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1. Introduction 

Nowadays the development of new catalysts and reactants came into the limelight. 

These materials are preferably more active, more selective, favourably recoverable, easier to 

handle and environmentally more benign than classic substances. 

Heterogeneous catalysis has an important role in organic chemistry. In the Handbook of 

Heterogeneous Catalysis the editors state that ‘in about 85 to 90 percent of all chemical 

manufacturing processes use is made of a catalyst. Furthermore, in about 80 to 85 percent 

of all of those catalytic processes, heterogeneous catalysis is employed.’1 In consequence 

several heterogeneous catalysts were developed lately, which are cheap, non-toxic, non-

corrosive, catalytically active, selective and stable even at mild reaction conditions. Some 

natural or synthetic materials can be readily used as a heterogeneous catalyst thanks to their 

acido-basic and/or redox properties; others are applied as a support for very active 

transition metal catalysts. 

The supported heterogeneous catalysts possess several advances in applications for fine 

chemistry. Their applications in batch reactions have an advantage of easy separation by a 

simple filtration from the reaction medium, which makes the technology simple, short and 

economic. The facile recovery of the catalytic material facilitates reuse or recycling, 

therefore the synthetic applications of heterogeneous supported catalysts results in a green 

and economic process. Even thought a lot of progresses were made in the past years in the 

field of heterogeneous catalysis in fine chemistry; still the development and complete 

understanding of the catalytic cycle and catalytically active species in heterogeneous 

catalysis remained a challenge. 

Coupling reactions are efficient tools for the coupling of organic compounds by using 

metal catalysts. Two or more compounds can be coupled to target the desired product. An 

important group of these reactions results in novel carbon-carbon bond formation. Even 

though from time to time several efficient, selective, stable, and relatively cheap methods 

emerge, carbon-carbon coupling reactions stay in the centre of attention; and research 

interest focuses on the development of catalytic systems for such reactions. 

At the University of Poitiers, at the Institute of Chemistry of Poitiers: materials and 

natural resources (IC2MP) extensive research is focused on the development and application 
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of supported metal catalyst over decades. The catalyst preparation with a wide range of 

different methods, the catalyst characterisation (at fresh and used states) and application in 

several fields are the mastered research fields. The development of several bimetallic 

catalysts were realised such as Pt–Ge/Al2O3 for the transformation of hydrocarbons2, Ge–

Rh/Al2O3 catalyst for methylcyclopentane transformation3,4, and Ge–Rh/Al2O3 catalyst for 

2,2,3-trimethylbutane hydrogenolysis5. 

At the Budapest University of Technology and Economics, in the research group of the 

Department of Organic Chemistry and Technology the application of heterogeneous 

catalysts in organic syntheses has been studied over decades. Coupling reactions were 

carried out in the presence of a Pd0-MgLaO catalyst as Suzuki-Miyaura6, Heck7, and 

Sonogashira8 reaction. Furthermore, CuII-4A catalyst proved to be efficient for the multi-

coupling of alkynes, aldehydes and amines (A3-coupling) to form propargylamines9, for the 

conversion of aldoximes into nitriles10, and for the conversion of nitriles into amides11. 

In the framework of my thesis the knowledge of these research groups were combined 

resulting in a complementary and comprehensive study including the preparation of Cu–Pd 

bimetallic catalysts, study of the effect of supports, characterisation, application in organic 

reactions, a kinetic study, reuse of the catalyst, characterisation of the recovered catalyst 

and explanation of the catalytic activity and stability thanks to the surface analysis methods. 

In my PhD dissertation first the applied supports, catalyst preparation methods and the 

Suzuki-Miyaura reaction are presented in the bibliographic part through selected examples 

of the literature. Then my own work is described including the preparation, characterisation 

of Cu–Pd bimetallic catalysts on 4A and on MgO/Al2O3, their application in the Suzuki-

Miyaura reaction studying the activity, selectivity and stability. Then Cu–Pd bimetallic 

catalysts are described with Cu/Pd 1/1 ratio and finally the tests in the multi-coupling 

Petasis-borono Mannich reaction of all the characterised catalysts are presented. 
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2. Literature survey 

2.1 Heterogeneous catalysis  

Catalysis is a phenomenon in which a relatively small amount of a foreign material, 

called catalyst, augments the rate of a chemical reaction without itself being consumed. 12 

Nowadays more than 90% of the industrial chemical productions require a catalyst.13 The 

significance of catalysis in sustainable processes is undoubted. The 9th point of the 12 

principles of green chemistry says that “Catalytic reagents (as selective as possible) are 

superior to stoichiometric reagents.”14 The use of a catalytic material can increase the 

selectivity and lower the energy requirements in a process. The importance of catalysts is 

well represented by the data showing the increasing demand for petroleum refining, 

chemical synthesis, and polymerization catalysts; 2006: US $11.7, 2011 US $14.7 billion per 

year.15 Moreover, according to Freedonia Group16 demand for catalysts will grow with 4.8 

percent per year to US $20.6 billion in 2018. 

Catalysts can be classified according to several properties (origin, type, form, etc). From our 

point of view the most important classification is made by the phase of the reactants and the 

catalyst: 

 In homogeneous catalysis the catalyst and the reactants are in the same phase or 

they come into the same phase by interaction with the solvent of the reaction. This type of 

catalysis results in high turnover number (TON), high turnover frequency (TOF), high reaction 

rate, high selectivity and high yield. Their drawbacks are the lack of or the tediousness of 

recovery along with their high cost and the probable contamination of the final products 

caused by the catalyst or its components.17 

 In heterogeneous catalysis the catalyst and the reactants are in different phases. The 

separation of such catalysts from the reaction mixture is easy, they might be reusable, and 

they are usually cheaper than their homogeneous counterparts.17 Heterogeneous catalysts 

are stable at applications at higher temperature, which are usually needed to obtain the 

same conversion as with homogeneous catalysis. They also might be applicable under air,18 

and they might be also applicable in flow reactors.19,20 Their disadvantage is that they can 
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erode the reactor, but this can be eliminated by the application of a continuous tubular 

reactor. Table 1 shows a short comparison between homogeneous and heterogeneous 

catalysis.  

Table 1. Strong and weak points of homogeneous and heterogeneous catalysts
21

 

 Homogeneous Heterogeneous 

Strong points 

Defined on molecular level Separation, recovery, recycling 

Scope, variability  Stability, handling 

Preparation 

High TOF, selectivity and activity 

Many (hydrogenation) catalysts are 

commercially available 

Weak points 

Sensitivity (handling, stability) 
Characterisation (understanding on 

molecular level) 

Productivity 
Preparation (might need special 

know-how), reproducibility 

Separation Diffusion to and within catalyst 

The challenges in the heterogeneous catalysis thus are to prepare a reproducible cheap 

catalyst with a simple and preferably robust method which material is active, selective and 

stable in the widest range of reactions as possible. To obtain that, the most important tools 

are the catalyst characterisation methods, monitoring the reaction and catalyst 

characterisation at used state to understand the active sites and/or catalyst deactivation. 

Heterogeneous catalysis includes several fields of chemistry (Figure 1). The catalytic 

materials are inorganic and/or organic compounds, catalysis itself is a part of chemical 

engineering and the catalytic cycles, etc. can be described by the laws of physical chemistry.  

Heterogeneous catalysts can be classified as follows: 

 supported metal catalysts22-2522,23,24,25 

 zeolite encapsulated catalysts26-2926,27,28,29 

 colloid-nanoparticles30 

 and intercalated metal compounds31,32 
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Figure 1. Heterogeneous catalysis as an alliance of several fields of chemistry 

The history of catalysis can be interpreted from several points of views, focusing on 

different aspects of catalysis (biocatalysis, heterogeneous, industrial etc.). Armor13 focused 

on the catalysis from a general point of view following the development into commercial 

processes. He noted that however catalysis was present and practiced at early societies – 

beer, wine, cheese, soap – its impact was not realised. The first man-made commercial 

catalyst appeared around 1750, followed by a gap until the 1800s. These included the 

production of key intermediates in large volumes: 

 In 1746 for sulphuric acid production in lead reaction chambers33 

 In 1831 the oxidation of SO2 on finely divided platinum33 

 In 1866 chlorine production over CuCl2 by O2 – Deacon process33  

 In the First World War sulphuric acid was produced by V2O5-based catalyst33 

 In 1910 ammonia synthesis was carried out by the reaction of N2 and H2 over metal 

catalyst at BASF33 

 In 1923 high pressure methanol synthesis was performed over a chromium and 

manganese oxide catalyst at BASF13 

 In 1913 Mittasch and Schneider patented the conversation of CO and H2 into liquid 

hydrocarbons over cobalt oxide.34 This process was commercialised in the 1930s.35 

These techniques might be considered as the first large scale applications of catalysts. 

