal standard. 

 

 

 

Figure S3.4 Hydrosilylation of diphenylacetylene in the presence of (E)-stilbene.  
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Figure S3.5 Hydrosilylation of diphenylacetylene in the presence of benzaldehyde. 

 

 

 

Figure S3.6 Hydrosilylation of diphenylacetylene in the presence of benzonitrile. 
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Poisoning experiments 

Poisoning experiments using P4VP (poly(4-vinylpyridine)) as an scavenger of Pt(II) 

molecular species and the Hg drop test as an scavenger of Pt nanoparticles. 

Scavengers added after 90 min. reaction to assure the formation of the catalytic 

active species. 

 

 

 

Figure S3.7 Poisoning experiments in the hydrosilylation of alkynes catalysed by 1. The 

addition of PVP (poly(4-vinylpyridine)) used as a scavenger of Pt(II) molecular species inhibits 

the reaction. The addition of Hg (Mercury test) used as a scavenger of Pt nanoparticles does 

not have any significant effect in hydrosilylation. Both experiments suggest that the catalytic 

active species are homogeneous in nature.  

 

 

 

0

20

40

60

80

100

0 50 100 150 200 250 300

C
o

n
ve

rs
io

n
 (%

)

Time (min)

PVP

Hg



Chapter 3 

110 
 

3.5 REFERENCES 

(1) Marciniec, B.; Maciejewski, H.; Pietraszuk, C.; Pawluć, P. Appl. Homog. Catal. 

with Organomet. Compd., Wiley, 2017, pp. 569–620. 

(2) Marciniec, B. Springer Netherlands, Dordrecht, 2008, pp. 53–86. 

(3) Lewis, L. N.; Stein, J.; Gao, Y.; Colborn, R.E.; Hutchins, G. Platinum Metals 

Rev. 1997, 41, 66–75. 

(4) Meister, T.K.; Riener, K.; Gigler, P.; Stohrer, J.; Herrmann, W. A.; Kühn, F. E. 

ACS Catal. 2016, 6, 1274–1284. 

(5)  Nakajima, Y.; Shimada, S. RSC Adv. 2015, 5, 20603–20616. 

(6) Troegel, D.; Stohrer, J. Coord. Chem. Rev. 2011, 255, 1440–1459. 

(7) Karstedt, B.; Gen. Electr. Company, U.S. Pat. No. 3775452A 1973. 

(8) Speier, J.L.; Webster, J. A.; Barnes, G. H. J. Am. Chem. Soc. 1957, 79, 974–

979. 

(9) Markó, I. E.; Stérin, S.; Buisine, O.; Mignani, G.; Branlard, P.; Tinant, B.; 

Declercq, J.P Science 2002, 298, 204–206. 

(10)  Berthon-Gelloz, G.; Buisine, O.; Brière, J. F.; Michaud, G.; Stérin, S.; Mignani, 

G.; Tinant, B.; Declercq, J. P.; Chapon, D.; Markó, I. E. J. Organomet. Chem. 

2005, 690, 6156–6168. 

(11) Dierick, S.; Markó, I. E.; N-Heterocyclic Carbenes Eff. Tools Organomet. Synth. 

Willey, 2014, 9783527334, 111–150. 

(12) Dierick, S.; Vercruysse, E.; Berthon-Gelloz, G.; Markó, I. E.; Chem. Eur. J. 

2015, 21, 17073–17078. 

(13) Crabtree, R. H.; Chem. Rev. 2012, 112, 1536–1554. 

(14) Taige, M.A.; Ahrens, S.; Strassner, T. J. Organomet. Chem. 2011, 696, 2918–

2927. 

(15) Bolbat, E.; Suarez-Alcantara, K.; Canton, S. E.; Wendt, O. F.  Inorg. Chim. Acta 

2016, 445, 129–133. 



A Platinum molecular complex immobilised on the surface of graphene as active 
catalyst in alkyne hydrosilylation 

 

111 
 

(16) Chay, R. S.; Rocha, B. G. M.; Pombeiro, A. J. L.; Kukushkin, V. Y.; Luzyanin, K. 

V. ACS Omega 2018, 3, 863–871. 

(17) Żak, P.; Bołt, M.; Kubicki, M.; Pietraszuk, C. Dalton Trans. 2018, 47, 1903–

1910. 

(18) Silbestri, G. F.; Flores, J. C.;  de Jesús, E. Organometallics 2012, 31, 3355–

3360. 

(19) Ye, R.; Zhao, J.; Wickemeyer, B. B.; Toste, F. D.; Somorjai, G. A. Nat. Catal. 

2018, 1, 318–325. 

(20) Zhong, R.; Lindhorst, A. C.; Groche, F. J.; Kühn, F. E. Chem. Rev. 2017, 117, 

1970–2058. 

(21) Wang, W.; Cui, L.; Sun, P.; Shi, L.; Yue, C.; Li, F. Chem. Rev. 2018, 118, 9843–

9929. 

(22) Benaglia, M. Ed. , Recoverable and Recyclable Catalysts, John Wiley & Sons, 

Ltd, Chichester, UK, 2009. 

(23) Axet, M. R.; Dechy-Cabaret, O.; Durand, J.; Gouygou, M.; Serp, P.; Coord. 

Chem. Rev. 2016, 308, 236–345. 

(24) Axet, M. R.; Durand, J.; Gouygou, M.; Serp, P. Surface Coordination Chemistry 

on Graphene and Two-Dimensional Carbon Materials for Well-Defined Single 

Atom Supported Catalysts, Elsevier Inc., 2019. 

(25) Gladysz, J. A. Pure Appl. Chem. 2001, 73, 1319–1324. 

(26) Xu, C.; Huang, B.; Yan, T.; Cai, M. Green Chem. 2018, 20, 391–397. 

(27) Naganawa, Y.; Maegawa, Y.; Guo, H.; Gholap, S. S.; Tanaka, S.; Sato, K.; 

Inagaki, S.; Nakajima, Y. Dalton Trans. 2019, 48, 5534–5540. 

(28) Chen, L.; Ali, I. S.; Sterbinsky, G. E.; Gamler, J. T. L.; Skrabalak, S. E.; Tait, S. L.; 

ChemCatChem 2019, 11, 2843–2854. 

(29) Sabater, S.; Mata, J. A. Non-Covalent Interact. Synth. Des. New Compd., John 

Wiley & Sons Inc, Hoboken, NJ, 2016, pp. 313–326. 

(30) Sabater, S.; Mata, J.A.; Peris, E.; ACS Catal. 2014, 4, 2038–2047. 



Chapter 3 

112 
 

(31) Georgakilas, V.; Otyepka, M.; Bourlinos, A. B.; Chandra, V.; Kim, N.; Kemp, 

K.C.; Hobza, P.; Zboril, R.; Kim, K.S. Chem. Rev. 2012, 112, 6156–6214. 

(32) Georgakilas, V.; Tiwari, J. N.; Kemp, K. C.; Perman, J.A.; Bourlinos, A.B.; Kim, 

S.; Zboril, R. Chem. Rev. 2016, 116, 5464–5519. 

(33)  Maishal, T. K.; Alauzun, J.; Basset, J. M.; Copéret, C.; Corriu, R. J. P; 

Jeanneau, E.; Mehdi, A.; Reyé, C.; Veyre, L.; Thieuleux, C. Angew. Chem. Int. 

Ed. 2008, 47, 8654–8656. 

(34) Samantaray, M.K.; Alauzun, J.; Gajan, D.; Kavitake, S.; Mehdi, A.; Veyre, L.; 

Lelli, M.; Lesage, A.; Emsley, L.; Copéret, C. J. Am. Chem. Soc. 2013, 135, 

3193–3199. 

(35)  Copéret,  C.; Comas-Vives, A.; Conley, M.P.; Estes, D.P.; Fedorov, A.; Mougel, 

V.; Nagae, H.; Núñez-Zarur, F.; Zhizhko, P. A. Chem. Rev. 2016, 116, 323–421. 

(36) Valente, C.; Çalimsiz, S.; Hoi, K. H.; Mallik, D.; Sayah, M.; Organ, M. G. Angew. 

Chem. Int. Ed. 2012, 51, 3314–3332. 

(37) Bouché, M.; Bonnefont, A.; Achard, T.; Bellemin-Laponnaz, S. Dalton Trans. 

2018, 47, 11491–11502. 

(38)  Bouché, M.; Dahm, G.; Wantz, M.; Fournel, S.; Achard, T.; Bellemin-

Laponnaz, S. Dalton Trans. 2016, 45, 11362–11368. 

(39) Ventura-Espinosa, D.; Sabater, S.; Mata, J. A. J. Catal. 2017, 352, 498–504. 

(40) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R.J.; Howard, J. A. K.; Puschmann, H. 

J. Appl. Crystallogr. 2009, 42, 339–341. 

(41) Sabater, S.; Mata, J. A.; Peris, E.; Organometallics 2015, 34, 1186–1190. 

(42) Mata J. A.; Peris, E.; Sabater, S. Soporte de Catalizadores En Derivados de 

Grafeno. Spain Pat. No P201331680, 2015. 

(43) Peuckert, M.; Coenen, F. P.; Bonzel, H. P.; Electrochim. Acta 1984, 29, 1305–

1314. 

(44) Richardson, J. M.; Jones, C. W. Adv. Synth. Catal. 2006, 348, 1207–1216. 



A Platinum molecular complex immobilised on the surface of graphene as active 
catalyst in alkyne hydrosilylation 

 

113 
 

(45) Foley, P.; DiCosimo, R.; Whitesides, G.M. J. Am. Chem. Soc. 1980, 102, 6713–

6725. 

(46) Crabtree, R. H. Chem. Rev. 2015, 115, 127–150. 

(47) Ventura-Espinosa, D.; Carretero-Cerdán, A.; Baya, M.; García, H.; Mata, J. A. 

Chem. Eur. J. 2017, 23, 10815–10821. 

(48) Ventura-Espinosa, D.; Sabater, S.; Carretero-Cerdán, A.; Baya, M.; Mata, J. A. 

ACS Catal. 2018, 8, 2558–2566. 

(49) A. Mollar-Cuni, D. Ventura-Espinosa, S. Martín, Á. Mayoral, P. Borja, J. A. 

Mata, ACS Omega 2018, 3, 15217–15228. 

(50)  Ventura-Espinosa, D.; Vicent, C.; Baya, M.; Mata, J. A. Catal. Sci. Technol. 

2016, 6, 8024–8035. 

(51) Ventura-Espinosa, D.; Marzá-Beltrán, A.; Mata, J. A. Chem. Eur. J. 2016, 22, 

17758–17766. 

(52) Ballestin, P.; Ventura‐Espinosa, D.; Martín, S.; Caballero, A.; Mata, J. A.; 

Pérez, P. J. Chem. A Eur. J. 2019, 25, 9534–9539. 

(53) Ventura-Espinosa, D.; Martín, S.; Mata, J.A. J. Catal. 2019, 375, 419–426. 

(54) Vriamont, C.; Devillers, M.; Riant, O.; Hermans, S. Chem. Eur. J. 2013, 19, 

12009–12017. 

(55) Bayram, E.; Linehan, J. C.; Fulton, J. L.; Roberts, J. S.; Szymczak, N. K.; 

Smurthwaite, T. D.; Özkar, S.; Balasubramanian, M.; Finke, R. G.; J. Am. 

Chem. Soc. 2011, 133, 18889–18902. 

(56) Phan, N. T. S.; Van Der Sluys, M.; Jones, C. W. Adv. Synth. Catal. 2006, 348, 

609–679. 

(57) Conley, M. P.; Copéret, C. Top. Catal. 2014, 57, 843–851. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 4: 

Stabilization of nanoparticles produced by 

hydrogenation of Palladium-NHC complexes on 

the surface of graphene and implications in 

catalysis 

 

ABSTRACT 

Palladium nanoparticles have been obtained by decomposition of well-defined 

palladium complexes non-covalently anchored onto the surface of reduced 

graphene oxide. Morphological analysis by microscopy showed the presence of small 

palladium nanoparticles homogeneously distributed on the support. 

Characterization by XPS confirmed that the palladium nanoparticles contain Pd(2+) 

and Pd(0) oxidation states stabilized by N-heterocyclic carbene (NHC) and bromide 

ligands. The catalytic properties of the nanoparticles with and without the support 

have been evaluated in the hydrogenation of alkynes. Supported palladium 

nanoparticles showed and increased activity versus the non-supported ones and 

could be recycled up to ten times without loss of catalytic activity. The composition 

of the palladium nanoparticles is different for each catalytic cycle indicating a 

dynamic process and the formation of different catalytic active species. On the 

contrary, the unsupported palladium nanoparticles showed limited activity caused 

by decomposition and could not be recycled. The role of the support has been 

investigated. The results indicate that the support influences the stability of 

palladium nanoparticles.  
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4.1 INTRODUCTION 

Palladium plays a major role in the synthesis of value chemicals and pharmaceuticals 

by carbon-carbon coupling and hydrogenation catalytic reactions.1–9 The nature of 

the catalytic active species is under continuous debate and different types have 

been proposed as key intermediates including molecular complexes, clusters, single-

atoms and nanoparticles.10–14 Among them, palladium nanoparticles have received 

increase attention because they are observed in many catalytic processes and serve 

as a class of highly active catalysts.15–18 An important limitation in the use of 

nanoparticles arise from deactivation by sintering or agglomeration. 

Functionalization of metal nanoparticles with organic ligands confers stability and 

controls the size and distribution.19–21 These properties markedly regulate the 

catalytic applications of metal nanoparticles. However, even the functionalized 

nanoparticles suffer dynamic changes at the surface during the catalytic reactions 

and single atoms and/or metal clusters are released to the reaction media forming 

new species.22 If the generation of the new species is not reversible, the original 

nanoparticles evolve into the formation of different metal nanoparticles with 

different catalytic properties. As an alternative, the use of supports is a 

complementary approach to increase the stability of metal nanoparticles 

functionalized with organic ligands.23–27 The use of stabilizing ligands in combination 

with supports increases the potential catalytic applications of the systems especially 

in the recycling and reuse of metal nanoparticles. 