They include the production of essential chemicals, such as sulphuric acid, chlorine, 

ammonia, methanol and liquid hydrocarbons. Due to the development of these procedures, 

Heterogeneous Catalysis

Physical Chemistry

Organic
Chemistry

Inorganic Chemistry

Chemical
Engineering
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a lot of advances were achieved promoted by the higher demands of polymers, 

transportation, fine chemicals, and environmental pollution remediation. 

2.1.1. Supported metal catalysis 

‘Supported heterogeneous catalysts’ consist of catalytic active sites on the surface of 

porous solids, known as ‘supports’. These substances can prevent the loss of the valuable 

catalytic material. The solid support can be classified as follows17: charcoal36,37 (often called: 

activated carbon), zeolites and molecular sieves38,39, clays40,41, metal oxides19, 42, porous 

glass43,44, and organic polymers30. 

The interaction between the supporting material and the catalytic active species can 

vary depending on the nature of both. Metal crystallites might be dispersed onto the solid 

support.38 On the other hand the metal can also be fixed to a solid support as a complex; 

that is, the ligands are covalently bound to the support.17 

Two catalysts with the same design can still differ significantly because of different 

support types, variations or different preparation methods, leading to different catalyst 

parameters that sometimes correlate with the catalytic performances. The parameters 

influencing the activity of a metal are the specific surface area, dispersion, size of the 

crystallites, location in the pores of the support, oxidation state (reduced or unreduced) and 

sometimes location of the active site on a metallic crystallite (facets, edges and corners for 

structure sensitive reactions). Moreover, the support is often active and it adds other 

important parameters as its acid–base or redox properties, its ability to stabilise the particle 

size, its surface area and pore structure (pore volume, pore size distribution).21 

Among the transition metal catalysts, the noble metals appear to be the most active, 

stable and selective. Due to their high cost, palladium is usually preferred as soon as possible 

as it is the cheaper noble metal and thus is one of the most versatile and widely applied 

metals. A summary about the synthetic application of homogeneous and heterogeneous 

palladium catalysed fine chemical transformations has been published recently (see Table 

2).21 
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Table 2. Useful transformations for fine chemical synthesis catalysed by homogeneous and heterogeneous 

Pd catalystsa 

Transformation21 Homogeneous Heterogeneous 

Carbonylation of alkenes 3 4 

Carbonylation of Ar-X 2 4 

Carbonylation of dienes 2 - 

Chemoselective hydrogenation of various functions 4 1 

Cyanation of Ar-X 3 - 

Debenzylation - 1 

Dimerisation of dienes 2 - 

Heck-reaction (and variants thereof) 1 3 

Hydrogenolysis of C–X bonds - 1 

Oxidation of alkenes (Wacker) 1 - 

Oxidation of dienes 2 - 

Reductions of various functions using hydrogen donors 4 2 

Suzuki-Miyaura coupling reaction 1 3 

Telomerization of dienes 2 - 

Various C–C coupling reactions with R–X (R = allyl, aryl, 

benzyl, vinyl) 
1 3 

a1: broad synthetic and/or industrial application; 2: broad synthetic application; 3: narrow synthetic 
application; 4: single examples 

The data presented in Table 2 show the scope of homogeneous and heterogeneous 

palladium catalysts in 2001. During the past 14 years several improvements were achieved, 

for example the heterogeneous Heck and Suzuki reactions are already reported in broad 

synthetic applications. 

The application of transition metal catalysis to large-scale synthesis requires safe, 

robust, and scalable technologies.45 In addition for pharmaceutical industry the high purity 

of active pharmaceutical ingredients (API) is also required. It contributed to several 

techniques to help the efficient scavenging of most metals46 and it also contributed to the 

development of heterogeneous catalysts. 
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Innumerable sort of supports exists and could be presented. In our study supported 

bimetallic catalysts were developed consisting of two metals and a support. In the following 

subsections two different supports – molecular sieves and mixed oxides – are discussed. 

Then the role of the bimetallic catalyst is presented. 

2.1.1.1. Molecular sieves and zeolites 

As Oxford Dictionary says molecular sieve is ‘a crystalline substance (especially a zeolite) 

with pores of molecular dimension which permit the passage of molecules below a certain 

size’47 The name ‘molecular sieve’ refers to their ability of adsorption depending on their 

pore size (Table 3). 

Table 3. Classification of molecular sieves by pore size48 

Pore diameter Type Composition Structure 

0.3 nm 3A Potassium sodium aluminium silicate Zeolite A 

0.4 nm 4A Sodium aluminium silicate Zeolite A 

0.5 nm 5A Sodium and calcium aluminium silicate Zeolite A 

0.8 nm 8A/10X Sodium and calcium aluminium silicate Zeolite X 

1.0 nm 10A/13X Sodium aluminium silicate Zeolite X 

MS-3A sieve permits the adsorption of water, hydrogen and helium. 

MS-4A sieve adsorbs H2O, CO2, SO2, H2S, C2H4, C2H6, C3H6 and ethanol. It is a general 

dryer of non-polar liquids and natural gases. It is an excellent absorber of carbon dioxide. 

MS-5A sieve adsorbs linear hydrocarbons up to n-C4H10, alcohols up to C4H9OH, 

mercaptans up to C4H9SH. It does not adsorb iso-compound or ring structures with more 

than four carbon atoms. 

MS-8A (also known as 10X) adsorbs aromatics and branched hydrocarbons. It can be 

used for the removal of aromatic hydrocarbons, nitrogen compounds and sulphur 

compounds in the paraffin refining process.  
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MS-10A (known also as 13X) adsorbs di-n-butylamine and hexamethylphosphoramide 

(known as HMPA). It is also used for water pre-purification due to its high affinity for carbon-

dioxide and water. 

In the framework of our research MS 4Å (4A) was used as a support. It exhibits lots of 

advantages such as long lifetime, superior resistance to thermal, mechanical and osmotic 

shock, excellent stability, and low leaching.49 The microporous system of the molecular 

sieves has a positive effect during the catalytic cycle. Guisnet et al.50 described these effects 

as the follows: 

 reactant and product shape selectivity: within the microporous network the spatial 

constraints on the diffusion of reactant and product molecules occur 

 transition-state shape selectivity: the above mentioned effect on the formation of 

transition states 

 confinement effect: the confinement of reactant and product molecules within the 

microporous network 

Besides the microporous system the following features enabled the wide range use of 

zeolites as catalysts and catalyst supports50: i) they possess a variety of active sites such as 

Lewis acid sites, Brønsted acid sites, redox-active sites and basic sites. These active sites can 

be adapted easily to the catalytic use for example by changing the operating parameters. ii) 

they have environmentally friendly properties as even the most acidic zeolite is not corrosive 

or hazardous. 

History 

In 1756 Crønstedt discovered stilbite51, the first known member of the group of 

crystalline microporous aluminosilicates. It was reported that upon heating this material 

released occluded water, this phenomenon gave the materials their general name, zeolite, 

after the Greek zeo (to boil) and lithos (stone). From 1777 through the 1800s several studies 

appeared about their adsorption properties, dehydration and reversible cation exchange. 52 

In 1840 Damour observed the reversible dehydration of zeolite crystals without affecting its 

morphology.53 In 1845 the hydrothermal synthesis of quartz by heating of a silica ‘gel’ in an 

autoclave was reported by Schafhautle.54 In 1850 the ion exchange in soils was clarified by 

Way and Thompson.55 In 1858 the reversibility of the ion exchange was shown by Eichhorn.56 
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In 1862 the first hydrothermal synthesis of a zeolite was reported by St. Claire-Deville.57 In 

1896 Friedel assumed a spongy framework for zeolite structure after the observation that 

dehydrated zeolites adsorbed various liquids.58 The first molecular sieve effect was reported 

in 1925 by Weigel and Steinhoff: they noted that dehydrated chabazite crystals rapidly 

adsorbed water, methyl alcohol, ethyl alcohol and formic acid but essentially excluded 

acetone, ether or benzene.59 The term ‘molecular sieve’ was established by McBain in 1932 

to define porous solid materials that act as sieves on a molecular scale.60 Thus by the mid-

1930’s the ion exchange, adsorption, molecular sieving and structural properties of zeolite 

minerals were reported in the literature as well as a number of reported syntheses of 

zeolites.61 

The discovery of shape selective zeolites led to many novel, new chemical processes 

providing high selectivity to a wide variety of reactants and products, strong acid sites, and 

the use of materials with novel cation exchange or promotion effects. Major discoveries 

were developed by a number of industrial laboratories including Union Carbide, Exxon, 

Mobil Oil (now ExxonMobil), Shell, and others in the use of zeolites for hydrocarbon 

conversion: 

 In the 1950’s commercially viable routes to various zeolites were developed by 

Milton, Breck, Barrer, and Flanigen.13 

 In 1959 zeolites were used for petrol refining (isomerisation), while in 1962 catalytic 

cracking of heavy oil fractions was carried out.62 

 In 1960 the concept of shape selectivity was developed and applied in the production 

of aromatics.13 

 In 1974 Henkel replaced the environmentally harmful phosphates by zeolite A in 

detergents.61 

 Grace in 1969 discovered that the steaming of Y zeolite lead to ultra-stable Y 

zeolite.61 

 By 1977 22,000 tons of zeolite Y were used in the industry for catalytic cracking.61 

Since their introduction as a new class of industrial materials in 1954, the annual market 

for synthetic zeolites and molecular sieves has grown immensely wordwide to 1.8x106 t in 

2008.63 The major application areas of the molecular sieves are the followings: adsorbents, 

catalysts, and ion exchange materials. The largest single market is the detergent application 
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where zeolite A (and recently Type P) is used as an ion exchanger.61 Zeolites were also used 

in large volumes to further enhance the catalytic cracking and hydrocracking of petroleum  

feedstocks and the 

 Production of chemicals and fuels 

 Dewaxing of distillates and lubricant feeds 

 Oligomerisation of olefins 

 Xylene synthesis and isomerisation 

 Synthesis of ethylbenzene and PET, and 

 Gasoline and light olefins from methanol (Mobil Oil, 1976).13 

The structure of the zeolites 

Zeolites are crystalline aluminosilicates of alkali metals and alkaline earth metals, such 

as sodium, potassium, magnesium and calcium.64 Chemically they are represented by the 

empirical formula:  

M2/nO·Al2O3·ySiO2·wH2O 

where  y is 2 – 200, 

  n is the cation valence and  

  w represents the water contained in the cavities of the zeolite.  

Structurally, zeolites are complex, crystalline inorganic polymers based on an infinitely 

extending three-dimensional, four-connected framework of AlO4 and SiO4 tetrahedra linked 

to each other by oxygen ions (Figure 2). 

 

Figure 2. Structure of a zeolite – 4A MS 
65 

The connection of two AlO4-units is not possible (Löwenstein’s rule), thus the formation 

of zeolites with Si/Al ≥ 1 is permitted. Each AlO4 tetrahedron in the framework bears a net 

negative charge which is balanced by an extra - framework cation. The framework structure 



18 

 

contains intracrystalline channels or interconnected cavities which are occupied by the 

cations and water molecules. The cations are mobile and ordinarily undergo ion exchange. 

The water may be removed reversibly, generally thermally. The great part of the water 

might be eliminated between 100-200 °C while for the complete dehydration temperature 

around 350-400 °C is needed. The intracrystalline channels or cavities can be one- , two- or 

three-dimensionals. The preferred types have two or three dimensions to facilitate the 

intracrystalline diffusion in adsorption and catalytic applications.52 Figure 3 demonstrates 

how primary structure ([SiO4]4- and [AlO4]5-) units are assembled to form the corresponding 

zeolites i.e. zeolite A, zeolite X, etc.  

 

Figure 3. The building blocks of different zeolites  

Natural zeolites 

By origin zeolites are natural minerals, occuring typically as minor constituents in vugs or 

cavities in basaltic and other volcanic rock. Such occurrences limited their commercial use.61 

Some zeolites occur in large, nearly mono–mineralic deposits suitable for mining. These have 

been commercialized for adsorbent applications (e.g. chabazite, erionite, mordenite and 

clinoptilolite).66 
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Mordenite and clinoptilolite are used in small volume as adsorbents.67 Natural zeolites 

are also used in bulk applications as fillers in paper, in pozzolanic cements and concrete, in 

fertilizers and soil conditioners and as dietary supplements in animal husbandry.52 

The synthesis of the zeolites 

Our research group has examined the applicability of 4A as a support for organic 

syntheses. In the followings thus the synthesis and application of this material is presented.  

Zeolites manufactured in the highest volume are zeolite A (used extensively as ion 

exchangers in powdered detergents) and zeolite Y (used in the catalytic cracking of gas oil).52 

During the preparation the different building blocks the mineralising media, the inorganic 

cations, and the use of organic or inorganic structure directing agents (SDAs) can be varied.68 

Hydrothermal synthesis: Formation of the materials takes place primarily in aqueous 

media. Water has multiple roles during the synthesis: it solubilises the components in 

different degrees, develops the concentration and pH-dependent specification of each 

framework component and aids in ultimate stabilisation of the crystalline microporosity by 

coordinating of charge-balancing cations in the final product and by void filling part of the 

resulting microporosity.64 

 

 

Figure 4. Schemes of zeolite syntheses
61

 

Figure 4 represents schemes of zeolite syntheses. The early hydrothermal zeolite 

synthesis involved the active forms of alumina and silica, alkali hydroxide and water to form 

a gel. The temperature required for the crystallisation of the gel to zeolite was around       

SilicaAlkali Hydroxide
Alumina

Gel

Zeolite

~100 C

Early Zeolite Synthesis

Silica

Alkali Hydroxide + 

Quaternary Ammonium 

SaltAlumina

Gel

Zeolite

100-200 C

Siliceous Zeolite Synthesis
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100 °C. To produce zeolites with higher Si/Al ratio siliceous zeolite, synthesis was developed. 

The production is similar to the previously described one. There are two important 

differences: the addition of the quaternary ammonium salt and the augmented 

crystallisation temperature (125-200 °C). The pH in both syntheses is between 10-14.61 

Synthesis from metakaolin: A final approach for the synthesis of zeolites consists in the 

solid state topotactic transformation of layered structures into zeolites.69 For example for 4A 

synthesis kaolin type clays could be used. First the clay is calcined at 500-900 °C to obtain 

metakaolin (Al2Si2O7) which is reacted with NaOH resulting in the gel before crystallisation. 

The following process is similar to that of hydrothermal synthesis.64 

Applications of 4A 

4A has been reported as an eco-friendly catalyst with versatile application.49 

Furthermore, it is a stable material (resistant to mechanical, thermal and osmotic shock). In 

addition it is a readily available inexpensive material suitable for both organic and aqueous 

media. 4A molecular sieve can adsorb water, thus it is commonly used as drying agent. This 

capability allows its use in reactions where the elimination of water from the reaction media 

is needed or it has benign effect. Some examples for the application are described below: 

 4A was used in the enzymatic esterification of the flavonoid rutin stearate whereas 

the water content was a key parameter in organic medium. The 4A facilitated the 

reaction without altering the activity of the lipase.70 

 The Pauson-Khand reaction was reported to be promoted by 4A to obtain 

cyclopentenone ring system. It was also observed that depending on the type of 

molecular sieve the double bond isomeration process was different, generating the 

possible products in a different ratio (Figure 5).71 

 

Figure 5. Synthesis of tricyclic cyclopentenones via the Pauson-Khand reaction 

 It was reported that in the 1,3-dipolar cycloaddition of alkenes with nitrones to give 

isoxazolidines the absolute stereochemistry of the product depended on the 
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presence or absence of 4A. Catalysed by magnesium(II)-bisoxazoline in the presence 

of 4A one enantiomer of the endo product was obtained with up to 82% ee whilst in 

the absence of 4A the mirror image enantiomer was obtained with up to 73% ee.72 

 

Figure 6. 1,3-Dipolar cycloaddition of alkenes with nitrones 

 The asymmetric Diels-Alder reaction catalysed by a chiral titanium reagent in the 

presence of powdered 4A gave the optically active cycloadducts with high purity.73 

 

Figure 7. Asymmetric Diels-Alder reaction catalysed by a chiral titanium reagent 

 The effect of the molecular sieves in the palladium-catalysed asymmetric Heck 

reaction was also described. The reaction was performed with 3A, 4A and 5A in the 

presence of different inorganic bases. It has been found that the 3A–K2CO3 system 
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was the most efficient in order to obtain high yield and ee. It was also suggested that 

the cation of the zeolite had an important role, as the K-containing systems were the 

most efficient.74 

 Sharpless described that 3A or 4A molecular sieve had a key role in the general 

procedure for the asymmetric epoxidation of allylic alcohols in the presence of tert-

butyl hydroperoxide, titanium(IV)-isopropoxide and diethyl-tartrate.75 Furthermore, 

4A molecular sieve has been described as a regio-and stereoselective catalyst in the 

epoxidation of allylic alcohols.76 

Besides the applications as additive, promoter and scavenger 4A is also a stable and 

suitable support. Although the most widely used zeolites are other zeolite types (Y, X, ZSM-5, 

MCM-41, etc.) examples of heterogeneous catalysts supported on zeolite A, 4A can also be 

found in the literature. 