Palladium nanoparticles functionalized with NHC ligands have a great potential for 

catalytic applications. In parallel, ligand-free palladium nanoparticles have been 

immobilized onto  graphene. However, the combination of palladium nanoparticles 

functionalized with organic ligands and supported over graphene is unexplored.28,29 

In this manuscript, we discuss the preparation of palladium nanoparticles (Pd-NPs) 

stabilized by N-heterocyclic carbene (NHC) ligands by decomposition of well-defined 

organometallic complexes.30–32 The catalytic properties of the Pd-NPs are evaluated 

in the hydrogenation of alkynes as a benchmark reaction. We describe the influence 

of graphene as a support for the Pd-NPs and the potential benefits in the catalytic 

applications. The use of NHC ligands as stabilizers and graphene as support allows 

reusing and recycling the palladium nanoparticles. The modular approach, starting 

from molecular complexes, nanoparticles and immobilization, allows an in-deep 

characterization of the materials and offers the opportunity to study the influence of 

the individual components in the design of hybrid catalytic systems. 
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4.2 RESULTS AND DISCUSSION 

Synthesis, immobilisation and characterization of 2 and 2-rGO 

The palladium complex 2 at the molecular level or supported onto reduced graphene 

oxide (2-rGO) was used for the synthesis of free and supported palladium 

nanoparticles (Scheme 4.1). Complex 2 was obtained by the methodology described 

for the palladium PEPPSI type complexes.33 The imidazolium salt A was reacted with 

palladium (II) chloride and potassium carbonate in 3-chloropyridine to afford 

complex 2 in good yield. An excess of sodium bromide was added to the reaction 

media to avoid halide scrambling in the final product. Complex 2 was fully 

characterized by NMR spectroscopy, ESI-MS spectrometry, elemental analysis, X-ray 

photoelectron spectroscopy (XPS), UV/Vis absorption spectroscopy and 

thermogravimetric (TG) analysis (Figure S4.1). We observed that TG analysis is a 

valuable characterization technique for palladium PEPPSI type complexes because 

shows the sequential mass losses assigned to the different palladium ligands (Figure 

S4.2). The molecular structure of 2 was confirmed by X-ray spectroscopy (Figure 

4.1a). The palladium shows a distorted squared-planar environment with the 

bromide ligands in trans position. The crystal packing reveals that the pyrene-tag of 

different molecules are close in proximity showing π-staking interactions with an 

interplanar distance of 3.5 Å (Figure 4.1b). 

The immobilization of complex 2 onto graphene for obtaining the hybrid material 2-

rGO was carried out as previously described.34,35 This methodology allows a 

controlled grafting of molecular complexes on the surface of reduced graphene 

oxide (rGO). The immobilization conditions are mild so it is expected that the 

properties of the rGO and the metal complex are preserved. The pyrene tag permits 

the formation of π-interactions with graphene that retain the molecular complex 

attached to the material. The π-staking interactions are considered weak but their 

multiplicity, such in the case of graphene, grants the efficient immobilization of 

molecular complexes. This is evidenced by the formation of short-distance 

interactions at the molecular level as the ones found in the crystal packing of 

complex 2. We have previously observed that ruthenium, iridium and gold molecular 

complexes containing a pyrene group form strong π-staking interactions with 

reduced graphene oxide. The catalytic properties reveal that these interactions are 

maintained during the recycling experiments.36–41 
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Characterization of 2-rGO was performed by HRTEM, XPS, UV/vis, TG and the exact 

amount of complex 2 onto graphene was analyzed by ICP/MS analysis (Figure 4.2 

and S4.3). The result of the ICP/MS analysis accounted for a 5.5 % w/w of 2 onto the 

graphene surface. X-ray photoelectron spectroscopy (XPS) analysis was used for the 

characterization of complex 2 and the hybrid material 2-rGO. This technique 

provides valuable information of elemental composition and oxidation states. XPS 

analysis of 2 showed the presence of palladium, nitrogen, bromide and carbon. As 

expected for the molecular complex, the binding energies of Pd confirm the +2 

oxidation state. A comparative XPS analysis of 2 and 2-rGO shows the characteristic 

core-level peaks of Pd 3d, Br 3d, N 1s and Cl 2p at the same binding energy for the 

molecular complex and the hybrid material (Figure 4.2). The XPS analysis confirms 

the immobilization of molecular complex 2 onto the surface of graphene. All these 

techniques suggest that properties of the rGO and the palladium complex 2 are 

preserved during the formation of the hybrid material 2-rGO. In addition, we know 

the exact nature and composition of the palladium species deposited onto the 

surface of graphene. 

 

Scheme 4.1 Synthesis of palladium complex 2, immobilization onto rGO (2-rGO) and 

synthesis of free palladium nanoparticles (2-NPs) and supported onto rGO (2-rGO-NPs). 
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Figure 4.1 Molecular structure of complex 2 (a) X-ray packing view of 2 showing an 

interplanar distance between the pyrene tags of 3.5 Å (b). 

 

Figure 4.2 Comparative XPS analysis of the core-level peak of Pd 3d and Br 3d for complex 2 

(a, b) and hybrid material 2-rGO (c, d). See SI for details of other core-level peaks. 
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Synthesis and characterization of 2-NPs and 2-rGO-NPs 

We observed a change in color of the solution when exposing the molecular complex 

2 to hydrogen under basic conditions. The initial pale-yellow solution of 2 in toluene 

darkens in 20 min and after 3 h there is a black precipitate (Figure 4.3). This black 

precipitate corresponds to the formation of palladium nanoparticles (2-NPs). 

Decomposition of the palladium complex [Pd(NHC)(Br)2(Cl-Py)] leads to the 

formation of palladium nanoparticles stabilized by NHC ligands from an 

organometallic approach as previously described.42–47 The presence of ligands avoids 

aggregation and controls the size of the nanoparticles. The HRTEM images 

confirmed the presence of small palladium nanoparticles of an average size of 6 nm 

(Figure 4.4a). The XPS analysis reveals the presence of palladium, carbon, nitrogen 

and bromine, but no trace of chlorine. The 3-chloropyridine ligand is lost during the 

nanoparticle formation. This ligand is labile and decoordination of metal center is 

usually observed in Pd-PEPPSI catalytic reactions. High-resolution XPS analysis shows 

the presence of two doublets for the core-level peaks of Pd 3d, indicating the 

presence of Pd0 and Pd2+ oxidation states (Figure 4.4b). The results show that 2-NPs 

contained palladium atoms in two oxidation states, NHC and bromide ligands. The 

presence of ligands in the surface of the nanoparticles avoids aggregation and 

confers stability. The use of NHC ligands has previously been described to stabilize 

palladium nanoparticles.48–52 

 

Figure 4.3 Complex 2 evolution under exposure to H2 (1 bar) using toluene in the presence of 

Cs2CO3 at 65 oC.  
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Figure 4.4 HRTEM images of 2-NPs (a) and XPS analysis (b) showing the presence of Pd0 and 

Pd2+. Scale bar 20 nm. 

 

The hybrid material 2-rGO was exposed under the same conditions as the molecular 

complex 2 for the formation of palladium nanoparticles. HRTEM images of the 

hybrid material 2-rGO before the exposure to hydrogen showed the single lawyer 

nature of graphene and the absence of palladium nanoparticles (Figure 4.5a). The 

EDS elemental mapping confirms the elemental composition of the molecular 

complex 2 (Pd, N, Br and Cl) and the homogeneous distribution of the complex over 

all the graphene surface. On the contrary, HRTEM images of the hybrid material 2-

rGO after the exposure to hydrogen showed the formation of palladium 

nanoparticles of an average size of 4 nm (Figure 4.5b). XPS analysis before the 

hydrogenation reaction confirmed the presence of only Pd2+ species in the 2-rGO 

hybrid material (Figure 4.5c). After the exposure to H2, XPS analysis confirms the 

presence of palladium, nitrogen, bromine, carbon and oxygen. More interesting is 

the formation of Pd0 oxidation state that coexists with Pd2+ as in 2-NPs (Figure 4.5d). 

These results suggest that exposing 2-rGO to hydrogen under basic conditions 

produce palladium nanoparticles of Pd2+ and Pd0 that contain NHC and bromide 

ligands immobilized onto graphene. The average size of the palladium nanoparticles 

is slightly smaller compared to the particles formed using the molecular complex 2. 

Graphene is acting as a support to produce of small and well-dispersed palladium 

nanoparticles. We have observed that graphene acts as a nanoparticle-sponge in the 

in situ formation of gold particles by laser ablation. The results revealed a control of 

the particle size, and the gold nanoparticles obtained in the presence of graphene 

were smaller.53 This process is general, and many reports confirm the immobilization 
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of metal nanoparticles on the surface of graphene by interactions of the d-metal 

orbitals with the -delocalized electronic density of the graphene material.29,54,55  

 

 

Figure 4.5 HRTEM images (top) and XPS analysis (bottom) for the core-level peaks of Pd 3d. 

HRTEM of 2-rGO before (a) and after (b) the exposure to H2. XPS analysis of 2-rGO before (c) 

and after (d) the exposure to H2 showing the characteristic peaks of Pd0 and Pd2+. 

 

Catalytic studies 

The catalytic hydrogenation of alkynes was evaluated using molecular hydrogen at 

low pressure with the precatalysts molecular complex 2 and the hybrid material 2-

rGO. The catalytic active palladium NPs (2-NPs and 2-rGO-NPs) were generated in 

situ under appropriate reaction conditions. In a general procedure, a Schlenk flask 

was charged with the catalyst, base, alkyne and solvent. Then, a balloon of H2 (≈1 

bar) was connected to the system and the reaction was immersed in a pre-heated oil 

bath. The monitoring of the reaction and the product distribution was analyzed by 

GC chromatography and 1H NMR using anisole as an internal standard. The 



Chapter 4 

124 
 

hydrogenation reaction is general and works for different bases and solvents. After 

optimization using diphenylacetylene as a model substrate, the best reaction 

conditions in terms of activity and selectivity are catalytic amounts of Cs2CO3, dry 

toluene and 65 oC. 

Reaction monitoring profile in the hydrogenation of 1-phenyl-1-butyne with 

precatalyst 2 (1 mol%) showed an induction period of 15 min. indicating the 

formation of the catalytic active species 2-NPs (Figure 4.6 a). Then, the alkyne was 

hydrogenated to the Z-alkene in excellent yield and with good stereoselectivity (t = 

1.5 h, alkyne conversion = 97 %, alkenes yield: 92 %, ratio Z/E = 95:5 and alkane yield 

5%). Catalyst 2-NPs is highly stereoselective for the cis isomer even at high alkyne 

conversion. When the alkyne was consumed, the E and Z alkenes were 

hydrogenated to the corresponding alkane. As the hydrogenation process was 

sequential, the formation of alkanes could be avoided by stopping the reaction at 

convenient time. Selective palladium catalysts in the semi-hydrogenation of alkynes 

are scarce and overeduction is better controlled by transfer hydrogenation 

methodologies.56–60 The reaction monitoring using precatalyst 2-rGO showed an 

identical profile to catalyst 2-NPs but with a longer induction period (30 min.) (Figure 

4.6 b). Comparison of the catalytic activity of 2-NPs vs 2-rGO-NPs revealed that the 

reaction using catalyst 2-rGO-NPs started later due to a longer induction period but 

then proceed at higher rates. This result is significantly different if we consider that 

catalyst 2-rGO-NPs contains half amount of palladium of 2-NPs (Figure 4.6 c). When 

the reaction was carried out at the same catalyst loading (0.5 mol%), full conversion 

of alkyne was not observed using 2-NPs, indicating catalyst deactivation. These 

results show that immobilization of molecular complexes onto graphene lead to a 

more efficient catalysts and that the kinetics are not affected by diffusion problems. 
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Figure 4.6 Hydrogenation of 1-phenyl-1-butyne with precatalysts 2 (1 mol%), (a) 2-rGO (0.5 

mol%)  (b) and comparison of alkyne conversion for both precatalyst (c). 
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The nature of the catalytic active species was further analyzed by poisoning 

experiments using poly(4-vinylpyridine) (P4VP) as a scavenger of Pd2+ molecular 

species and the mercury drop test as an scavenger of palladium nanoparticles 

(Figure S4.4).61–66 The reactions were performed using precatalyst 2 (1.0 mol%) and 

1-phenyl-1-butyne as substrate. The results showed that in the presence of poly(4-

vinylpyridine) the hydrogenation rate is affected but not inhibited and after the 

addition of Hg drops, the reaction immediately stopped. Partial poisoning 

experiments suggest that the catalytic active palladium species are heterogeneous in 

nature and confirm that the active catalytic species are 2-NPs and 2-rGO-NPs. Then, 

we performed a Maitlis´ test which implies a hot filtration to support preliminary 

data in the formation of nanoparticles.67 In the hydrogenation of 1-phenyl-1-pentyne 

with precatalyst 2, after 1 h reaction (GC conversion 40 %) half of the reaction 

mixture was filtered off through celite at 65 °C. The filtrate was maintained for 5 h 

under identical conditions, but GC analysis indicated that no further hydrogenation 

occurred (GC conversion 40%). On the contrary, the remaining mixture achieved full 

conversion in 2 h reaction. This experiment reinforces the heterogeneous nature of 

the catalytic active species. 

An interesting topic to address in supported catalysis is the influence of the support. 

The support may only act as a medium that holds the active catalyst or may also play 

a role during the catalytic reaction facilitating the conversion of reagents into 

products.68–71 We explored the influence of the rGO support on palladium 

nanoparticles during hydrogenation. The experiment consisted in the monitoring of 

the reaction profile in the hydrogenation of 1-phenyl-1-butyne with precatalyst 2, 

the hybrid material 2-rGO and a mixture of molecular complex 2 with rGO for 

simulating the material 2-rGO (Figure 4.7). In all cases we observed an induction 

period corresponding to the formation of NPs. The results revealed that precatalyst 

2 did not afford full conversion and the reaction was stopped after 15.5 h. There is 

catalyst deactivation due to a lack of stability of 2-NPs under the reaction conditions. 

In the case of the hybrid material 2-rGO full conversion of alkyne was achieved in 2.3 

h indicating again that rGO plays a role in the stabilization of the 2-NPs. More 

interesting results were obtained by the mixture of catalyst 2 with rGO. The high 

catalytic activity of the mixture is comparable to that observed for the hybrid 

material 2-rGO. The catalytic properties of complex 2 significantly increased after 

the addition of rGO. These results support that the graphene plays an important role 

during the catalytic experiment in the stabilization of palladium nanoparticles and 

avoids deactivation. 
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Figure 4.7 Hydrogenation of 1-phenyl-1-butyne with precatalyst 2 (blue circles), 2-rGO (grey 

squares) and 2 + free rGO (20 mg) (orange diamonds). Catalyst loading 0.5 mol% based on 

palladium. H2 pressure 1 bar, Cs2CO3 (10 mol%) in tolunene at 65 oC. 

 

Precatalysts 2 and 2-rGO are active in the hydrogenation of different substrates at 

low hydrogen pressure and short reaction times (Table 4.1). Internal alkynes were 

rapidly semi-hydrogenated to the corresponding alkenes with good to excellent 

stereoselectivity towards the Z isomer (Table 4.1, entries 1 – 8). We have not 

observed isomerization or migration of the Z-alkenes. Prolonged reaction time 

produced the hydrogenation of the alkenes to the corresponding alkanes. The 

complete reaction monitoring profiles are in the supporting information. The 

reactions are sequential and can be stopped at the appropriate time in the 

formation of alkene or alkane. Terminal alkynes react equally well but tend to give 

lower chemoselectivity at higher conversions (Table 4.1, entries 9 – 12). We noted 

that performing the hydrogenations using 0.5 mol% of catalyst 2 the reaction 

stopped at ca. 50%. On the contrary, using 0.5 mol% of catalyst 2-rGO affords 

quantitative yields in short reaction times. As we have previously observed the 

immobilization of precatalyst 2 onto graphene plays a role in the catalytic process. 

The graphene does not act as a mere support. The immobilization of palladium 

complexes onto graphene helps in the stabilization of the catalytic active species and 

allows the reduction of catalyst amount. 
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Tabla 4.1 Hydrogenation substrate scope. 

 

Entry Substrate 
Precatalyst 

(mol%) 
Time (h) 

Conversion

a (%) 

Yielda 

(%) 
Z/Eb 

1 

 

3a 

2 (1) 1.5 100 91 93:7 

2 
2-rGO 

(0.5) 
2.0 95 90 90:10 

3 

 

3b 

2 (1) 1.8 100 93 90:10 

4 
2-rGO 

(0.5) 
3.5 94 87 86:14 

5 

 

3c 

2 (1) 1.5 100 90 95:5 

6 
2-rGO 

(0.5) 
2 100 76 95:5 

7 

 

3d 

2 (1) 1 100 95 97:3 

8 
2-rGO 

(0.5) 
2 100 82 91:9 

9 

 

3e 

2 (1) 0.75 95 78 --- 

10 
2-rGO 

(0.5) 
2 97 77 --- 

11 

 

4f 

2 (1) 1.25 100 77 --- 

12 
2-rGO 

(0.5) 
1.6 100 76 --- 

 

Conditions: 0.3 mmol of alkyne, 0.3 mmol of anisole used as internal standard, 1 bar of H2 

and 1 mL of Tol. Aerobic conditions [a] Conversions and Yields determined by GC. Yields 

calculated by the sum of alkenes. [b] Product distribution determined by 1H NMR. 

We performed competitive experiments to further evaluate the selectivity 

properties of precatalysts 2 and 2-rGO. The competitive studies were carried out 

monitoring the hydrogenation reaction of alkynes in the presence of substrates 
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containing ketone, nitrile and nitro groups. In the alkyne/ketone experiment, 1-

phenyl-1-butyne was mixed with acetophenone in equimolar amounts. Reaction 

monitoring using precatalysts 2 and 2-rGO showed complete conversion of alkyne 

without ketone hydrogenation. Similar results were obtained in the case of 

alkyne/nitrile experiment using benzonitrile as substrate. Competition experiments 

show that hydrogenation of alkynes tolerates the presence of nitriles and ketones 

(Figure S4.10). Different results were obtained using the molecular complex 2 or the 

supported 2-rGO in the competitive experiment alkyne/nitrobenzene. The 

hydrogenation reaction of 1-phenyl-1-butyne in the presence of nitrobenzene using 

precatalyst 2 was completely unselective. After 2 h reaction, the presence of aniline 

was already observed. The alkyne was not completely hydrogenated even after 20 h 

reaction. On the contrary, for the same experiment but using precatalyst 2-rGO, we 

observed complete alkyne hydrogenation after 3 h reaction. The nitrobenzene was 

not hydrogenated and remained constant after 20 h reaction (Figure 4.8). These 

results suggest that the active catalytic species are different in nature for 2 or 2-rGO. 

 

Figure 4.8 Competitive experiment in the hydrogenation of 1-phenyl-1-butyne in the 

presence equimolar amount of nitrobenzene using a) 2 (1 mol %) and b) 2-rGO (0.5 mol%). 

Nitrobenze is not hydrogenated when using precatalyst 2-rGO. 
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Recycling studies 

The main advantage of immobilization of 2 onto the surface of graphene is to 

recover and reuse the catalyst in multiple runs. Catalyst stability and recycling 

properties of the hybrid material 2-rGO (0.5 mol%) were tested using 1-phenyl-1-

butyne as substrate, dry toluene as solvent (2 mL), Cs2CO3 as base (10 mol%), H2 (1 

bar) and anisole as an internal standard. In the first run, we observed an induction 

period of 30 min and the reaction was stopped after 1 h and was analyzed by GC. At 

this point, we observed 100 % of alkyne conversion, 91 % alkene yield with good 

selectivity towards Z-alkene (Z/E, 90:10) and low over-reduction (9 %). The solid 

precatalyst 2-rGO was removed from the solution by decantation washed with 

toluene and reused with the addition of fresh substrate, solvent, H2 and anisole. In 

the next runs, we did not observe an induction period and the reaction was stopped 

after 1h. The catalytic active species are formed in the first run and are stabilized by 

the support. In the absence of the graphene support (precatalyst 2), the catalytic 

active species are not stabilised and the catalytic system could not be recycled. The 

hybrid material 2-rGO was reused up to ten times without observing a decrease in 

activity (Figure 4.9 a).  

The palladium amount in the filtrate for each run was analyzed by ICP-MS. The 

results revealed no significant palladium content indicating the absence of palladium 

leaching. This result was confirmed by analyzing the palladium content in 2-rGO 

after the 10th run. Digestion of the solid catalyst and ICP-MS analysis revealed that 

only 10 wt% of the initial palladium amount is lost by leaching during the ten 

recycling experiments. The stereoselectivity towards the Z-isomer and the over-

reduction alkane product is maintained constant for each run within the 

experimental error. The results show that immobilization of 2 onto graphene leads 

to a robust catalytic hybrid material that is highly recyclable. 
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Figure 4.9 Recycling of 2-rGO in the hydrogenation of 1-phenyl-1-butyne with molecular H2. 

First run 1.5 h because of the induction time and next runs 1h. (a) HRTEM image after run 1 

(b), run 5 (d) and run 10 (f) and the corresponding XPS spectra of runs 1 (c), 5 (e) and 10 (g). 

Blue line corresponds to the Pd2+ core-level peaks 3d and red line corresponds to the core 

level peaks 3d of Pd0. 
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In order to rationalize the formation and evolution of palladium nanoparticles 

species we analyzed the nature of the hybrid material 2-rGO in the recycling 

experiment. A small sample of the solid catalyst was taken after selected runs and 

was analyzed by HRTEM and XPS spectroscopy (Figure 4.9). HRTEM images 

confirmed the presence of palladium nanoparticles in all catalytic runs. The size and 

morphology of these nanoparticles is preserved during all runs of the recycling 

experiment. The nanoparticles are spherical with diameters in the range of 2 - 7 nm. 

XPS analysis confirmed that the palladium nanoparticles are composed of Pd2+ and 

Pd0 oxidation states. These palladium nanoparticles are decorated by the presence 

of NHC and Br- ligands on the surface.72–76 XPS analysis confirms the presence of 

these ligands by the assignment of peaks corresponding to the N (400.6 eV) and the 

Br (68.6 eV). We have observed that the Pd2+/Pd0 ratio is not constant for all the 

experiments indicating that palladium is reduced and oxidized during the catalytic 

hydrogenation reactions. There is a dynamic ligand exchange that alters the surface 

of the Pd-NPs and in consequence the ratio of Pd2+/Pd0 oxidation states. There are 

precedents of dynamic ligand exchange at the surface of metal nanoparticles caused 

by catalytic transformations.77–81 Palladium nanoparticles were further characterized 

by spherical aberration (Cs) corrected STEM, using a High Angle Annular Dark Field 

(HAADF) detector. This mode is highly advantageous over conventional TEM as the 

contrast is dependent on the atomic number of the elements; therefore, heavier 

atoms will appear much brighter in the images, helping to visualize the metallic 

species. Samples corresponding to runs 1 and 10 were selected for the evaluation of 

their morphology and to characterize the evolution of the palladium nanoparticles 

during the catalytic experiments. The Cs-corrected STEM data showed the presence 

of small crystalline palladium nanoparticles in the range of 2 up to 15 nm (Figure 

4.10). Pd units were always found in the form of Icosahedral (Ih) or fcc 

nanoparticles.82–84 In addition to these entities, bright spots were identified all over 

the carbon support, which corresponded to cesium in the form of individual atoms. 

We have not observed the formation of other catalytic active species such as single 

palladium atoms or clusters. After analyzing the sample in the 10th run, similar 

conclusions could be obtained as no significant morphological differences are 

observed between the two materials.  
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Figure 4.10 Cs-corrected STEM-HAADF images of 2-rGO after one catalytic cycle (a – c) and 10 

catalytic cycles (d-f). Zooming of the Pd0 NPs show the fcc crystal nature of some of the nps 

(b and e) and the icosahedral (Ih) structures (c and f). 
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4.3 CONCLUSIONS 

Palladium nanoparticles supported on the surface of reduced graphene oxide have 

been synthesized by decomposition of well-defined organometallic palladium 

complexes. XPS analysis reveals that the Pd-NPs are stabilized by the presence of 

ligands (NHC and Br) and contain palladium in two oxidation states (Pd2+ and Pd0). 

For comparative purposes, Pd-NPs without the support were synthesized starting 

from the same organometallic complexes. Characterization by XPS analysis shows 

similar composition for these NPs in terms of ligands and palladium oxidation states. 

The catalytic properties in the hydrogenation of alkynes have been evaluated using 

the free and supported palladium nanoparticles. The results clearly indicate that 

immobilisation of palladium nanoparticles onto reduced graphene oxide improves 

the catalytic properties in terms of activity and selectivity. The palladium 

nanoparticles composition displays a dynamic process during the recycling 

experiments and different amounts of Pd2+ and Pd0 oxidation states were observed. 

The support plays a role in the catalytic performance most probably due to 

stabilization of palladium nanoparticles. 
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4.4 SUPORTING INFORMATION 

This section contains the most relevant data of the article supporting information. 

To see the complete version, please visit the article website.  

General considerations 

Reagents and solvents 

Anhydrous solvents were dried using a solvent purification system or purchased 

from commercial suppliers and stored over molecular sieves. 

Instrumentation 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker spectrometers 

operating at 300 or 400 MHz (1H NMR) and 75 or 100 MHz (13C{1H} NMR), 

respectively, and referenced to SiMe4 ( in ppm and J in Hertz). High-resolution 

images of transmission electron microscopy HRTEM and high-angle annular dark-

field HAADF-STEM images of the samples were obtained using a Jem-2100 LaB6 

(JEOL) transmission electron microscope coupled with an INCA Energy TEM 200 

(Oxford) energy dispersive X-Ray spectrometer (EDX) operating at 200 kV. Samples 

were prepared by drying a droplet of a MeOH dispersion on a carbon-coated copper 

grid. X-ray photoelectron spectra (XPS) were acquired on a Kratos AXIS ultra DLD 

spectrometer with a monochromatic Al Kα X-ray source (1486.6 eV) using a pass 

energy of 20 eV. To provide a precise energy calibration, the XPS binding energies 

were referenced to the C1s peak at 284.6 eV. TGA analysis were performed using a 

TG-STDA Mettler Toledo model TGA/SDTA851e/LF/1600 coupled to a mass 

spectrometer quadrupol PFEIFFER VACUUM model OmniStar GSD 320 O3, 1-300 

uma. bearing tungsten filament. Spherical aberration corrected (Cs-corrected) 

Scanning Transmission Electron Microscopy (STEM) coupled with a High Angle 

Annular Dark Field (HAADF) detector measurements were performed in a XFEG Titan 

Low base FEI 300-60 kV, operated at 300 kV. The column was fitted with a CEOS 

aberration corrector for the electron probe, assuring a point resolution of 0.8 Å for 

the current accelerating voltage. For spectroscopic analyses, the microscope was 

also equipped with an EDAX EDS detector and a Gatan Tridiem Energy Filter. Prior 

observations the sample were dispersed in ethanol and placed onto a holey carbon 

copper microgrids. Mass spectra were obtained using a QTOF Premier 

(quadrupole-hexapole-TOF) with an orthogonal Z-spray-electrospray interface 

(Waters, Manchester, UK). The drying gas as well as nebulizing gas was nitrogen at 



Chapter 4 

136 
 

a flow of 400 L/h and 80 L/h respectively. The temperature of the source block was 

set to 120 ⁰C and the desolvation temperature to 150 ⁰C. A capillary voltage of 3.5 

KV was used in the positive scan mode and the cone voltage was set to 10 V to 

control the extent of fragmentation. Mass calibration was performed using a 

solution of sodium iodide in isopropanol:water (50:50) from m/z 150 to 1000 Da. 

Sample solutions (ca. 1 x 10-5 M) were infused via syringe pump directly connected 

to the interface at a flow of 10 l/min. A 1 g/mL solution of Luekine-enkephaline 

was used as lock mass for accurate m/z determinations. The UV/Vis spectra were 

recorded between 250 and 600 nm by a Cary 300 Bio UV−Vis Varian 

spectrophotometer. The samples were suspended in CH2Cl2 and sonicated for 5 

minutes before the measurements. 

Catalysts synthesis 

Synthesis of 2: A Schlenk flask was charged with a mixture of imidazolium salt (400 

mg, 0.830 mmol), palladium(II) chloride (134 mg, 0.750 mmol), potassium carbonate 

(521 mg, 3.77 mmol), sodium bromide (710 mg, 7.5 mmol) and 3-chloropyridine (4 

mL) under a nitrogen atmosphere. The resulting suspension was stirred for 19h at 80 
oC. The reaction mixture was diluted with CH2Cl2 and filtered through silica and 

celite. The resulting yellow solution was evaporated to dryness. Complex 2 was 

precipitated with CH2Cl2/hexanes, filtered and dried (Yield. 400 mg, 68 %). 

Synthesis of 2-rGO: A suspension of 180 mg of rGO in 100 mL of CH2Cl2 was 

introduced in an ultrasounds bath for 30 min. Then, complex 2 (25 mg, 0,032 mmol) 

was added to the mixture. The suspension was stirred at room temperature for 16 

hours. The black solid was isolated by filtration and washed with CH2Cl2 (2 x 15 mL) 

affording the hybrid material as a black solid. The exact amount of supported 

complex was determined by ICP-MS analysis. The results accounted for a 5.5 wt% of 

complex 2 in the hybrid material 2-rGO. 