 A Cu–Ni bimetallic catalyst supported on 4A proved to be an efficient catalyst for the 

direct synthesis of dimethyl carbonate from CH3OH and CO2 in a continuous tubular 

fixed-bed micro-gaseous reactor. It was reported that the large amount of basic sites 

of 4A facilitated the activation of CH3OH.77 

 KOH/4A was described for dimethyl carbonate synthesis. CH3OH, CO2 and propylene 

oxide were reacted over KOH/4A. The catalyst was prepared by impregnation of the 

support by the aqueous solution of the base.78 

 Pd/MS3A and Pd/MS5A catalysts were prepared by the adsorption of Pd(OAc)2 

precursor to the molecular sieve followed by in situ reduction to Pd0 and were 

studied for the selective catalytic hydrogenation of alkynes, alkenes, and azides 

containing further reducible functions such as nitro group.79 

 Palladium(II) chloride supported on 4A molecular sieve efficiently catalysed the 

Suzuki-Miyaura coupling of chlorobenzenes in the presence of tetrabutylammonium 

bromide and K2CO3.80 

 TiO2/4A nanocomposite was developed as photocatalyst for chemical oxygen 

demand detection during waste water treatment.81 

 4A supported metallic catalysts were tested for combustion efficiency to treat 

volatile organic compounds. The order of efficiency proved to be Cu/4A > Co/4A > 

Mn/4A.82 
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2.1.1.2. Mixed oxides 

Mixed metal oxides represent a group of inorganic materials. They consist only of metal 

cations and oxygen anions obtained by the thermal treatment of their precursors with 

different ratio. According to their chemical composition they can be ranked in five 

categories: aluminates, titanates, silicates, ferrites and chromites. Classification can be also 

made according their crystallite structure (e.g. spinel in case of magnesium-alumina).83 

The structure of the mixed oxides 

There are a wide range of possible crystal structures depending on the nature and 

preparation of the mixed oxides. Herein spinel, periclase and -alumina are presented, the 

structures which appeared in my work. 

The general composition of spinel group minerals is AIIB2
IIIO4, where AII is a member of a 

II.A metal or a transition metal in +2 oxidation state and B III is a group III.A metal or a 

transition metal in +3 oxidation state. The oxygen ions form a close-packed cubic lattice with 

64 tetrahedral holes and 32 octahedral holes per cell. The so-called normal spinel contains 

Mg2+ and Al3+, its crystallite structure is shown on Figure 8.83 

MgO has a cubic crystal structure where the coordination of Mg2+ and O2- is octahedral 

(Figure 8). Periclase is a mineral consisting of cubic MgO. Aluminium oxide (alumina) exists in 

several polymorphs. -Alumina has a cubic crystal structure containing octahedral and 

tetahedral coordinated Al3+. This structure is called a defect cubic spinel structure (Figure 8). 
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Figure 8. Crystal structure of spinel, periclase and  -alumina 

The synthesis of mixed oxides 

One of the methods to obtain mixed oxides is the thermal decomposition of the 

corresponding layered double hydroxide (LDH). For example Mg-Al mixed oxide can be 

obtained from Mg-Al LDH by calcination at 500 °C.84 

Another method is the treatment of powders. In this method, the corresponding metal 

hydroxides or salts are mixed. This process requires the mechanical blending of the often 

coarse raw materials to result the desired mixed oxide in a form of fine powder. The method 
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is energy consuming and it is difficult to obtain homogeneous, pure powder with narrow 

particle size distribution. As a consequence the reproducibility is also poor.83 

One of the oldest preparation methods is the co-precipitation. The aqueous solution 

containing the cations is mixed with another solution containing the precipitating agent. The 

precipitate is separated by filtration, dried and subjected to thermal decomposition to result 

the desired mixed oxide. Determining parameters of the method are the pH, the 

temperature, the mixing rate and the concentration.83 For example to obtain magnesium-

aluminium co-precipitate yielding spinel powder magnesium hydroxide and sodium 

aluminate can be used.85 

In the sol-gel method an amorphous gel is formed from a solution followed by 

dehydration at relatively low temperature.86 This is a suitable method to obtain well-ordered 

porous structure. The best starting materials are metal alkoxides as they are readily 

hydrolysed and condensed to the corresponding hydroxide or oxide. The preparation 

method consists of the preparation of the double alkoxide, hydrolysis and thermal 

treatment. Preparation of spinel via sol-gel method is presented in Figure 9.87 

 

Figure 9. Preparation of spinel from alkoxides: (1) double alkoxide formation; (2) hydrolysis; (3) condensation
87 

The non-conventional methods are powder preparation methods excluding the mixing 

of the starting materials, co-precipitation or sol-gel methods.88 Hydrothermal synthesis 

provides a route to obtain controlled particle size. It includes aqueous solutions treated 

between the boiling point and critical temperature of water at high pressure up to 15  MPa 

to achieve very fine anhydrous crystalline powders.89 This process is limited to spinel-type 
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material and titanate production. Spray drying assures the rapid vaporization of the solvent 

from the solution of the cations, while during freeze drying the solvent is slowly sublimated. 

These processes permit the complete control of homogeneities, impurities and fine 

particles.83 

Applications of Mg-Al mixed oxides 

As during my preparative work MgO-Al2O3 mixed oxides were only used as support, 

herein literature examples concerning their applications are presented. 

Mixed oxides are widely used as fillers or pigments in pulp and paper, paint or plastic 

industry whereas their utilization in ceramic and electronic technology is widespread. They 

are heat-resistant, chemically inert and light pigments.83 Their synthetic application can be 

distributed in two groups. They can be used as solid bases90,91 or as inorganic supports for 

transition metals.92-96 

Examples for applications as solid bases: 

 Magnesium-aluminium mixed oxides were prepared by sol-gel and co-precipitation 

methods. Their activity depended on the Mg/Al ratio and the preparation method in 

the liquid-phase methylation of m-crezol.90 

 The effect of the thermal treatment and medium was studied on the preparation of 

Mg-Al mixed oxide from layered double hydroxide. The catalysts were found to be 

efficient in the citral/acetone aldol condensation.91 

Examples for application as supports for transition metals:  

 Ni-MgO-Al2O3 with different Mg/Al ratios were used in carbon dioxide reforming of 

methane. The support was synthesised by sol-gel method and by co-precipitation to 

compare their activity. The catalyst prepared by the sol-gel method was more 

resistant to coke formation. Higher catalytic performance was observed with Ni–

MgO–Al2O3 catalyst exhibiting a MgO/(MgO + Al2O3) ratio of 0.44–0.86.92 

 Ni and Ni-Au catalysts supported on Mg-Al mixed oxide prepared by co-precipitation 

were applied in the partial oxidation of methane for synthesis gas production.93 Ru 

supported on Mg-Al mixed oxide was also reported for methane steam reforming.94 
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 Hydrogenolysis of glycerol was reported over a Pd–Cu bimetallic catalyst supported 

on Mg-Al mixed oxide prepared via the thermal decomposition of layered double 

hydroxides.95 

Furthermore, MgO-Al2O3 mixed oxides showed promising properties in a study96 where 

the basic properties of the mixed oxides with different ratios were also reported. This 

classification was made according to the carbon dioxide adsorption measured by FTIR. The 

rank of the supports based on the amount of the basic sites was as follows: MgO > 0.25 Al > 

0.5 Al ≈ 0.75 Al > Al2O3. Unfortunately, pure MgO support exhibits a poor specific surface 

area, whereas 0.25 Al presents a good compromise between an important surface area and 

interesting basic properties. 

2.1.1.3. Bimetallic catalysts 

One, two or more metals can be introduced on the support resulting the formation of 

monometallic, bimetallic and multimetallic catalysts, respectively. The surface state of 

bimetallic catalysts depends strongly on the preparation and activation procedures.  

Metal catalysis has a dominant role in the modern organic chemistry. In particular, 

cross-coupling reactions allow bond formations, which have previously been impossible to 

perform.97,98 Buchwald et al. reported that reactions with FeCl3 may in certain cases be 

significantly affected by trace quantities of other metals, particularly copper.99 Research 

interest in bimetallic catalysts is mainly due to their tuneable chemical/physical properties 

by a number of parameters like composition and morphostructure. 100  Compared to 

monometallic catalysts, the bimetallic or multimetallic ones may show better performances 

as it concerns activity, selectivity and stability. In the literature numerous bimetallic catalysts 

have been shown to exhibit unique properties which are different from those of their 

monometallic counterparts.101,102 
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The structure of the bimetallic catalysts 

The properties of a bimetallic catalyst depend on the nature of the support and on the 

position of the two metals on the surface and/or in the bulk phase of the catalyst. Figure 10 

represents the most common types of positions of the two metals. The two metals can exist 

on the support separately, without any interaction. M1 can decorate the surface of M2, 

which can lead to the formation of core-shell bimetallic particles. Janus-type particles can 

also been made whereas the particles contain the two phases separately. Furthermore, the 

formation of alliy is also possible containing the metals orderly or randomly disordered. It is 

important to specify the exact meaning of the word ‘alloy’. This term was introduced as by 

Ponec and Bond103 considering that alloys are ‘...any metallic systems containing two or 

more components, irrespective of their intimacy of mixing or the precise manner in which 

their atoms are disposed...’.  