General procedure for the catalytic hydrogenation of alkynes 

In a general catalytic experiment, a 10 mL Schlenk equipped with a stirring bar is 

charged with 0.3 mmol of alkyne, base (Cs2CO3, 10 mol %), catalyst and 2 mL of dry 

toluene as solvent. A balloon full of H2 is connected to the Schlenk. The Schlenk is 

then introduced in a preheated 65 oC oil bath. Yields and conversions were 

determined by GC or 1H NMR analysis using anisole or 1,3,5-trimethoxybenzene as 

an internal standard. 
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Complex 2 and hybrid material 2-rGO characterization 

 

Figure S4.1 1H NMR spectrum (a), 13C NMR spectrum (b) and HRMS spectrum (c) of complex 

2. 

 

 

Figure S4.2 Thermogravimetric analysis of complex 2. 
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Figure S4.3 Thermogravimetric analysis of 2-rGO a) and UV-Vis analysis comparison between 

2, 2-rGO and rGO b). 

Poisoning experiments 

Poisoning experiments using P4VP (poly(4-vinylpyridine)) as an scavenger of Pd(II) 

molecular species and the Hg drop test as an scavenger of Pd nanoparticles. 

Scavengers added after 30 min reaction to assure the formation of the catalytic 

active species. 

 

Figure S4.4 Poisoning experiments in the semihydrogenation of alkynes catalysed by 2. The 

addition of PVP (poly(4-vinylpyridine)) used as a scavenger of Pd(II) and Hg (Mercury test) 

used as a scavenger of Pd nanoparticles. 
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The Maitlis hot filtration test 

The Maitlis’ test involves the filtration of a part of the catalytic reaction maintaining 

the reaction conditions and monitoring the reaction time-profile in the remaining 

solution and the filtrate. No catalytic activity in the filtrate suggests heterogeneous 

active catalytic species. In the hydrogenation of 1-phenyl-1-butyne with precatalyst 

2, after 1 h reaction (GC conversion 40 %) half of the reaction mixture was filtered 

off through celite at 65 °C. The filtrate was maintained for 5 h under identical 

conditions, but GC analysis indicated that no further hydrogenation occurred (GC 

conversion 40%). On the contrary, the remaining mixture achieved full conversion in 

2 h reaction. 

 

Figure S4.5 Hot filtration experiment in the semihydrogenation of alkynes reaction using 2 as 

catalyst.  
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Kinetic analysis of semihydrogenation reaction 

 

 

Figure S4.6 Hydrogenation of 1-phenyl-1-pentyne with 2 (Table 4.1, entry 3) 

 

Figure S4.7 Hydrogenation of 1-phenyl-1-pentyne with 2-rGO (Table 4.1, entry 4) 
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Figure S4.8 Hydrogenation of phenylacetylene with 2 (Table 4.1, entry 9). 

 

 

Figure S4.9 Hydrogenation of phenylacetylene with 2-rGO (Table 4.1, entry 10). 
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Hydrogenation competitive experiments 

 

Figure S4.10 Competitive experiment in the hydrogenation of 1-phenyl-1-butyne in the 

presence equimolar amounts of benzonitrile using catalyst a) 2 (1 mol %) and b) 2-rGO (0.5 

mol%) or acetophenone using catalyst c) 2 (1 mol %) and d) 2-rGO (0.5 mol%). 
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CHAPTER 5: 

Selective conversion of various monosaccharaides 

into sugar acids by additive-free dehydrogenation 

in water 

 

 

ABSTRACT 

Abundant sugars of five and six carbon atoms are promising candidates for the 

production of valuable platform chemicals. In this chapter, we describe the catalytic 

dehydrogenation of several pentoses and hexoses into their corresponding sugar 

acids with the concomitant formation of molecular hydrogen (H2). This biomass 

transformation is promoted by highly active and selective catalysts based on iridium-

(III) complexes containing a 1,2,3-triazolylidene (trz) as ligand. Monosaccharides are 

converted into sugar acids in an easy and sustainable manner using only catalyst and 

water, and in contrast to previously reported procedures, in the absence of any 

additive. The reaction is therefore very clean, and moreover highly selective, which 

avoids the tedious purification and product separation. Mechanistic investigations 

using 1H NMR and UV-vis spectroscopies and ESI mass spectrometry (ESI-MS) 

indicates the formation of an unprecedented diiridium-hydride as dormant species 

that correspond to the catalyst resting state. 
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5.1 INTRODUCTION 

Biomass represents an abundant and natural renewable feedstock for the 

preparation of initial platform chemicals.1-4 The growing interest in the production of 

bio-sourced chemicals lies in the circular character of carbon which represents a 

neutral carbon process. Replacing the use of fossil fuels with transformation of 

biomass is a major challenge for reduction of global CO2 emissions.5-9 The initial 

platform chemicals obtained from biomass are sustainable intermediates for the 

production of specific chemicals.10-13 Carbohydrates are abundant in nature and 

constitute one of the major components of plant biomass.14,15 Among them, 

monosaccharides of five and six carbon rings are the basic units of cellulose and 

hemicellulose. Conversion of these sugars, particularly D-Glucose and D-Xylose, 

represents an interesting biomass source for the preparation of initial platform 

chemicals.16-20 Oxidation of sugars into the corresponding sugar acids produces 

useful chemical intermediates with applications in food, pharmaceutical and other 

specific industries. Traditionally, oxidation of sugars is carried out by enzymatic or 

heterogeneous catalysts.21,22 The main limitation for these approaches is a rigorous 

control of the reaction conditions to avoid pH variations, oxygen pressure and 

stability of the natural catalysts. For the conversion of sugars, there is a need to 

develop selective transformations avoiding tedious separation or purification 

techniques. Unsurprisingly, therefore, most catalysts for the conversion of 

carbohydrates is restricted to materials and enzymes. The use of homogeneous 

catalysts for the conversion of sugars is scarce even though these types of catalysts 

generally lead to highly selective transformations.23,24 One of the reasons for this 

underdeveloped chemistry is the frequently found poor stability and solubility of 

well-defined organometallic species in aqueous media. However, recent 

developments have indicated substantial progress of organometallic chemistry in 

water,25-28 thus providing new opportunities for biomass transformation in aqueous 

media with homogeneous catalysts. 

 

Figure 5.1 Selective dehydrogenation of sugars into sugar acids without additives. 
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Prompted by this expansion of organometallic chemistry into aqueous media, we 

decided to explore the potential of iridium complexes as homogeneous catalysts for 

the conversion of glucose. In a preliminary work, we demonstrated the formation of 

gluconic acid using homogeneous Cp*Ir complexes with imidazole-based N-

heterocyclic carbene (NHC) ligands.29 This transformation is formally an oxidation of 

glucose but is better described as a dehydrogenative coupling of glucose and water 

with the simultaneous formation of molecular hydrogen (H2). Starting from glucose, 

the process is highly selective towards the formation of gluconic acid but requires 

strong acidic conditions. In this context, modulation of well-defined organometallic 

species with suitable ligands offers an attractive methodology to increase activity 

and selectivity in the activation of functional groups. Here, we demonstrate that the 

introduction of 1,2,3-triazolylidene (trz) ligands induces a substantial improvement 

of the catalytic properties of these iridium complexes in the conversion of sugars 

into sugar acids (Figure 5.1). The enhanced catalytic competence allows to omit the 

harsh acid additives and significantly broadens the substrate scope to efficient 

dehydrogenative coupling of other carbohydrates. Moreover, this approach 

provided relevant mechanistic insights into this transformation. 
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5.2 RESULTS AND DISCUSSION  

Catalytic studies 

The catalytic conversion of sugars into sugar acids was tested using a series of 

Cp*Ir(carbene)Cl2 complexes containing different carbene ligands (Figure 5.2). 

Complex 3, containing an Arduengo-type N-heterocyclic carbene ligand (NHC), was 

used for comparative purposes. Complexes 4-6 contain a triazole-derived ligand with 

different substituents that modulate the electronic and the steric properties. The 

1,2,3-triazolylidene ligands do not possess a neutral resonance structure and are 

therefore more polar. Moreover, iridium-(trz) complexes were observed to be highly 

water-soluble,30,31 which may be due in parts to the polar structure, and in other 

parts due the presence of a backbone nitrogen for potential hydrogen bonding.32 

Complex 6 contains a carbohydrate wingtip group which has been introduced to 

probe whether hydrogen bonding to sugar substrates favours the catalytic process. 

 

Figure 5.2 Iridium complexes used in the catalytic dehydrogenation of sugars featuring an 

NHC ligand (3) and 1,2,3- triazolylidene (trz) ligands (4–6), respectively. 

In a first set of experiments, we evaluated the catalytic activity of complexes 4–6 in 

the conversion of glucose to gluconic acid. The experimental set-up consists of the 

addition of the iridium complex to a solution of glucose in deionised water. The 

mixture is heated to reflux and the progress of the reaction and selectivity is 

monitored by NMR spectroscopy and HPLC chromatography. As a representative 

example, the reaction progress for the conversion of glucose to gluconic acid was 

profiled using complex 4 as catalyst precursor (Figure 5.3 a). The mass balance 

confirms that all glucose is converted to gluconic acid. Product analysis by NMR 

spectroscopy and MS does not show the formation of any other by-products. 

Interestingly, and contrary to our previous observations using complex 3, complex 4 

performs better without additives. A >90% conversion of glucose is observed 
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without the addition of H2SO4 after 7.5h. In contrast, the addition of acid (0.25 

equiv.) reduced the conversion to 65% (Figure 5.3 b). 

 

Figure 5.3 Reaction profile monitored by HPLC-MS/MS of glucose conversion (black squares) 

and gluconic acid formation (red diamonds) using catalytic quantities of complex 4 (2 mol%) 

at 110 ⁰C (bath temperature). Glucose (0.44 mmol) in 5 mL H2O: without additives (a) and 

with 0.25 eq. of H2SO4 (b). 

 

These results prompted us to study the catalytic activity of 3-6 in the conversion of 

glucose to gluconic acid with and without additives (Table 5.1). Control experiments 

revealed that the presence of iridium complexes is required for the production of 

gluconic acid and hydrogen. We have not observed uncatalysed sugar degradation 

under neutral or acidic conditions at 110 ⁰C (Table5.1, entry 1). Monitoring substrate 

conversion over time using catalyst 6 showed high initial rates that, however, rapidly 

slowed down. This is an indication of catalyst deactivation by limited stability 

(Figures S5.1 and S5.2). In order to study the process of catalyst deactivation we 

performed thermal stability tests by 1H NMR spectroscopy. Solutions of complex 4 

and 5 in D2O (10 mM) are stable at 100 ⁰C for at least 2 h without noticeable 

decomposition whereas complex 6 completely decomposes under these conditions 

into undefined products. Reducing the temperature to 80 ⁰C increases stability and 

we have not observed degradation for up to 1 h. These results show that catalyst 4 

and 5 containing alkyl or aryl N-substituents are stable at the optimal catalytic 

conditions but catalyst 6 decomposes rapidly, which accounts for the drop of the 

catalytic activity for this complex. Conversion of glucose at lower temperatures (80 

°C) is feasible, though requiring longer reaction times to achieve full conversion 

(Table 5.1, entry 6). 



Selective conversion of various monosaccharaides into sugar acids by additive-free 
dehydrogenation in water 

155 
 

Table 5.1 Glucose dehydrogenation using catalyst 3-6 

 

Entry Cat Additive 
H2SO4 (Eq.) 

T (oC) Conv (%)a Yield (%)a 

1 - - 110 - - 
2b 3 - 110 44 44 
3b 3 0.25 110 100 88 
4 4 - 110 100 100 
5 4 0.25 110 81 81 
6 4 - 80 90 71 
7 5 - 110 65 65 
8 6 - 110 35 33 
9 6 0.25 110 51 45 

Reaction conditions: Glucose (80 mg, 0.44 mmol), catalyst loading (2 mol%), deionised H2O (5 

mL) for 20h. [a] Conversions and yields determined by 1H NMR spectroscopy and HPLC-

MS/MS. [b] Data from reference 29. 

 

In view of the excellent conversion of glucose to gluconic acid by dehydrogenation 

we decided to explore the catalytic activity of complexes 3–6 towards other C5 and 

C6 sugars (Figure 5.4). A range of pentoses (D-ribose, D-xylose and L-arabinose), 

hexoses (D-mannose and D-galactose) as well as 2-deoxy-D-glucose are converted in 

water to the corresponding sugar acids by dehydrogenation with the formation of 

molecular hydrogen (H2). The formation of H2 was qualitatively analysed by gas 

chromatography using a TCD detector. The set-up for the catalytic experiments only 

requires the addition of the catalysts into an aqueous solution of the carbohydrate. 

However, it is important to note that the reaction mixture should be maintained 

under constant reflux in an open system, since the continuous release of hydrogen 

gas from the reaction mixture facilitates conversion to the sugar. The reaction is not 

sensitive to the presence of oxygen indicating the high stability of catalysts under 

the reaction conditions. Catalysts 3–5 are highly active in the production of sugar 

acids, the isolated yields are >90% in most cases. As noted for glucose conversion, 

complex 3 requires the addition of additives for better catalytic performance, which 

compromises yields to some extent. In contrast, no additives are necessary when 

employing complexes 4 and 5 containing a 1,2,3-triazolylidene ligand, and isolation 
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of the product is therefore particularly simple. Analysis of the crude product by 1H 

NMR spectroscopy revealed highly selective oxidation of the C1 position and clean 

formation of the corresponding sugar acids and therefore, no further purification 

was required (Figure S5.3 to Figure S5.6). Of note, product analysis in the case of D-

glucose or D-xylose by NMR spectroscopy under neutral or acidic conditions is 

complicated by the presence of different species due to the acid/base equilibria 

coupled with partial lactonisation. However, in basic media, these equilibria are 

shifted and only one set of signals is observed. 

 

 

 

 

Figure 5.4 Reaction scope using catalyst 3, 4 and 5. Reaction conditions: Sugar (0.44 mmol), 

catalyst loading (2 mol%), deionised H2O (5 mL) at 110 ⁰C for 20h. Conversions and yields 

determined by 1H NMR spectroscopy and HPLC-MS/MS for selected experiments. *Additive 

0.25 eq. of H2SO4. 
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Monitoring of the reaction progress was performed by 1H NMR spectroscopy, using 

L-arabinose as a model substrate with catalyst 4 (Figure 5.5). The results show that 

the conversion of L-arabinose into L-arabinoic acid is very fast at the initial stages 

and then slows down and proceeds slowly. For instance, yields are higher than 50% 

after 4 h and after 8 h the yields are close to 80%. This is the general trend observed 

in the conversion of all the sugars tested either by 1H NMR spectroscopy (Figure 5.5) 

or HPLC/MS (Figure 5.3) suggesting a first order reaction in catalyst. 

 

 

 

 

 

Figure 5.5 Time-resolved conversion monitored by 1H NMR spectroscopy. L-Arabinose (0.44 

mmol) conversion into L-Arabinoic acid using catalyst 4 (2 mol%) without additives in H2O (5 

mL). Samples were taken at appropriate time, dried under reduced pressure and dissolved in 

D2O for NMR analysis. Signals highlighted in green are diagnostic for determining yields, and 

resonances highlighted in blue for conversions. 
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Mechanistic investigations 

In order to gain mechanistic insight into the conversion of sugars we first addressed 

the chemical speciation of iridium complexes in water using pre-catalyst 4 as 

representative complex. Catalyst 4 is soluble in water and forms an orange solution. 

The solubility of 4 in water is promoted by the polar nature of the 1,2,3-

triazolylidene ligand and a facile chloride-water ligand exchange at iridium (Scheme 

5.1) as identified by the chemical speciation determined from ESI-MS and NMR 

spectroscopy.33 Aqueous solutions of 4 were stirred and aliquots were extracted at 

different time intervals, diluted with water to a final concentration of 5 × 10-4 M 

(based on the initial Ir concentration), and directly introduced to the mass 

spectrometer. The ESI-MS of 4 in water (Figure 5.6) shows two intense signals 

containing the hydroxo-ligated species [Cp*Ir(trz)(OH)]+ (m/z 518.2) and 

[Cp*Ir(trz)(OH)(OH2)]+ at m/z 536.2, the latter coexisting with [Cp*Ir(trz)Cl)]+. Even 

though species [Cp*Ir(trz)(OH)(OH2)]+ and [Cp*Ir(trz)Cl]+ overlap in the MS, they 

could be unambiguously identified on the basis of their distinctive collision induced 

dissociation (CID) spectra (Figure S5.7). In the lower m/z region, we also observed 

doubly-charged species of formula [Cp*Ir(trz)]2+ (m/z 250.6, not shown) attributed to 

the generation of the diaqua complex [Cp*Ir(trz)(H2O)2]2+ containing labile H2O 

ligands that are removed upon ionisation under ESI conditions. 

 

 

Scheme 5.1 Equilibrium of complex 4 in water. 
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Figure  5.6 ESI mass spectra of complex 4 recorded in water (top) and water with NaOH 10-3 

M (bottom). The peak at m/z 500.2 is attributed to a product ion from species at m/z 518.2 

and 536.2. 

 

Further support for the solvolysis equilibrium depicted in Scheme 5.1 is provided by 

recording the ESI-MS of 4 at higher pH. Under these conditions, it is expected that 

iridium-bound water molecules in complexes [Cp*Ir(trz)(H2O)2]2+ are deprotonated 

to hydroxo ligands which are not removed under positive-mode ESI conditions. 

Figure 5.6 displays the ESI mass spectrum of aqueous solutions in the presence of 

NaOH (10-3 M solution). Species [Cp*Ir(trz)(OH)]+ (m/z 518.2) and [Cp*Ir(trz)(OH)2 + 

Na]+ (m/z 558.2) were detected by their m/z values, isotopic composition and CID 

spectra (Figures S5.8 and S5.9). Analysis of this solvolysis equilibrium by 1H NMR 

spectroscopy using complex 4 in D2O, revealed the presence of a single set of signals 

for the Cp* and the 1,2,3-triazolylidene ligand, which is consistent with fast 

equilibria on the NMR time scale. 

Furthermore, we monitored the progress of the catalytic conversion of sugars by 

NMR and UV/Vis spectroscopies and by ESI-MS. The combination of these 

orthogonal techniques provides insights into the identity of intermediate species 

relevant to the mechanism.34,35 Notably, the conversion of sugars is accompanied by 

a diagnostic change of colour of the reaction solution from orange to deep-red when 

using complexes 3-5. The deep-red colour is formed at initial stages and maintained 

during the entire catalytic reaction. This change in colour was analysed in more 

detail using L-arabinose as model substrate and complex 4 as the pre-catalyst 
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(Figures 5.7a and 5.7b). The initially orange colour originates from two broad 

absorptions at 340 nm and about 400 nm, the latter observed only as a shoulder. 

The spectrum of the deep-red coloured solution during conversion of L-arabinose 

features two distinct absorption bands at 445 and 545 nm. Monitoring the reaction 

by ESI-MS revealed a signal at m/z 501.2, which is maintained during the course of 

the reaction. The mass/charge value and the simulated isotopic pattern distribution 

support the formation of a dicationic diiridium-hydride species (Figure 5.7d). Other 

signals confirmed the reaction progress as indicated by the observation of signals 

corresponding to deprotonated arabinoic acid-bound complex formulated as 

[Cp*Ir(trz)(C5O6H9)]+ at m/z 666.2 (Figure 5.7d) and in the negative scan mode the 

signal attributed to deprotonated arabinoic acid at m/z 165. The presence of a 

hydride species was further confirmed by monitoring the catalytic reaction by 1H 

NMR spectroscopy using L-arabinose and 10 mol% of pre-catalyst 4. The spectra 

showed a characteristic signal in the hydride region at –16.8 ppm, integrating for 

two hydrogen nuclei. Based on these data and the ESI-MS analysis, we postulate a 

dimetallic species 7 as intermediate with molecular formula [Cp*(trz)Ir(µ-

H)2Ir(trz)Cp*]2+, which contains two [Cp*Ir(trz)] fragments bridged by two hydride 

ligands. Similar diiridium-hydride species have been described before using N-

heterocyclic carbene ligands.36,37 In order to further characterise this species, we 

synthesised the diiridium-hydride complex 7 as a triflate salt starting from 4 by 

chloride abstraction and exposure to H2 (Figure S5.10 and S5.11). Characterisation by 

ESI-MS and 1H NMR spectroscopy showed the same ion fragment (m/z 501.2) and 

isotopic distribution and a hydride resonance at -16.8 ppm, in excellent agreement 

with the data of the intermediate formed during the catalytic reaction. The 

molecular structure of complex 7 was unambiguously elucidated by single crystal X-

ray diffraction (Figure 5.7c). Most strikingly, the isolated complex 7 is catalytically 

competent in the dehydrogenative transformation of L-arabinose and achieves 

activity comparable to those observed with complex 4, suggesting an identical or at 

least closely related catalytically active species. In addition, the UV/Vis spectrum of 7 

in water shows two characteristic bands at 445 and 545 nm, commensurate with the 

diagnostic features of the catalytic solution (Figure 5.8, see also discussion above). 

These data therefore suggest that the diiridium-hydride complex 7 is a relevant 

species in the reaction mechanism as an off-cycle catalyst resting state. Most 

probably, cleavage of the diiridium-hydride species provides an iridium monohydride 

intermediate, which can bind the carbohydrate or water and subsequently release a 

carbohydrate/water proton and the metal-bound hydride as H2. 
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Figure 5.7 Initial orange solution in H2O of L-arabinose with catalyst 4 (a) and characteristic 

deep-red solution after 30 min. at 110 ⁰C (b). ORTEP structure from single crystal X-ray 

diffraction of complex 7 (hydrogen atoms except hydrides and counterions (4 CF3SO3
-) 

omitted for clarity). (c) ESI-MS of the deep-red solution showing a base peak at 501.2 m/z 

that fits with [Cp*(trz)Ir(µ-H)2Ir(trz)Cp*]2+ and a minor peak (m/z 666.2) due to the 

deprotonated arabinoic acid-bound complex formulated as [Cp*Ir(trz)(C5O6H9)]+(d). 

 

 

Figure 5.8 UV/vis spectra of the solutions (H2O) from the catalytic conversion of L-arabinose. 

The bands at 445 nm and 545 nm are identical for the catalytic reaction (blue line) and for 

the independently prepared diiridium-hydride species 7 (green line). 

a) b)

d)

c)

m/z
350 400 450 500 550 600 650 700

%

0

100
x4501.2

500.2 502.7

m/z
662 664 666 668 670

%

0

100
666.2

664.2

665.2 667.2

m/z
500 501 502 503 504

%

0

100
501.2

500.2

500.7

502.2

501.7
502.7

7 



Chapter 5 

162 
 

A plausible mechanism for the conversion of sugars into sugar acids is proposed 

based on previous results29 and complemented by the new experimental evidence 

from this work (Scheme 5.2). Iridium complexes of general formula [Cp*IrL(Cl)2] (L = 

NHC or triazolylidene) undergo water/halide ligand exchange forming the aqua 

complexes that are the active catalytic species (Scheme 5.1). The labile H2O ligands 

are substituted by L-arabinose most probably in a chelate coordination via the 

carbonyl and a hydroxyl group (A). Such chelation may rationalise the selectivity of 

the oxidation, which does not affect any of the primary or secondary alcohol units. 

Intermediate (A) featuring 1,2,3-triazolylidene as ancillary ligand was not observed 

by ESI-MS; however, for the NHC pre-catalyst 3 and glucose, intermediate (A) was 

readily observed. The enhanced stability of the sugar-bound intermediate (A) in the 

case of the NHC-based catalyst correlates with the reduced catalytic activity of this 

complex towards the sugar acid formation.38 The coordinated L-arabinose undergoes 

nucleophilic attack by water at the aldehyde, producing a gem-diol species (B). 

These species have been postulated as key intermediates in the conversion of 

alcohols or aldehydes to carboxylic acids or esters in aqueous media.39-48 The gem-

diol species releases a solvated proton, forms an iridium-hydride by β-hydride 

elimination and delivers the L-arabinoic acid product (C,D). The iridium-hydride 

species is in equilibrium with the diiridium-hydride (7) which corresponds to the 

catalyst resting state. In the final stage, the iridium hydride is protonated by the 

previously released proton to form (E). We speculate that this protonation step is 

greatly accelerated by the trz ligand due to the potentially basic N2 site of this 

ligand,32,49 which enables an intramolecular and hence fast proton shuttle 

mechanism from N2 to the iridium-bound hydride. Such intramolecular proton 

transfer is not feasible with NHC complexes and may therefore rationalise the need 

for a strong acid as additive with those ligands, but not with triazole-derived 

carbenes. Formation of (E) induces the release of molecular hydrogen and 

regeneration of the initial diaqua species [4-(H2O)2]2+. 
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Scheme 5.2 Mechanistic proposal for the conversion of sugars to sugar acids and molecular 

hydrogen. 
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5.3 CONCLUSIONS 

Iridium complexes bearing 1,2,3-triazolylidene ligands are efficient catalysts for the 

conversion of sugars into sugar acids without additives and using water as solvent. 

This transformation produces molecular hydrogen as a valuable by-product along 

with the selective formation of sugar acids. The conversion of sugars represents an 

interesting biomass transformation for the production of initial platform chemicals 

in a sustainable manner. The reaction is highly selective and does not require 

purification of the sugar acid products. Moreover, the catalysts are highly 

promiscuous and convert a variety of carbohydrate substrates, which contrasts the 

typically highly substrate-specific mode of operation of enzymes. Noticeably, high 

conversion and selectivity proceeds without any additional acid using trz complexes, 

which is a common requirement for sugar dehydrogenation in the presence of its 

NHC congeners. Mechanistic studies support the formation of a diiridium-hydride as 

catalyst resting state in the conversion of sugars to sugar acids. These results provide 

useful guidelines for further optimisation of this valuable biomass transformation. 
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5.4 SUPPORTING INFORMATION 

This section contains the most relevant data of the article supporting information. 

To see the complete version, we invite you to download the PDF version of the 

article at the publisher website. 

 General considerations 

Reagents and solvents 

D-glucose (99 %), D-gluconic acid (50 % aq. sol), D-ribose (98%), D-xylose (99%), L-

arabinose (99%), D-mannose (99%), D-Galactose (98%) and 2-deoxy-D-glucose (99%) 

were purchased from commercial suppliers and used as received. HPLC-grade water 

was obtained from distilled water passed through a Milli-Q water purification 

system. Anhydrous solvents were dried using a solvent purification system or 

purchased from commercial suppliers and stored over molecular sieves 

Instrumentation 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker spectrometers 

operating at 400 MHz (1H NMR) and 100 MHz (13C{1H} NMR) respectively, and 

referenced to SiMe4 (δ in ppm and J in Hz). NMR spectra were recorded at room 

temperature with the appropriate deuterated solvent. UV/Vis spectra were recorded 

on a Jasco spectropolarimeter at room temperature using MiliQ water as solvent. 

Hydrogen was analysed using gas chromatography with a GS-MOL 15 meters column 

ID 0.55 mm TCD from J&W Scientific, using N2 as carrier gas. HRMS studies were 

conducted on a QTOF Premier instrument with an orthogonal Z-spray-electrospray 

interface (Waters, Manchester, UK) operating in the V-mode at a resolution of ca. 

10000 (FWHM). The drying and cone gas was nitrogen set to flow rates of 300 and 

30 L/h, respectively. A capillary voltage of 3.5 kV was used in the positive ESI(+) scan 

mode. The cone voltage was adjusted to a low value (typically Uc = 5−15 V) to 

control the extent of fragmentation in the source region. Chemical identification of 

the Ir-containing species was facilitated by the characteristic isotopic pattern at 

natural abundance of Ir and it was carried out by comparison of the isotope 

experimental and theoretical patterns using the MassLynx 4.1 software. Sample 

preparation was carried out as follows: i) for aqueous speciation studies, aqueous 

solutions of pre-catalysts were stirred and aliquots were extracted at the required 

time intervals and ii) for the study of the progress of the catalytic reaction, aqueous 

solutions of pre-catalysts were stirred under catalytic conditions and aliquots were 
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extracted at the required time intervals. In both cases, samples were diluted with 

water to a final concentration of 5 x 10-4 M (based on the initial Ir concentration) and 

directly introduced to the mass spectrometer. HPLC-ESI-MS/MS experiments were 

carried out in a Waters Acquity UPLC system was interfaced to a triple quadrupole 

mass spectrometer Xevo TQS (Waters) equipped with an orthogonal Z-spray 

electrospray ionisation interface (ESI). Single crystal X-ray analysis were carried out 

on a SuperNova dual source equipped with a CCD Atlas detector diffractometer 

(Agilent Technologies). At the end of the reaction, the solvent was evaporated and 

the crude product was analysed by 1H-NMR spectroscopy without further 

purification. In the case of D-gluconic and D-xylonic acids the pH was adjusted to 12 

by adding NaOH for NMR characterization 

 

Catalysts synthesis 

Catalysts 3-6 were synthesized according to reported procedures.50–52 

 

Catalytic dehydrogenation reactions 

In a typical reaction, iridium catalyst (2 mol%) was added to a sugar solution (0.44 

mmol) in deionised H2O (5 mL). The reaction vessel was connected to a reflux 

condenser and was introduced in a pre-heated oil bath at 110 oC for the appropriate 

time (standard time 20h). Reaction monitoring was carried out following two 

methodologies: for the quantification of glucose/gluconic acid, a previously 

described method based on reverse-phase UHPLC coupled to ESI-MS/MS was used. 