 

Figure 10. Possible compositions of bimetallic catalysts 

The preparation of bimetallic catalysts 

The basic preparation methods are identical with those of monometallic catalysts i.e. 

impregnation and ion exchange. Although for the architecture of controlled bimetallic 

particles further methods were also developed. 
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Impregnation 

Due to its easy operation and inexpensiveness, impregnation has been widely used. Wet 

impregnation (WI) requires the support to be put into a precursor solution to achieve the 

targeted loading of active components. Incipient wetness impregnation (IWI) limits the 

volume of the precursor solution to just match the pore volume of the catalyst support. By 

this manner the loading of active components in the pore matrix of the catalyst support is 

maximised. For bimetallic catalysts either co-impregnation (CI) or two-step impregnation 

(TSI) can be used104 (Figure 11). 

 

 

Figure 11. General scheme of two-step impregnation and co-impregnation at laboratory scale 

The impregnation method may result in broad distribution of metal particle size and 

uneven element composition. In addition in bimetallic catalysts when an alloy is to be 

formed, this method - despite its simplicity and low cost - sometimes can fail to produce 

metal-metal interaction. 

Ion exchange 

During ion exchange an ion in an electrostatic interaction with the surface is replaced by 

another species. The support containing ion A is introduced into the solution of the desirable 

ion B. Ion A thus is replaced by the gradually penetrating ion B into the pores of the 

support.105 This method is limited by the isoelectric point of the support, the nature of ion B 

(anion or cation) and a reasonable pH avoiding the destruction of the support. 

Further methods 

Recently, various methods of metal addition have been used in order to optimise the 

interaction between the two metals. Among them, one can mention: 
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 Chemical Vapor Deposition (CVP): The substrate is exposed to the volatile precursors.  

The desired deposit is produced by reaction and/or decomposition on the substrate 

surface.106 

 Electroless deposition: It is the process of depositing a coating with the aid of a 

chemical reducing agent in solution, and without the application of external electrical 

power.107 

 Bimetallic nanoparticles can be synthesised before their deposition on the surface of 

the support. These methods include microemulsion 108 , microsuspension and 

dendrimer mediated109 syntheses. 

 Controlled surface reactions have two main groups: organometallic grafting and 

surface redox reaction both resulting in the formation of specific metal-metal 

interaction. 

Organometallic grafting consists of the reaction of organometallic compounds with the 

pre-adsorbed hydrogen on the surface of the parent metal. Thus organometallic compound 

anchored to the surface of parent metal is obtained. The bimetallic particles are obtained 

after a reduction at a temperature corresponding to the reducibility of the metals.110,111 

Surface redox reactions take place in the liquid phase between the pre-reduced 'parent' 

metal or a reducing agent selectively adsorbed on the 'parent' metal, and the solution of the 

oxidized form of the modifier.112 One of the methods for surface redox reaction is proposed 

by Barbier et al. They presented this preparation as an example of creating metal-metal 

interaction, to generate bimetallic entities. In order to produce them, the support has to be 

covered with one of the desired metals. Then a selective reaction has to take place between 

the second metal and the monometallic particles initially present on the support. Such a 

modification can result in surface redox reactions that occur in the liquid phase between the 

chemically pre-reduced ’parent’ metal or a reducing agent selectively pre-adsorbed on the 

‘parent’ metal, and the oxidised form of the second metal introduced via a solution.113 

An example for this method is presented in Figure 12 for the preparation of bimetallic 

Pt-Re catalysts by surface redox reaction. Hydrogen was adsorbed on a 'parent' 

monometallic platinum/alumina catalyst and the cation of the second metal was introduced 

as a solution. 

http://electrochem.cwru.edu/ed/dict.htm#r28
http://electrochem.cwru.edu/ed/dict.htm#e70
http://electrochem.cwru.edu/ed/dict.htm#e70
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nHads + Mn+ Mads
+ nH+

 

Where  

 Hads: hydrogen adsorbed on platinum, 

 Mn+ : cation of the second metal (rhenium) 

 Mads: second metal adsorbed. 

 

Figure 12. Preparation of Pt-Re catalysis by surface redox method114 

It was found that the partial pressure of hydrogen, the temperature, the concentration 

and the nature of the rhenium salt, and the dispersion of the 'parent' monometallic platinum 

catalyst strongly influence the kinetic and the extent of rhenium deposition by catalytic 

reduction.114 

The methods described above have been proposed as alternatives to the impregnation 

method for preparing bimetallic catalysts because they allow the selective deposition of 

promoters onto the surface of a parent metal.115 

Applications of bimetallic catalysts in general  

As I have examined palladium-copper bimetallic catalysts here some published 

palladium-copper bimetallic catalysis will be presented.  

Coq and Figueras105 described that the effect of the co-metal on the catalytic 

performance of the Pd-containing bimetallic catalyst cannot be interpreted. The benign 

effect of the co-metal is determined by electronic and geometric effects and/or mixed sites. 

Moreover catalytic properties can be affected by the preparation method as it influences 

both spatial distribution of the metals and their chemical state. The identification of active 

sites is crucial in the selection of the most suitable synthesis method for catalyst 

preparation. 
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Copper–palladium bimetallic catalysts can be applied in many fields and reactions. Some 

examples are given below: 

 The selective hydrogenation of acetylene in an ethylene-acetylene mixture with Cu–

promoted Pd catalyst115 was reported. 

 Hydrogenation of 3,4-epoxy-1-butene was studied over Cu–Pd/SiO2 catalysts 

prepared by electroless deposition.107 

 Selective hydrogenation of carvone and o-xylene over Pd–Cu catalysts prepared by 

surface redox reaction was reported.116 

From our point of view application of bimetallic catalysts in organic reactions is the most 

important. There are several examples for homogeneous copper-palladium catalysts in 

organic synthesis. These reactions include Sonogashira-reaction117, indole formation 118, 

domino allylation and cyclisation of ortho-alkynylbenzaldehydes119, synthesis of aromatic 

heterocycles120, etc. Heterogeneous catalysts are seldom chosen in organic syntheses in 

general and in particular the heterogeneous Cu–Pd bimetallic catalysts. Some examples are 

presented in what follows: 

 Cano121 developed a magnetite supported palladium-copper catalytic system for the 

domino Sonogashira-cyclization processes to obtain indoles. Meanwhile the reaction 

stopped after the formation of the corresponding Sonogashira-coupled product by 

moderate yield from phenylacetylene and 2-iodoaniline. The targeted indole 

derivative could be only obtained by equimolecular amount of zinc-bromide. 

Recycling of the supported catalyst also meant a problem, as the activity of the 

recovered catalyst dropped significantly because of the leaching of the metals. 

 Several publications reported nano-Pd/Cu systems as efficient catalysts for the 

Sonogashira-reaction122,123,124 or electrochemical reaction such as electrooxidation of 

formic acid.125 It was shown, that these catalysts possessed an exhibited catalytic 

activity compared to their monometallic counterparts and a positive synergistic effect 

of Pd and Cu was also described.122,125 

 Further examples for the Cu–Pd catalysed Suzuki-Miyaura reaction are discussed in 

Chapter 2.2.1. 
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2.2 Suzuki-Miyaura coupling 

The formation of novel carbon-carbon and carbon-nitrogen bond have an important role 

in theoretical as well as in synthetic organic chemistry. Over the last few decades, the 

formation of carbon–carbon bonds by the transition-metal-catalysed cross-coupling of 

carbon nucleophiles with carbon electrophiles has evolved into a key synthetic approach for 

the construction of complex organic molecules.126 This reaction type enables the selective 

connection of even highly functionalized substrates at positions defined by two leaving 

groups of opposite polarity. Numerous cross-coupling procedures have been developed, for 

example Suzuki 127 , Stille 128 , Sonogashira117, Heck 129 , and Negishi 130  reactions. The 

importance of cross coupling reactions was confirmed in 2010 when the Nobel Prize in 

Chemistry was awarded jointly to Richard F. Heck, Ei-ichi Negishi and Akira Suzuki ‘for 

palladium-catalysed cross couplings in organic synthesis’. A coupling reaction is therefore 

chosen for a given application on the basis of the availability, stability, and price of the 

required substrates and catalyst, as well as the efficiency, selectivity, and convenience of the 

reaction protocol.97 

The Suzuki coupling is a palladium-catalysed cross-coupling reaction between 

organoboron compounds and organic halides or triflates (Figure 13). 