For the rest of sugars and sugar acids, different aliquots (400 µL) were directly 

extracted from the Schlenk tube with a syringe. The solvent was removed under 

reduced pressure and the residue was redissolved in D2O for 1H NMR analysis.  

 

 

 

 

 



Selective conversion of various monosaccharaides into sugar acids by additive-free 
dehydrogenation in water 

167 
 

Kinetics study of catalyst 6 
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Figure S5.1. HPLC reaction monitoring. Complex 6 (2 mol%), glucose (0.44 mmol), H2O (20 

mL) at 110 oC. 
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Figure S5.2. HPLC reaction monitoring. Catalyst 4 (2 mol%), H2SO4 additive (0.11 mmol, 0.25 

eq.), glucose (0.44 mmol), H2O (20 mL) at 110 oC. 
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Product characterization 

 

 

 

Figure S5.3 Top: 1H NMR spectra of L-arabinose (400 MHz, D2O, equilibration time 2h). 

Bottom: 1H NMR spectrum (400 MHz, D2O) of reaction crude with complex 4 (t = 20h). 
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Figure S5.4 1H NMR spectrum of L-arabinoic acid (D2O, equilibration time 2h).

 

Figure S5.5 13C NMR spectrum of L-arabinoic acid (D2O, equilibration time 2h). 
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Figure S5.5 1H-1H COSY spectrum of L-arabinoic acid (D2O).

 Figure S5.6 1H 13C{1H} HSQC spectrum of L-arabinoic acid (D2O). 
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Electrospray Ionisation Mass Spectrometry (ESI-MS) and Collision Induced 

Dissociation (CID) experiments. 

ESI-MS studies were conducted on a QTOF Premier instrument with an orthogonal Z-

spray-electrospray interface (Waters, Manchester, UK) operating in the W-mode at a 

resolution of ca. 15000 (FWHM). The drying and cone gas was nitrogen set to flow 

rates of 300 and 30 L/h, respectively. A capillary voltage of 3.5 kV was used in the 

positive ESI(+) scan mode. The cone voltage was adjusted to a low value (typically Uc 

= 5−15 V) to control the extent of fragmentation in the source region. Chemical 

identification of the Ir-containing species was facilitated by the characteristic 

isotopic pattern at natural abundance of Ir and it was carried out by comparison of 

the isotope experimental and theoretical patterns using the MassLynx 4.1. For CID 

experiments, the cations of interest were mass-selected using the first quadrupole 

(Q1) and interacted with argon in the T-wave collision cell at variable collision 

energies (Elaboratory = 3 -15 eV). The ionic products of fragmentation were 

analyzed with the time-of-flight analyzer. The isolation width was 1Da and the most 

abundant isotopomer was mass-selected in the first quadrupole analyzer. 

 

Figure S5.7 CID mass spectrum of mass-selected species at m/z 536 recorded at low 

collision energy Elab = 5 eV showing the losses of m = 18 and 36. The inset shows 
an expanded region in the m/z 495-525 range where the product ions are observed. 
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Figure S5.8 ESI mass spectrum of compound 4 in aqueous NaOH 10-3 M (top) 

together with the  comparison between the calculated and experimental isotopic 

pattern for [Cp*Ir(trz)(OH)]+ and [Cp*Ir(trz) (OH)(OH) + Na]+ 

 

Figure S5.9 CID mass spectrum of mass-selected species at m/z 518 and 552 

recorded at low collision energy Elab = 10 eV showing the losses of m = 18 
consistent with the presence of hydroxo groups. 

 

 

[Cp*Ir(trz)(OH)(OH) + Na]+

[Cp*Ir(trz)(OH)]+

m/z
480 490 500 510 520 530 540 550 560

%

0

100
518.2

516.2

519.2
558.2

m/z
516 518 520

%

0

100

m/z
516 518 520

%

0

100
518.2

516.2

519.2

518.2

516.2

519.2

m/z
554 556 558 560 562

%

0

100

m/z
554 556 558 560 562

%

0

100
558.2

556.2

559.2

558.2

556.2

557.2 559.2

Simulated for
[Cp*Ir(trz)(OH)(OH) + Na]+

Simulated for
[Cp*Ir(trz)(OH)]+

[Cp*Ir(trz)(OH)(OH) + Na]+

m/z
500 520 540 560 580

%

0

100
558.2

540.2

-H2O

m/z
480 500 520 540

%

0

100
518.2

500.2

[Cp*Ir(trz)(OH)]+

-H2O



Selective conversion of various monosaccharaides into sugar acids by additive-free 
dehydrogenation in water 

173 
 

Synthesis and characterization of 7 

 

Figure 5.10 Synthesis of diiridium dihydride 7. 

 

The synthesis of complex 7 was carried out in a two step-process. Complex 4 (60 mg, 

0.1 mmol) and silver triflate (54 mg, 0.2 mmol) were suspended in 5 mL of CH2Cl2 

(wet). The mixture was protected from light using aluminum foil and was stirred 

overnight. The resulting suspension was filtered through Celite© and the solvent 

was removed under reduced pressure to afford complex [4-(H2O)2](OTf)2 (75.9 mg, 

91% yield). 1H NMR (400 MHz, CD3OD, 298K) δ: 1.91 (s, 15H, Cp*), 3.93 (s, 3H, N-

CH3), 4.11 (s, 3H, N-CH3), 7.43-7.64 (m, 5H, CH). Complex 5 was prepared starting 

from a solution of complex [2-(H2O)2](OTf)2 (75.9 mg, 0.09 mmol) in 20 mL of CH2Cl2 

and bubbling H2(g) for 1h. The solvent was reduced to 6 mL under vacuum and 

complex 7 precipitated upon addition of hexanes (27.8 mg, 47% yield). Suitable 

crystals for X-ray diffraction were obtained by slow diffusion of hexane into a 

concentrated CH2Cl2 solution of 7. Complex 7 is obtained as a mixture of two isomers 

(syn and anti with respect to the orientation of the triazolylidene substituents), 

which were separated by fractional crystallisation using CH2Cl2/hexane mixtures. 1H 

NMRanti (400 MHz, CD3OD, 298K) δ: 1.17 (s, 30H, Cp*), 4.20 (s, 6H, N-CH3), 4.31 (s, 

6H, N-CH3), 7.65-7.86 (s, 10H, CH), and -16.82 (s, 2H, Ir-H). 13C NMRanti (100 MHz, 

CD3OD, 298K) δ: 9.6 (Cp*), 39.1 (N-CH3), 42.6 (N-CH3), 97.5 (Cp*), 127.7 (Ph), 130.4 

(Ph), 130.7 (Ph), 131.7 (Ph), 131.9 (Ph), 132.0 (Ph), 145.7 (C-Ph), 155.6 (C-Ir).  
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Figure S5.11 1H NMR spectrum in CD3OD of diiridium dihydride 7-anti (Blue stars). 

Small signals (red triangles) correspond to the 7-syn isomer. 
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CHAPTER 6: 

Dual role of graphene as support of                 

ligand- stabilized palladium nanoparticles and 

carbocatalyst for (de)hydrogenation of                   

N-heterocycles 

 

ABSTRACT 

The hybrid material composed of palladium nanoparticles (PdNPs) functionalized 

with N-heterocyclic carbene ligands (NHCs) immobilized onto the surface of reduced 

graphene oxide (rGO) results an efficient catalytic material towards hydrogenation 

and dehydrogenation of N-heterocycles. The rGO plays a dual role by acting as a 

carbocatalyst in acceptorless dehydrogenation of N-heterocycles and as a support 

for the palladium nanoparticles. The mild conditions used in both transformations 

represent a potential application of this system for hydrogen storage technologies in 

the form of liquid organic hydrogen carriers (LOHCs). At the same time, the hybrid 

material is a robust and efficient catalytic platform that can be recovered and reused 

in up to eight runs in both transformations without significant deactivation. The use 

of a single solid catalyst that is recyclable in hydrogen conversion and reconversion 

through (de)hydrogenation of N-heterocycles paves the way for the development of 

efficient hydrogen storage materials. 

Carbon 2022, (CARBON-D-22-04236, under revision)
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6.1 INTRODUCTION 

The principle of microscopic reversibility states that catalytic reactions are 

essentially reversible as the potential energy surface does not depend on the 

direction of the reaction.1–3 Herein, the mechanism is the same (but reversed) for 

both, the forward and backward version of the reaction. They have the same energy 

path and transition state, but different activation energy and binding affinity 

substrate-catalyst. As a result, catalysts are efficient in only one direction specially in 

the thermally activated reactions. Although there are reported examples in the 

literature where a single catalyst is efficient in both processes, still they are 

predominantly limited to electro and enzymatic catalysis.4–8 In parallel, both the 

hydrogenation and dehydrogenation of N-heterocycles are considered fundamental 

organic transformations since this class of molecules are relevant in the preparation 

of drugs and biologically active intermediates.9–13 Hydrogenation of N-heterocycles is 

favored by thermodynamics being an exergonic reaction although not entropically 

favored by the conversion of H2 gas.14–17 On the contrary, dehydrogenation of N-

heterocycles is endergonic but entropically favored and requires the removal of H2 

gas from the reaction media to proceed, which experimentally is translated in the 

used of high reaction temperatures and working under systems that allow the 

release of hydrogen.18–22 

The combination of such reversible reactions could potentially be used for hydrogen 

storage using organic molecules. These are the basis of the Liquid Organic Hydrogen 

Carrier (LOHC) technologies that enables to store hydrogen in the liquid form.23–27 

The conversion of hydrogen gas into a liquid in LOHCs represent an attractive 

alternative for hydrogen storage when compared to traditional high-pressure or 

liquified technologies.28–30 N-heterocycles are suitable candidates to fulfill all the 

technical requirements for efficient LOHCs displaying lower enthalpy in the 

dehydrogenation process when compared with cyclic alkanes.31–36 Thus, the 

availability of a single catalytic platform for hydrogen release and up-take using N-

heterocycles as LOHCs is considered as a valuable and promising alternative to 

overcome the current technological shortcomings. 

Herein we describe the synthesis of a reversible catalytic system based on a hybrid 

material. The material is prepared using a bottom-up approach starting from a well-

defined N-heterocyclic carbene palladium molecular complex which contains a 

pyrene tag that facilitates the π-interactions with rGO. Decomposition of the 

immobilized complex onto the surface of graphene results in the formation of 
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palladium nanoparticles (PdNPs) featuring homogeneous size, shape, and 

composition affording the hybrid material (2-rGO-NPs). The catalytic performance of 

2-rGO-NPs was evaluated in (de)hydrogenation of N-heterocycles. The PdNPs are 

the active sites in hydrogenation using H2 and the rGO acts as a carbocatalyst in 

acceptorless dehydrogenation of N-heterocycles. The stabilization of the PdNPs by 

NHC ligands and the use of graphene as support enables the 2-rGO-NPs to be used 

and recycled in sequential (de)hydrogenation reactions up to eight cycles. To the 

best of our knowledge, the combination of MNPs and a carbocatalyst into a single 

catalytic hybrid material has no precedent and the particularity of this performance 

is attributed to the dual role played by graphene. 
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6.2 RESULTS AND DISCUSSION 

Catalysts synthesis and characterization 

Ligand-stabilized palladium nanoparticles anchored onto graphene used in 

(de)hydrogenation of N-heterocycles were prepared in a two-step process starting 

from the palladium complex 2 (Scheme 6.1). The design of an N-heterocyclic carbene 

ligand containing a polyaromatic tag allows the immobilization of complex 2 onto 

graphene by π-interactions.38–40 This methodology facilitates the preparation of 2-

rGO with a controlled composition of the precursor species used for the formation 

of palladium nanoparticles. The presence of the polyaromatic tag is responsible for 

the immobilization of molecular species and metal nanoparticles onto graphene. We 

have previously observed that ruthenium,41–43 iridium44, platinum45 and gold46,47 

molecular complexes containing a pyrene tag form strong π-staking interactions with 

reduced graphene oxide. The catalytic properties revealed that these interactions 

are maintained during recycling experiments. We have not observed deactivation 

promoted by leaching, which confirmed the importance of the polyaromatic group in 

the stability of metal species anchored onto graphene derivatives.48,49 Exposure of 

the hybrid material 2-rGO to hydrogen under mild conditions induce the formation 

of palladium nanoparticles anchored onto graphene (2-rGO-NPs). Decomposition of 

the metal complexes for the formation of metal nanoparticles is a well stablished 

procedure first developed by Chaudret.50–55 This organometallic approach allows the 

formation of metal nanoparticles stabilized by the presence of ligands. The ligands 

(NHCs) avoid aggregation and control the size and morphology of the metal 

nanoparticles.56–58 

 

Scheme 6.1 Bottom-up synthesis of ligand-stabilized palladium nanoparticles supported onto 

graphene. 
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The exact nature and composition of palladium nanoparticles onto graphene was 

determined by microscopic, spectroscopic, and analytical techniques starting from 

the molecular palladium complex (2), its immobilized version (2-rGO) to the final 

hybrid material (2-rGO-NPs). Supporting information contains detailed 

characterization information of all species. NMR spectroscopy and high-resolution 

mass spectrometry (HR/MS) provides full characterization of 2. Morphological 

analysis of 2-rGO by HRTEM microscopy displays the characteristic bidimensional 

nature of graphene and the absence of metal aggregates in the form of palladium 

nanoparticles. EDX analysis reveal the presence of palladium (also N, Br and Cl) 

homogeneously distributed on the surface of graphene confirming the presence of 

complex 2 onto the surface of rGO. On the contrary, morphological analysis of 2-

rGO-NPs is completely different and shows the presence of metal aggregates (Figure 

6.1). These metal aggregates correspond to spherical palladium nanoparticles of an 

average size of 1.98 ± 0.81 nm (Figure 6.1d). XPS analysis of 2-rGO-NPs display peaks 

(C, N and Br) at binding energies corresponding to the NHC ligand (Figure S6.1) 

confirming its presence of ligand in the final hybrid material. We have not observed 

the presence of Cl indicating that the 3-chloropyridine ligand is lost during the 

nucleation and growing of metal nanoparticles. This is not unexpected as the 2-

chloropyridine ligand is labile and likely to dissociate from the metal center. 