 

Figure 13. General scheme of the Suzuki-Miyaura coupling 

It serves as an important tool for biaryl synthesis. Biaryl units are present in natural 

products, pharmaceuticals, herbicides, conducting polymers, liquid crystals and molecular 

wires.131 The Suzuki-Miyaura coupling is in the centre of the catalytic research as it provides 

a facile, selective way to a wide range of products. Mild reaction conditions are applied and 

the reaction partners are easily available molecules. Moreover, the inorganic by-product of 

the reaction is non-toxic and easily removable from the reaction mixture thereby making the 

Suzuki coupling suitable not only for laboratories but also for industrial processes.132 
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2.2.1. The catalyst 

Since the first publication of this reaction127 several attempts were made and a great 

number of publications and reviews were released reporting homogeneous 133,134,135,136 and 

heterogeneous137,138,139,140 pathways to perform this coupling. Suzuki coupling was also the 

subject of several reviews providing extensive knowledge on certain fields as heterogeneous 

palladium catalysis17, large scale application for pharmaceutical production141 and efficient, 

selective and recyclable palladium catalysts142, etc. Furthermore, studies were also made on 

the isomer effects in this reaction. Schmidt and Riemer143 examined the Suzuki reaction of 

halophenols and phenol boronic acids and revealed that certain combinations of 

boronophenols and halophenols are disfavoured. Zou et al.144 found o-substitution effect as 

a reason of low activity caused by steric hindrance and absorption associated with 

heterogeneous Pd/C. 

Ligand-free heterogeneous catalysts are well reported to carry out coupling reactions, 

for example mesoporous silica-supported Pd catalyses Suzuki-Miyaura and Heck reactions145, 

Pd supported on a polyionic resin is applicable in these reactions and also in the 

Sonogashira-reaction146. 

Only few examples were published for this coupling concerning Cu–Pd bimetallic 

catalysts.147-153 As a homogeneous route Cu2O was proved to be a remarkable co-catalyst in 

the Pd(PPh3)4 catalysed reaction of arylboronic acids with ethyl bromoacetate. 147 

Furthermore, a Suzuki-type C-H arylation of azoles was reported with Pd(OAc)2, Cu(OAc)2 and 

CuCl.148 The beneficial effect of the CuCl was reported for the Pd(OAc)2 catalysed Suzuki 

coupling of 2-heterocyclic boronates.149 Liebeskind et al. reported a palladium catalysed 

copper mediated route for the coupling of aryl and alkenyl iodides and arylboronic acids in 

the absence of base with copper(I) thiophene-2-carboxylate as mediator.150 The use of a 

copper based support proved also to be suitable for supporting Pd nanoparticles on CuO, 

which were described as efficient catalyst for the reaction.151 The application of copper 

nanoclusters and Cu/Pd nanoclusters has also been reported for this reaction.152 In a patent 

Pd/Cu colloids in different molar composition were examined and it was found that the 

Pd(50%)/Cu(50%) composition was the most efficient. 153  The metal loadings in these 

reactions are generally 5 mol% Pd-salt and 10-100 mol% Cu-salt. 
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2.2.2. The base 

The most frequently used bases for the coupling are NaOEt127, NaOH154, KOH 155, 

K3PO4
156, Cs2CO3

157, K2CO3
158, Na2CO3

159. Their quantity varied between 1.1-10 equivalents. 

However the Suzuki-type coupling has also been reported without a base150,160-162 but in this 

case the application of exotic reaction partners such as triarylantimony diacetates and 

tetra(alkoxo)diborons 160 ; organo-antimony or -bismuth compounds 161  and 

hydroxy(tosyloxy)iodobenzene162 were required. 

Figure 14 shows the catalytic cycle of the palladium catalysed Suzuki-Miyaura reaction 

where inorganic base and ligand were used.163 The first step is the oxidative addition of the 

palladium to the halide to form Ar-Pd(L)2-X organopalladium species. Then its reaction with 

the base results in the formation of Ar-Pd(L)2-OH which then undergoes transmetallation. 

The carbon-carbon coupled product is the result of reductive elimination. 

 

Figure 14. Mechanism of the palladium catalysed Suzuki-Miyaura reaction with inorganic base
163
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The role of the inorganic bases and their charge-balancing cations was thoroughly 

studied by Amatore.163,164,165 It was found that inorganic bases do not play the role of base 

but they serve as a ligand for aryl-palladium(II) complexes. They play four kinetically 

antagonistic roles. These anionic bases take part in the formation of the reactive species in 

the rate-determining transmetallation step and they catalyse the reductive elimination of 

the corresponding intermediate, which are both positive roles. As negative function they 

form unreactive aryl boronates and they can form complexes with the countercation before 

the transmetallation step. Furthermore, it was proposed that in a Suzuki-Miyaura reaction 

with aryl iodides and activated aryl bromides the rate-determining step was the 

transmetallation which can be promoted as follows:  

 by selecting the best base (OH- > CO3
2-)  

 by the optimisation of the ratio [OH-] / [Ar’B(OH)2] and  

 by the selection of the best countercation (Tl+ or Ag+ > nBu4N+ > K+ > Cs+ > Na+).  
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2.3. General conclusions and objectives 

In this bibliographic study the importance of the nature of the catalyst for application in 

organic synthesis can be observed. Many preparation methods and supports were presented 

which influence the properties of the catalysts. The need for stable heterogeneous catalyst 

for organic syntheses was also described. 

Taking into account these observations the aim of this interdisciplinary research was to 

develop a relatively simple, cheap and reproducible route to prepare catalysts containing a 

noble metal in smaller quantity and a transition metal. This bimetallic catalyst preferably 

possesses good activity, stability and selectivity in the Suzuki-Miyaura carbon–carbon 

coupling, and possibly in further reactions. Our goal was furthermore to evidence the 

catalytically active species by the help of physico-chemical characterisations of the catalysts 

in fresh and used state. To go even further our wish was to examine how the nature of the 

support influences the surface properties of the catalysts affecting possibly its catalytic 

activity, stability and the kinetics of the reaction.  

As Pd appears to be active for Suzuki coupling, it was chosen for our study. Due to its 

costs and according to bibliography concerning the benefic effect of copper, we decided to 

mix Pd and Cu. Our aim was to use the noble metal in lower quantity along with a higher 

amount of the inexpensive transition metal. So that the metal loading was selected to be 0.2 

mmol Pd and 1 mmol Cu/1 g support. The way of preparation was chosen to be wet 

impregnation as it is a simple, economic and reproducible method permitting the possible 

proximity of the two metals. The supports were decided according to previous studies on the 

excellent activity of Cu-4A in several organic transformations9-11 and on the acido-basic 

properties on the MgO-Al2O3 mixed oxides96. 

For these reasons eight bimetallic catalysts were prepared (Cu-Pd-4A-CI, Cu-Pd-4A-TSI, 

Cu-Pd-MgAlO-CI, Cu-Pd-MgAlO-TSI, Cu(0.2)-Pd(0.2)-4A-CI, Cu(0.2)-Pd(0.2)-4A-TSI, Cu(0.2)-

Pd(0.2)-MgAlO-CI and Cu(0.2)-Pd(0.2)-MgAlO-TSI) along with their monometallic 

counterparts. They were characterised by Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES), Brunauer–Emmett–Teller (BET) approach, X-ray Diffraction (XRD), 

Transmission Electron Microscopy (TEM), Energy-Dispersive X-ray Spectroscopy (EDS) and 

adsorption of carbon dioxide followed by Fourier transform infrared spectroscopy (FT-IR) at 
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fresh and recovered state. The catalytic test for their activity, stability and selectivity were 

performed in the Suzuki-Miyaura reaction and in the Petasis-borono Mannich multicoupling 

reaction.  
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3. Results and Discussion 

3.1 Cu–Pd 4A supported bimetallic catalyst for the Suzuki-Miyaura-

coupling[D1],[D2] 

Four catalysts were prepared by wet impregnation: Cu-4A, Pd-4A as monometallic 

catalysts and Cu-Pd-4A bimetallic catalysts. The bimetallic catalysts were prepared in two 

ways: by the Two-Step Impregnation (TSI) of the precursors (Cu-Pd-4A-TSI) and by Co-

Impregnation (CI) by the two metal salts (Cu-Pd-4A-CI). The catalysts were characterised by 

ICP, BET, XRD, TEM, EDS and TPR. 

3.1.1. Study of the surface and morphology 

The ICP-OES analysis showed that the measured values were in accordance with the 

expected ones. A slightly higher metal content in the case of successive impregnation was 

observed comparing to co-impregnation (Table 4). Each monometallic catalyst was also 

subjected to the measurement to determine the real metal content on the support.  

Table 4. Metal content and BET surface area of the mono-and bimetallic catalysts 

Catalyst 
Targeted values Measured values (ICP) BET surface 

area (m²/g) Cu (wt%) Pd (wt%) Cu (wt%) Pd (wt%) 

MS-4A - - - - 800 

Cu-4A 6.3 - 5.8 - 360 

Pd-4A - 2.1 - 2.0 - 

Cu-Pd-4A-TSI 6.3 2.1 6.2 2.4 310 

Cu-Pd-4A-CI 6.3 2.1 5.7 2.0 230 

                                                           

[D1] A. Fodor, Z. Hell, L. Pirault-Roy, Copper(II)- and palladium(II)-modified molecular sieve, a 
reusable catalyst for the Suzuki-Miyaura-coupling, Applied Catalysis A 484 (2014) 39-50. 
[D2] A. Fodor, Á. Magyar, D. Barczikai, L. Pirault-Roy, Z. Hell, Study of the structure-activity 
relationship in a heterogeneous copper-palladium catalysed Suzuki-Miyaura coupling, Catalysis 
Letters 145 (2015) 834-839. 
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According to BET measurements the specific surface area of the support 4A molecular 

sieve changed from 800 m2/g to 310 m2/g in the first case (TSI) and to 230 m2/g in the 

second case (CI) (Table 4). This can be explained by the difference in the preparation 

method. In case of TSI it is a two-step process whilst CI takes place in one step. The 

production in several steps allows the sintering of the particles leading to more free sites 

and thus higher specific surface area.  

The pore volume of the molecular sieve decreased from 0.3 cm3/g to 0.204 cm3/g in 

case of TSI and to 0.142 cm3/g when the catalyst was prepared with CI for same reasons as 

above. Nitrogen molecules cannot fill the pores of the support. The hysteresis at high P/P0 

indicates pores with the following diameters: 26 Å (TSI) and 25 Å (CI) using BJH 

measurements. Figure 15 shows the adsorption isotherms of the two catalysts. 

  

Figure 15. Adsorption isotherms of Cu-Pd-4A-TSI and Cu-Pd-4A-CI 

According to the IUPAC classification of adsorption isotherms for gas-solid equilibria166 

the catalysts belong to Type IV. Characteristic features of the Type IV isotherm are its 

hysteresis loop, which is associated with capillary condensation taking place in mesopores, 

and the limiting uptake over a range of high p/p°.166 Type IV characterises mesoporous 

adsorbents with strong and weak affinities respectively. For lower temperatures they show 

adsorption hysteresis.167 
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XRD analysis was performed to identify the crystallised phases. Good correlation was 

observed between the pattern of 4A and that of described in the PAN-ICSD database. (98-

000-9326 Zeolite A, Na exchanged, dehydrate) The XRD patterns are shown in Figure 16. 

 

 

Figure 16. XRD patterns a) of the support and the fresh TSI and CI catalysts b) zoom in to determine metal 

crystals (◊) Cu-Pd-4A-TSI; (†) Cu-Pd-4A-CI; (§) Zeolite A 98-000-9326; (&) Cu Pd (0.6/0.4) 98-016-6153; (#) Cu Pd 

(3/1) 98-010-3084; (¤) Cu Pd (0.6/0.4) 98-016-6154; (*) Cu Pd (1/1) 98-010-3082 

The patterns of the bimetallic catalyst samples consisted of mostly the signals of support 

(Figure 16a). Besides the peak of 4A molecular sieve the signs of copper-palladium crystals 

were found, after zooming in on the value of 2 between 40°-70° (Figure 16b). In case of TSI 

copper-palladium species were found with ratios: 1/1; 0.6/0.4. (98-010-3082; 98-016-6154). 
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For CI samples, two different copper-palladium solid solutions were present: Cu–Pd 3/1; 

0.6/0.4. (98-010-3084, 98-016-6153). 

3.1.2. Study on the particle size 

Both catalysts have two different morphologies of the support: amorphous and stick. On 

the surface of both of them besides the well dispersed parts, agglomerated particles were 

also found (Figure 17). 

 

Figure 17. TEM image of the fresh catalysts: a) agglomerated particles on Cu-Pd-4A-TSI; b) well dispersed 

particles on Cu-Pd-4A-TSI; c) agglomerated particles on Cu-Pd-4A-CI; d) well dispersed particles on Cu-Pd-4A-CI 

Crystalline particles according to EDS analysis were defined to be copper or palladium or 

copper-palladium co-crystals. Moreover, the amorphous phases copper and palladium were 

present together (Figure 18). As the result of the TEM analysis we can conclude that the two 

5 nm

d)

a)

c)

b)
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metals are present on the support together, single metallic particles were found only in a 

few cases. 

 

Figure 18. EDS analysis of a) agglomerated particles on Cu-Pd-4A-TSI; b) well dispersed particles on Cu-Pd-4A-

TSI c) agglomerated particles of Cu-Pd-4A-CI; d) well dispersed particles of Cu-Pd-4A-CI 

In case of TSI palladium and copper-palladium alloys were found on the support in 

different atomic ratio: Cu/Pd = 1/3; 1/1; 2/1. In the majority of the mixed phase, copper and 

palladium were in 1/1 atomic ratio. The particle size distribution study gave an average 

particle size of 2.5 nm (Figure 19a). 

a)

c)

b)

d)
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Figure 19. Particle size distribution of a) Cu-Pd-4A-TSI; b) Cu-Pd-4A-CI 

The co-impregnated sample exhibits crystals of copper and copper-palladium co-crystals 

were found in different ratio: Cu/Pd= 7/3; 3/2; 3/1; 2/1; 2/3 according to the EDS analysis. 

The majority of the particles had a composition of copper/palladium 2/1. An average particle 

size of 2.2 nm was obtained (Figure 19b). 

On TSI sample the majority of the bimetallic particles consisted of Cu/Pd 1/1 (equal 

metal content) while on CI the ratio of the metals was 2/1 (copper-rich alloy). The average 

particle size was smaller in case of CI however the difference in this parameter was not 

significant between the two samples (2.5 nm Cu-Pd-4A-TSI; 2.2 nm Cu-Pd-4A-CI). From the 

TEM results we can conclude that the catalysts prepared with two methods have similar 

average particle size whereas the distribution of the metals is different.  

3.1.3. Study of the reducibility of the catalysts by H2-TPR 

To have more insight into the metal-metal interaction, TPR measurements were 

performed. H2-TPR profiles are shown in Figure 20 as hydrogen uptake in the function of 

heating temperature for the monometallic catalysts and for the bimetallic catalysts as well.  
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Figure 20. TPR profiles of mono-and bimetallic catalysts 

In each case extra peaks occurred and the peaks shifted compared to the monometallic 

catalysts. The catalysts prepared with two different methods showed different TPR profiles 

proving that the preparation has a very important effect on the metal-metal interaction. 

From the TPR results we had another evidence that the two metals are very close to each 

other on the support. 

Cu-4A 

According to the literature168 the reduction of isolated Cu2+ species occurs in the two 

following steps: 
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While the reduction of copper oxide species occurs in a one-step mechanism: 

OHCuHCuO 2

0

2   

The first reduction peak is between 155-270 °C with a maximum at around 200 °C, while 
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steps described in the literature169,170 the peak at 200 °C might be assigned to the reduction 

of several highly dispersed copper oxide species, which include isolated copper ions, weak 

magnetic associates, and small two- and three-dimensional clusters. The high temperature 

peak might be attributed to the reduction of the supported Cu+ ions (arising from partial 

reduction of isolated Cu+) to Cu0. In our case the hydrogen consumption between 155-270 °C 

compared to the amount of copper on the support gives a H2:Cu molar ratio of 0.18. This 

value is remarkably lower than the expected 0.5. The deviation can suggest three things: (i) a 

part of the metal is already in oxidation state +1. (ii) a part of the metal is already completely 

reduced to Cu0. (iii) a part of our metal is not accessible for reduction. The hydrogen 

consumption between 360-600 °C compared to the copper loading of the support gives a 

H2:Cu molar ratio of 0.6, which is higher than the expected 0.5 value. It confirms the initial 

presence of the Cu+ particles as seen from the first reduction peak although determination 

of the exact Cu+ and Cu2+ ratio cannot be made with this TPR analysis. As the Cu+ species 

were identified the next question was in which form they are. They can be present as Cu+ 

ions or oxide form (Cu2O). In the literature it is reported that the reduction of Cu2O takes 

place at high temperature, around 377 °C.171 At this temperature we have a wide reduction 

peak, which may imply the reduction of Cu2O as well. Based on the area of both reduction 

peaks, it is concluded that copper in Cu-4A exists both as Cu+ (Cu2O) and Cu2+. The ratio 

between the overall measured and theoretical hydrogen consumption is 0.78 (Table 5 entry 

1). 