Interestingly, the high-resolution XPS analysis for the core-level peaks of Pd 3d 

displays two doublets confirming the presence of Pd(0) and Pd(2+) oxidation states 

(Figure 6.1e). Our approach to the formation of metal nanoparticles onto the surface 

of graphene represents a convenient bottom-up approach for the preparation of 

hybrid materials with an exhaustive control on composition and interaction between 

the different components. We propose a model for the 2-rGO-NPs material that 

consists of reduced graphene oxide decorated with small and spherical palladium 

nanoparticles. The Pd NPs contain Pd(0) atoms at the core and Pd(+2) ions at the 

surface coordinated to NHC and Br ligands. 
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Figure 6.1 Characterization of 2-rGO-NPs a) HRTEM image, b) STEM image, c) histogram (n = 

450) and d) XPS analysis for the core-level peak of Pd 3d. 

 

Dehydrogenation of N-heterocycles 

The activity of 2-rGO-NPs as catalyst for dehydrogenation of N-heterocycles was 

initially assessed using 1,2,3,4-tetrahydroquinoline as model substrate (Table 6.1). 

Dehydrogenation is endergonic and requires high temperatures to proceed. For this 

reason, we first evaluated the reaction without any catalyst (entry 1). No conversion 

or trace of quinoline was detected by gas chromatography (GC/FID) analysis 

indicating the need of a catalysts and highlighting the stability of 1,2,3,4-

tetrahydroquinoline under the reaction conditions. Control experiments using only 

the molecular palladium 2 exclude this complex as a competent catalyst for this 

transformation and reveal that graphene species are required to promote 

dehydrogenation of tetrahydroquinolines (entry 2). In fact, when using reduced 

graphene oxide (rGO) a yield of 80% of quinoline is obtained indicating that 

graphene acts as an efficient carbocatalyst as we and others have previously 

observed for this and related carbonaceous materials.59–63 Comparison of the 

catalytic activity of rGO with palladium in the form of molecular species (2-rGO) or 

nanoparticles (2-rGO-NPs) reveal that no significant differences are observed 
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(Entries 3 – 5). These results reinforce the role of rGO as carbocatalyst and points 

out that the palladium species do not have any effect in the catalytic 

dehydrogenation of tetrahydroquinolines. The dehydrogenation of 1,2,3,4-

tetrahydroquinoline proceeds using different solvents such as toluene, p-xylene or 

1,2-DCB (Figure S6.2). However, low to moderate activity was observed when 

toluene was used as solvent (entries 6 – 7), but it was significantly superseded with 

p-xylene (entries 8 – 9). Still, the best results of 70% conversion in 9 h (and 100% in 

23 h) were obtained when using 1,2-DCB (entries 5, 10). The reaction temperature 

strongly influences the catalytic activity. For instance, at 130 oC full conversion to 

quinoline was obtained in 23 h (entry 10). In contrast, when the reaction was carried 

out at 110 oC the conversion lowers to 60% (entry 11) and requires 48 h to reach full 

conversion (entry 12). Furthermore, it was observed that the dehydrogenation of N-

heterocycles was negligible at 100 oC or below (entry 13). In addition, we have 

observed that dehydrogenation of 1,2,3,4-tetrahydroquinoline does not evolve 

when using a closed system that impedes the release of H2 (entry 14). 
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Table 6.1 Dehydrogenation of 1,2,3,4-tetrahydroquinoline. 

 

Entry Cat. Solvent T (oC) Time 

(h) 

Conv. 

(%) 

1 - 1,2-DCB 130 23 - 

2 2 1,2-DCB 130 7 5 

3 rGO 1,2-DCB 130 9 80 

4 2-rGO 1,2-DCB 130 9 82 

5 2-rGO-NPs 1,2-DCB 130 9 83 

6 2-rGO-NPs toluene 130 9 40 

7 2-rGO-NPs toluene 130 23 60 

8 2-rGO-NPs p-xylene 130 9 71 

9 2-rGO-NPs p-xylene 130 23 99 

10 2-rGO-NPs 1,2-DCB 130 23 100 

11 2-rGO-NPs 1,2-DCB 110 23 60 

12 2-rGO-NPs 1,2-DCB 110 48 100 

13 2-rGO-NPs 1,2-DCB 100 23 5 

14a 2-rGO-NPs 1,2-DCB 130 20 7 

Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.10 mmol), catalyst loading (38 mg), 

solvent (2 mL). Conversion determined by GC using 1,3,5-trimethoxybenzene as internal 

standard. a) reaction performed in a closed vessel. 

To further explore the catalytic properties of 2-rGO-NPs, dehydrogenation of 

1,2,3,4-tetrahydroquinoline was evaluated at different catalyst loadings at 130 oC in 

1,2-DCB (Figure 6.2). Assessment of catalyst loading provides valuable information 

regarding the implication of the catalyst in the kinetics of the process. Using a 

catalyst loading of 45 mg, 1,2,3,4-tetrahydroquinoline is quantitatively 

dehydrogenated (95%) in 9 h. Notably, lowering the catalyst loading to 28 mg 

affords quantitative yields in 23 h highlighting the stability of the catalyst. We used 

these data to stablish the order in catalyst using variable time normalization analysis 
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(VTNA); a graphical method that uses reaction progress profiles.64–66 The results 

suggest a first-order dependence in catalyst, providing evidence that these species 

are involved in the rate-determining step of the reaction and that the diffusion 

factors do not play an important role (Figure S6.3). 

 

Figure 6.2 Influence of catalyst loading in dehydrogenation of N-heterocycles. Conditions: 0.1 

mmol of 1,2,3,4-tetrahydroquinoline, 2 mL 1,2-DCB, 130 ºC and catalyst. Conversion 

determined by GC using 1,3,5-trimethoxybenzene as an internal standard. 

The scope of dehydrogenation was studied using different N-heterocycles and 

monitoring the yield/conversion of the reaction vs. time (Figure 6.3). Palladium 

nanoparticles anchored onto graphene (2-rGO-NPs) is an efficient catalyst for 

dehydrogenation of different N-heterocycles such as substituted 

tetrahydroquinolines, tetrahydroquinoxaline and indoline. The good relationship 

between conversion/yield implies that all substrate is converted into the 

corresponding product emphasizing the selectivity of the reaction. The 

dehydrogenation of substituted tetrahydroquinolines reached quantitative yields 

(>95%) in 23 h. Indoline is also dehydrogenated in ca. 23 h but initial rates are faster 

and 80% yield is achieved in 6 h. However, the reaction is faster for 

tetrahydroquinoxaline that reached quantitative yield in 8h. The reaction progress 

profiles indicate that the catalysts 2-rGO-NPs is stable under the conditions and no 

deactivation is observed. 
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Figure 6.3 Dehydrogenation of N-heterocycles catalyzed by 2-rGO-NPs. Conditions: 0.1 mmol 

of substrate, 2 mL of 1,2-DCB, 130 oC and 28 mg of cat. Conversion and yield determined by 

GC analysis using 1,3,5-trimethoxybenzene as an internal standard. 

The recycling properties and stability of catalyst 2-rGO-NPs were assessed using 

1,2,3,4-tetrahydroquinoline as model substrate under standard conditions (Figure 

6.4). After each run, the solid catalyst was isolated by centrifugation and washed 

with 1,2-DCB, ethyl-acetate and n-pentane. Once the catalyst was air-dried, it was 

reused in a subsequent run without any regeneration process. Reaction progress 

profiles shows a considerable decrease of activity for the second run although still 

quantitative conversion was obtained after 23 h. Then, activity was maintained 

within experimental error up to ten runs with a gradual deactivation. For instance, 

the conversion for run 3 is 42% after 8 h and for run 7 the conversion is 39%. It is 

important to note that an abrupt decay in conversion vs. time plot, implies fast 

catalyst deactivation by means of different processes such as decomposition, 

sintering or formation of inactive species. In our case, the gradual deactivation of the 

catalysts could be due to an experimental error in the treatment of the catalyst from 

run to run. The heterogeneous nature of the catalyst was assessed by hot filtration 
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experiments confirming that no active species are released from the solid into 

solution (Figure S6.4). The recycling experiments reveal that catalyst 2-rGO-NPs is 

stable and can be easily isolated and reused in multiple runs. 

 

Figure 6.4 Recycling properties of 1-rGO-NPs in dehydrogenation of 1,2,3,4-

tetrahydroquinoline. Conversion determined by GC analysis using 1,3,5-trimethoxybenzene 

as internal standard. 

Hydrogenation of N-heterocycles 

After having assessed the catalytic properties of the hybrid material 2-rGO-NPs in 

dehydrogenation of N-heterocycles, we explored the potential of this material in the 

hydrogenation of quinolines (i.e., the reverse reaction). In a first set of reactions the 

activity of 2-rGO-NPs as catalyst precursor in hydrogenation was assessed using 

quinoline as model substrate (Table 6.2). Blank experiments revealed that the 

presence of the catalyst is required for hydrogenation of quinoline (entry 1). We 

assessed the activity of rGO in quinoline hydrogenation under various conditions. 

The results show that rGO used as support of PdNPs is not active in hydrogenation 

(entry 2). Our studies in (de)hydrogenation of N-heterocycles establish that rGO is an 

efficient carbocatalyst in dehydrogenation but not in the reverse hydrogenation 

reaction. The hydrogenation of N-heterocycles and particularly quinoline, requires 

the presence of PdNPs as active catalytic sites. For instance, we have observed that 

hydrogenation of quinoline using 2-rGO-NPs as catalyst is solvent dependent. While 

conversions were zero or very low using 1,2-DCB, toluene or water as solvents 

(entries 3 – 5), a high yield of tetrahydroquinoline (95%) was obtained when using 

EtOH (entry 6). The use of other alcohols such as iPrOH, were also very convenient 
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for hydrogenation of quinoline providing quantitative yields under the same reaction 

conditions (entry 8). We assessed the involvement of a transfer hydrogenation 

process instead of a direct hydrogenation using molecular hydrogen. We ruled out 

the participation of transfer hydrogenation as the reaction conversion was negligible 

when using a H2 pressure of 1 bar. The best results were obtained when using an 

alcohol as solvent (EtOH or iPrOH) at 70 oC and a hydrogen pressure of 15 bar. Then, 

we assessed the scope and limitations of 2-rGO-NPs in hydrogenation of various N-

heterocycles under the optimized conditions (Table 6.3). The catalytic hydrogenation 

provides quantitative yields with high selectivity in most cases in just 6 h reaction. 

We have just observed low yields in the case of indoline (entry 4) and 8-

phenylquinoline. At this point we do not have a proper explanation for such 

observations but our results agree with previous reports in the hydrogenation of 

these substrates.8 Nevertheless, hydrogenation of quinolines is a fast, general and 

selective transformation using 2-rGO-NPs as catalyst. 

Table 6.2 Hydrogenation of quinoline under various conditions 

 

Entry Cat. Loading (mol%) Solvent Yield (%)a 

1 - - EtOH 0 

2 rGO 20 mg EtOH 0 

3 2-rGO-NPs 1.5 1,2-DCB 0 

4 2-rGO-NPs 1.5 toluene 3 

5 2-rGO-NPs 1.5 H2O 10 

6 2-rGO-NPs 1.5 EtOH 95 

7 2-rGO-NPs 1.5 iPrOH 100 

8 2-rGO-NPs 1 iPrOH 75 

9 2-rGO-NPs 0.75 iPrOH 68 

10 2-rGO-NPs 0.5 iPrOH 60 

Reaction conditions: quinoline (0.05 mmol), catalyst loading in mol% based on Pd, P(H2) 15 

bar, solvent (1 mL), 70 ºC for 6 h. aYields determined by GC using 1,3,5-trimethoxybenzene as 

an internal standard. 
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Table 6.3 Reaction scope in hydrogenation of quinolines using 2-rGO-NPs 

Entry Substrate Product Yield (%) 

1 
  

100 

2 

  

98 

3 

 
 

62 

4 

  

26 

5 

  

94 

6 

  

99 

7 

  

30 

Reaction conditions: quinoline (0.05 mmol), catalyst (1.5 mol% based on Pd), P(H2) 15 bar, 
iPrOH (1 mL), for 6h. aYields determined by GC using 1,3,5-trimethoxybenzene as an internal 

standard. 

 

Sequential hydrogenation/dehydrogenation of N-heterocycles 

Once the properties of 2-rGO-NPs as a carbocatalyst in dehydrogenation and as a 

metal-based catalyst in hydrogenation of N-heterocycles have been established, we 

evaluated its ability in (de)hydrogenation cycles. The hybrid material 2-rGO-NPs was 

reused in sequential hydrogenation and dehydrogenation reactions. After each run, 

the catalyst was isolated and used again without any regeneration process. The 

hydrogenation reaction was stopped at ca. 50% conversion (3 h) to detect any 

potential deactivation process in the following runs. It is important to note that 
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increasing the time, the reaction achieves completeness as previously described 

(Tables 6.2 and 6.3). The results show that when stopping the reaction after 3h the 

activity of 2-rGO-NPs is maintained constant at 45±4% conversion (Figure 6.5b, blue 

bars). After each hydrogenation, the catalyst was used in a dehydrogenation 

reaction (Figure 6.5b, red bars). The dehydrogenation reaction was stopped also at 

ca. 50% conversion (6 h). The results show that the activity of 2-rGO-NPs is 

maintained constant at 60±5% conversion. Following this procedure, after 

completing 4 cycles (8 runs) the hybrid material was analyzed by HRTEM microscopy 

(Figure 6.5c). HRTEM and STEM images show that the morphology of 2-rGO-NPs is 

preserved including the bidimensional character of rGO and the presence of 

spherical palladium nanoparticles. This experiment confirms that the conditions 

used in both transformations do not alter the catalytic activity of 2-rGO-NPs as 

carbocatalyst and as metal catalyst. 
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Figure 6.5 a) Reaction scheme in (de)hydrogenation cycles. b) Recycling properties of 1-rGO-

NPs in sequential hydrogenation of quinoline and dehydrogenation of 1,2,3,4-

tetrahydroquinoline. Catalyst 84 mg. Hydrogenation: quinoline (0.3 mmol), P(H2) 15 bar, 
iPrOH (6 mL), for 3h. Dehydrogenation: 1,2,3,4-tetrahydroquinoline (0.3 mmol), 6 mL 1,2-

DCB, 130 oC for 6 h. Conversions determined by GC analysis using 1,3,5-trimethoxybenzene 

as an internal standard. c) HRTEM and STEM images of 2-rGO-NPs after four cycles. 
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6.3 CONCLUSIONS 

We have developed a hybrid material composed of palladium nanoparticles 

stabilized with N-heterocyclic carbene ligands containing a pyrene tag which are 

supported on the surface of reduced graphene oxide. The hybrid material is an 

efficient catalytic platform for acceptorless dehydrogenation and hydrogenation of 

N-heterocycles without additives. The catalytic system is robust and can be reused 

and recycled without reactivation processes for eight runs without significant loss of 

activity. The use of a single solid catalyst for the reversible (de)hydrogenation 

reaction of liquid organic compounds auspicious great potential for hydrogen 

storage in N-heterocycles. Further work for improving the catalyst performance at 

low temperatures in dehydrogenation and seeking other liquid organic hydrogen 

carriers for developing practical applications of hydrogen storage in the form of 

LOHCs are in progress. 
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6.4 SUPPORTING INFORMATION 

This section contains the most relevant data of the article supporting information. 

General considerations 

Reagents and solvents 

Reagents used in the preparation of catalyst were synthetic grade and used without 

further purification process unless otherwise stated. Palladium (II) bromide (99%), 

K2CO3 (99%), 3-chloropyridine (99%), 1,3,5-trimethoxybenzene (99%). Solvents of 

HPLC grade were used without further purification: CH2Cl2, Diethylether, ethyl-

acetate, n-pentane, iPrOH, EtOH. 1,2-DCB (1,2-Dichlorobenzene) used as solvent in 

dehydrogenation reactions was deoxygenated by freeze-pump-thaw method. 

Reduced Graphene Oxide (rGO) was purchase (Graphenea) and used as received. N-

heterocycles are commercially available (Sigma-Aldrich) and used as received. 

Instrumentation 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker spectrometers 

operating at 300 or 400 MHz (1H NMR) and 75 or 100 MHz (13C{1H} NMR), 

respectively, and referenced to SiMe4 (  in ppm and J in Hertz). Yield and conversion 

were determined by a GC-2010 (Shimadzu) gas chromatograph equipped with a FID 

and a Teknokroma (TRB-5MS; 30 m x 0.25 mm x 0.25 mm) column. High-resolution 

images of transmission electron microscopy HRTEM and high-angle annular dark-

field HAADF-STEM images of the samples were obtained using a Jem-2100 LaB6 

(JEOL) transmission electron microscope coupled with an INCA Energy TEM 200 

(Oxford) energy dispersive X-Ray spectrometer (EDX) operating at 200 kV. Samples 

were prepared by drying a droplet of a MeOH dispersion on a carbon-coated copper 

grid. X-ray photoelectron spectra (XPS) were acquired on a Kratos AXIS ultra DLD 

spectrometer with a monochromatic Al Kα X-ray source (1486.6 eV) using a pass 

energy of 20 eV. To provide a precise energy calibration, the XPS binding energies 

were referenced to the C1s peak at 284.6 eV. 
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Catalysts synthesis 

Synthesis of 2: The palladium complex was prepared by adapting a previous 

reported procedure described by our group.37 In brief, the imidazolium salt (241 mg, 

0.5 mmol), palladium(II) bromide (133 mg, 0.5 mmol), potassium carbonate (207 mg, 

1.5 mmol) and 3-chloropyridine (3 mL) were introduced into a Schlenk and the 

resulting suspension was stirred for 20 h at 80 oC. The reaction mixture was filtered 

through a short pad of celite using CH2Cl2 and the yellow solution was evaporated to 

dryness. The oily precipitate was dissolved in CH2Cl2 and was precipitated with n-

hexanes affording a yellow solid that was filtered and washed with diethyl ether. 

(Yield. 270 mg, 70%). 

Synthesis of 2-rGO: A suspension of 1 g of rGO in 560 mL of CH2Cl2 was introduced in 

an ultrasounds bath for 30 min. Then, complex 2 (160 mg, 0.21 mmol) was added to 

the mixture and the suspension was stirred at room temperature for 16 h. The black 

solid was isolated by filtration and washed with CH2Cl2 (3 x 100 mL) affording the 

hybrid material as a black solid. The exact amount of complex supported was 

determined by ICP-MS analysis. The results accounted for a 5.5 wt% of complex 2 in 

the hybrid material 2-rGO. 

Synthesis of 2-rGO-NPs: A Schlenk flask equipped with a stirring bar was loaded with 

2-rGO (200 mg), Cs2CO3 (118 mg, 0.052 mmol) and toluene (24 mL). Then, a balloon 

of H2 (1 bar) was connected to the Schlenk and the reaction mixture was stirred at 

65 oC for 1 h. After this time, 2-rGO-NPs were filtered, washed with toluene (3 x 30 

mL), deionized water (3 x 30 mL), acetone (3 x 30 mL) and dried. 2-rGO-NPs were 

characterized by HRTEM and XPS, and the exact amount of Pd on the surface of 

graphene was determined by ICP-MS. The results accounted for a 0.57 wt % of Pd in 

the hybrid material 2-rGO-NPs. 

General procedure for the catalytic dehydrogenation of N-heterocycles 

In a general catalytic experiment, a 10 mL Schlenk flask equipped with a stirring bar 

was charged with 0.1 mmol of tetrahydroquinoline, catalyst and 2 mL of 1,2-

dichlorobenzene under N2. The reaction flask was equipped with a condenser and 

then introduced in a preheated 130 oC oil bath. The reaction was refluxed with 

stirring in an open system for 23 h. After cooling to room temperature, Yields and 

conversions were determined by GC and/or 1H NMR analysis using 1,3,5-

trimethoxybenzene as internal standard. 
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General procedure for the catalytic hydrogenation of N-heterocycles 

In a general catalytic experiment, a 2 mL vial equipped with a stirring bar was 

charged with 0.05 mmol of N-heterocycle, catalyst and 1 mL of solvent and was 

introduced in an autoclave. After purging with 3 x 5 bar of H2, the reactor was 

pressurized to 15 bars and heated at 70 oC for 6 h. After this time, H2 was released, 

and the reactor was left to reach room temperature. Yields and conversions were 

determined by GC and/or 1H NMR analysis using 1,3,5-trimethoxybenzene as an 

internal standard. 

Recycling experiments in dehydrogenation of tetrahydroquinoline 

A 25 mL schlenk equipped with a stirring bar is loaded with 0.3 mmol of 

tetrahydroquinoline, 84 mg of catalyst and 6 mL of 1,2-dichlorobenzene used as 

solvent. The balloon is then introduced in a preheated 130 °C oil-bath for 23 h. After 

each run, the solid catalyst is isolated, washed with 1,2-DCB (x3) and ethyl-acetate 

(x3) and dried with pentane (x1). The solid catalyst is then used in a next run without 

any regeneration process. Yields and conversions were determined by GC using 

1,3,5-trimethoxybenzene as internal standard. 

Recycling properties in sequential hydrogenation/dehydrogenation cycles 

Hydrogenation: A 10 mL vial equipped with a stirring bar was loaded with 0.3 mmol 

of quinoline, 2-rGO-NPs (1.5 mol% based on Pd, 84 mg) and 6 mL of iPrOH was 

introduced in an autoclave and sealed. The reactor was purged 3 times with 5 bar of 

H2, then it was pressurized to 15 bars and heated at 70 oC for 3 h to achieve ca. 50% 

conversion. After this time, H2 was released, and the reactor was left to reach room 

temperature. The solid hybrid catalyst was recovered by centrifugation, washed with 

iPrOH (3x 5 mL), pentane (1 x 5 mL) and dried before it was used in the subsequent 

dehydrogenation run. The liquid phase was analyzed by GC chromatography for 

determining yield and conversion using 1,3,5-trimethoxybenzene as an internal 

standard. 

Dehydrogenation: The recovered hybrid catalyst was further used without any 

regeneration process in a dehydrogenation reaction completing a (de)hydrogenation 

cycle. A 10 mL round bottom flask equipped with a stirring bar was charged with 0.3 

mmol of tetrahydroquinoline, 2-rGO-NPs (84 mg) and 6 mL of 1,2-dichlorobenzene. 

The reaction flask, equipped with a condenser, was then introduced in a preheated 

130 oC oil bath. The reaction was refluxed with stirring for 6 h to afford ca. 50% 
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conversion. After cooling to room temperature, the solid catalyst was separated by 

centrifugation, washed with 1,2-DCB (3 x 5 mL), ethyl-acetate (3 x 5 mL), pentane (1 

x 5 mL) and dried before using in the following hydrogenation run. Yields and 

conversions were determined by GC using 1,3,5-trimethoxybenzene as an internal 

standard. The overall sequential process hydrogenation/dehydrogenation was 

repeated up to four cycles (eight runs) and then the solid catalyst was analyzed by 

HRTEM microscopy. 

Molecular hydrogen determination 

A 25 ml two-necked round bottom flask equipped with a stirring bar was charged 

with 0.2 mmol of tetrahydroquinoline, 2-rGO-NPs (55 mg) and 4 mL of 1,2-

dichlorobenzene. The reaction flask was equipped with a condenser and then 

introduced in a preheated 130 oC oil bath. The reaction was refluxed with stirring in 

a closed system. After 5 h, a 1.5 mL sample of the evolved gas was captured with a 

syringe and injected in a quadrupole mass spectrometer equipment (Omnistar GSD 

320 03 from PFEIFER VACUUM) confirming the presence of molecular hydrogen. 

Hybrid material 2-rGO-NPs characterization 

 

Figure S6.1 XPS analysis of 2-rGO-NPs showing the survey spectrum and the high-resolution 

core-level peaks of Pd, Br and N. 
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Dehydrogenation of tetrahydroquinolines 

Figure S6.2 Solvent effect in acceptorless dehydrogenation of tetrahydroquinoline. 

 

             
Figure S6.3 Variable time normalization analysis (VTNA) for determining the order in catalyst. 

The order corresponds to the representation showing the greatest overlay. In this case, the 

order in catalyst is 1. Data: Red circles (cat. loading 45 mg), green squares (38 mg), grey 

triangles (28 mg) and yellow diamonds (19 mg). 
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The Maitlis hot filtration test 

This test predicts if during the catalytic transformation metal species are delivered 

into solution acting as molecular-homogeneous species. The test consists in the 

filtration of a part of the catalytic reaction (without solid materials) maintaining the 

reaction conditions and monitoring the reaction time-profile in the remaining 

suspension and the filtrate. No catalytic activity in the filtrate suggests that no metal 

species are released into the solution implying that active catalytic species are 

heterogeneous in nature. In the acceptorless dehydrogenation of quinoline with 

catalyst 1-rGO-NPs, a balloon of 10 ml equipped with a stirring bar was charged with 

0.2 mmol of tetrahydroquinoline, 56 mg of catalyst and 4 mL of 1,2-dichlorobenzene 

as solvent. The balloon refrigerated by water was then introduced in a preheated 

130 oC oil bath. After 210 min reaction (GC conversion 35 %) half of the reaction 

mixture was filtered off through microfilter at 130 °C. The filtrate was maintained for 

17 h under identical conditions, but GC analysis indicated that no further 

dehydrogenation occurred (GC conversion 38%). On the contrary, the remaining 

mixture achieved quantitative conversion in 17 h reaction. 

 

Figure S6.4 Reaction progress profile for the hot filtration experiment in dehydrogenation of 

1,2,3,4-tetrahydroquinoline. 
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The main conclusions of the research work included in this PhD. thesis are: 

 

 The dehydrogenation of different N-heterocycles using rGO as carbocatalyst 

has been carried out giving excellent conversions and high yields. The 

quinone-like groups have been proposed as possible catalytic active sites for 

this transformation. 

 

 The hydrosilylation of alkynes was carried out using a PEPPSI platinum 

complex as catalyst giving excellent yields and good selectivities. The 

immobilization of the complex over rGO allowed its reuse several times 

without important losses of activity and selectivity. 

 

 A hybrid material comprised of a palladium complex supported onto rGO as 

precatalyst catalyses the semi-hydrogenation of alkynes giving high yields 

towards Z-isomers under mild conditions. The heterogeneous nature of the 

material allowed the catalyst recycling several times maintaining its activity 

and selectivity. It was found that Pd NPs are produced in-situ during the 

reaction resulting the active catalytic species.  

 

 A series of Ir complexes bearing NHC or MIC carbene lgands behave as 

efficient and selective homogeneous catalysts in dehydrogenation of 

monosacharids to form the corresponding aldolic acids. A plausible reaction 

mechanism is proposed based on experimental evidence.  

 

 A hybrid material based on Pd nanoparticles stabilized by a NHC ligand and 

supported over rGO have been synthesized and characterized. It was used as 

dual catalyst, for the dehydrogenation and hydrogenation of 

tetrahydroquinoline/quinoline pair to be used as LOHC.  
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Las principales conclusiones incluidas en esta tesis doctoral derivadas del trabajo de 

investigación son:  

 

 Se ha llevado a cabo la deshidrogenación de diferentes N-heterociclos 

utilizando rGO como carbocatalizador dando como resultado conversiones 

excelentes y buenos rendimientos. Los grupos funcionales basados en o-

quinonas han sido propuestos como los centros catalíticamente activos para 

esta transformación. 

 

 Se ha llevado a cabo la hidrosililación de alquinos utilizando un complejo de 

platino PEPPSI como catalizador, dando excelentes rendimientos y altas 

selectividades. La inmovilización del complejo sobre rGO permitió su 

reciclaje varias veces sin pérdidas importantes de actividad ni selectividad. 

 

 La semihidrogenación de alquinos se llevo a cabo utilizando un complejo de 

paladio soportado sobre rGO como precatalizador dando el isómero Z con 

altos rendimientos. Gracias a la naturaleza heterogénea del material se pudo 

llevar a cabo el reciclaje del catalizador varias veces sin perdidas de actividad 

ni selectividad. Se determino que nanoparticulas de paladio se formaban 

durante el transcurso de la reacción y que estas eran las responsables de la 

actividad catalítica.  

 

 Una serie de complejos de Ir con un carbeno NHC o MIC como ligando 

actúan como catalizadores homogeneos eficientes y selectivos en la reacción 

de deshidrogenación de monosacáridos para obtener el correspondiente 

acido aldolico. Un mecanismo de reacción plausible ha sido propuesto en 

base a las evidencias experimentales.  

 

 Un material hibrido basado en nanoparticulas de paladio soportadas sobre 

rGO ha sido sintetizado y caracterizado completamente. Este material ha 

sido utilizado como catalizador dual en las reacciones de deshidrogenación e 

hidrogenación del par tetrahidroquinoleína/quinoleína con el fin de de ser 

usado como LOHC. 
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