Table 5. Quantitative TPR analysis for bimetallic and monometallic catalysts 

Catalyst 
H2 consumption/g 

catalyst (mmol/g)a 
Ratiob 

Cu-4A 0.63 0.78 

Pd-4A 0.24 1.27 

Cu-Pd-4A-TSI 0.77 0.65 

Cu-Pd-4A-CI 0.78 0.72 

aTotal measured H2 consumption/mass of the sample 
bTotal measured H2 consumption/total theoretical H2 consumption 
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Pd-4A 

The reduction of isolated Pd2+ species occurs in the following step: 

  H2PdHPd 0

2

2

 

The reduction of palladium oxide species occurs also in a one-step mechanism172 (there 

are assumptions for two-step mechanism as well, but no evidence was found173): 

OHPd2HPdO 22   

It is important to consider that palladium absorbs hydrogen to form Pd-hydride even at 

low hydrogen pressure and room temperature. 174 Therefore the amount of hydrogen 

consumed during the experiment cannot determine the reduction state of palladium. 

However useful information can be gained from the temperature of the reduction.175 

The sole peak starts at room temperature and ends at 165 °C. In the literature102 the 

peaks at 100 °C and 400 °C are assigned to the reduction of palladium(II) to palladium(0) in 

two different environments. The reduction at lower temperature corresponds to solvated 

Pd2+ weakly interacted with the molecular sieve support. Higher temperature reduction peak 

refers to the reduction of palladium atoms in oxide form, bound to the support. Reduction at 

higher temperature did not occur during our experiment. 

Cu-Pd-4A-TSI 

The TPR-profile of Cu-Pd-4A-TSI is shown in Figure 20. Two peaks at 50 °C and 130 °C are 

overlapped. In addition, a broad peak of hydrogen consumption was observed between 240-

500 °C. The first peak indicates the reduction of palladium. As the hydrogen consumption 

(area under the first peak between 30-180 °C) compared to the theoretical consumption for 

palladium gives 1.87 - which is a higher value than the expected 1 - it is assumed that a part 

of the copper is reduced as well at low temperature either to Cu+ or to Cu0. It is well 

reported in the literature that the reduction peak at low temperature in case of copper-

palladium bimetallic catalyst can refer to the co-reduction of the two metals.176 Conner et 

al.177 proposed that the enhanced reduction of copper species in the presence of Pd on the 

catalyst surface could be attributed to hydrogen spillover from metal Pd to copper species. A 
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negative peak at 60 °C refers to the presence of Pd--hydride. Its absence can refer to either 

well dispersed or partly alloyed Pd species with Cu.178 It is interesting to observe that the 

reduction temperature of supported copper species in Cu-Pd-4A-TSI was diminished from 

200 °C (as seen in case of Cu-4A) due to the presence of palladium. This modification 

indicates a close interaction between copper and palladium species. The second, broad peak 

between 280-450 °C can refer to the reduction of Cu+ to Cu0. The temperature of this second 

reduction step is also decreased compared to the monometallic copper catalyst (Figure 20) 

indicating a redox cooperation between Pd and Cu. The comparison of the theoretical and 

experimental H2 consumption for this reduction step gave 0.37 and 0.65 for the total 

consumption (Table 5 entry 3). 

Cu-Pd-4A-CI 

An alliance of two or three peaks can also been observed with the maxima of 67  °C;     

87 °C and 130 °C. These values are similar to the peaks seen in case of Cu-Pd-4A-TSI. This 

peak (50-160 °C) belongs to the reduction of palladium and also copper, as explained before. 

It has to be added that in this case even higher amount of copper was reduced resulting the 

quotient of theoretical and experimental hydrogen consumption to be 2 (in comparison with 

1.87 in case of TSI). Compared to the H2-TPR profile of Cu-Pd-4A-TSI a new peak appeared at 

253 °C and the last peak shifted to 320 °C. These reduction peaks may belong to reduction of 

copper in different interaction with the support and with palladium (corresponding to 

different Pd-Cu ratio particles). The comparison of theoretical and experimental values gave 

0.45 compared to 0.37 in case of TSI. The ratio between total measured and calculated H2 

consumption in this case was 0.72 (Table 5 entry 4). All in all, the shifting of reduction peaks 

indicated that the presence of Pd facilitated the reduction of copper.  

Beside the characterisation of the metallic part, some experiments can be performed to 

determine the properties of the support and in particular the acido-basic properties. This 

point will be discussed through the comparative study of the basicity of 4A, Cu-Pd-4A-TSI, 

MgAlO and Cu-Pd-MgAlO-CI at 3.2.4. subsection. 
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Summing up the characterisation results indicated that the two metals are present on 

the support in close interaction to each other. Even if TPR indicated that Pd and Cu are in 

close interaction, no information about the form of interaction can be deduced from the 

results: pure Pd and pure Cu particles side by side on the support, bimetallic core-shell 

particles alloys, etc. However, on the basis of the results of XRD and EDS characterisation, 

we prove that this interaction corresponds to Pd–Cu alloy particles with different ratio for 

both samples. So the differences between the two catalysts produced in different ways were 

evidenced. Thus the different activity of the two catalysts was suggested and tested 

afterwards. 

3.1.4. Application in Suzuki-Miyaura-coupling 

Catalyst selection 

As a Suzuki model reaction, we selected the reaction of phenylboronic acid (1a) with 

iodobenzene (2a) in the presence of potassium carbonate as base in ethanol as solvent 

(Figure 21). 

 

Figure 21. The Suzuki-Miyaura coupling of phenylboronic acid (1a) and iodobenzene (2a) 

To select the most suitable catalyst to perform the reaction both the monometallic 

catalysts and the bimetallic catalysts were examined. In each reaction 0.1 g catalyst/1.0 

mmol iodobenzene (2a)/1.5 mmol phenylboronic acid (2a) ratio was used.  

The results obtained for the different catalysts are summarised in Table 6. 
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Table 6. Catalyst selection for the reaction of iodobenzene (2a) with phenylboronic acid (1a)
a 

Catalyst Yield (%)b  Conversion (%)c TOF (h-1)d 

Cu-4A - (6%)e 62% n/a 

Pd-4A 93% 100% n/a 

Pd-4A (second cycle) 66% 97% n/a 

Cu-Pd-4A-TSI >99% 100% 23.3 

Cu-Pd-4A-TSI (second cycle) >99% 100% n/a 

Cu-Pd-4A-CI >99% 100% 22.6 

Cu-Pd-4A-CI (second cycle) >99% 100% n/a 

aReaction conditions: phenylboronic acid (1a) (1.5 mmol), iodobenzene (2a) (1 mmol), potassium 
carbonate (3 mmol), 0.1 g catalyst (2 mol% Pd and/or 9 mol% Cu) in EtOH, 78 °C, 1h 
b
Isolated yield 

c
Conversion of iodobenzene (2a) 

dAt 1 hour, calculated assuming that the number of the atoms on the surface is the amount of the catalyst 
active phases. Ignoring the exact repartition between Cu and Pd, the average of the two values D x d 
corresponding to each metal was used 
eAccording to GC-MS analysis of the reaction mixture 

As seen, Cu-4A is not suitable for the coupling reaction, the GC-MS analysis showed only 

6% of biphenyl (3a) in the reaction mixture near the starting iodobenzene (2a) (38%) and 

triphenyl boroxine (4) (49%), which is a known byproduct of the reaction (Figure 22). 

 

Figure 22. 2,4,6-Triphenyl-cyclotriboroxane (triphenyl boroxine) (4) 

Pd-4A seemed to be a good catalyst for the reaction as good yield (93%) for biphenyl (3a) 

was obtained. The activity of the catalyst decreased significantly at the second use where 

biphenyl (3a) was provided only by 66% yield. On the contrary, Cu-Pd-4A catalysts prepared 

by either method remained efficient during two cycles resulting in biphenyl (3a) production 

with quantitative yield. In order to gain information on the reaction rate samples were taken 
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at ten minute intervals and were analysed by GC-MS. Time resolved reaction profile thus 

obtained for the Suzuki coupling in the presence of Cu-Pd-4A-TSI is presented in Figure 23. 

The results show that the optimal reaction time is 60 minutes. The amount of 2,4,6-

triphenyl-cyclotriboroxane (4) decreased with the time as follows: 35.5% (1 min); 20.5% 

(10min); 18.0% (20 min); 15.5% (30 min); 13.7% (40 min); 11.2%(50 min); 7.3% (60 min); 

7.8% (70 min); 6.2% (80 min). 

 

Figure 23. Time resolved reaction profile of the Suzuki-Miyaura reaction in the presence of Cu-Pd-4A-TSI 

As phenylboronic acid (1a) was used in 50% excess and the samples taken were 

analysed without workup procedure, the boroxane byproduct (4) was always present. If all 

the iodobenze (2a) and stoichiometric amount of phenylboronic acid (1a) formed biphenyl 

(3a) and the excess of phenylboronic acid (1a) was transformed into the byproduct triphenyl 

boroxine (4) the molar ratio of the product (3a) and byproduct (4) should be 86.3% to 13.7%. 

Hot filtration test 

Before performing all catalytic tests we wanted to rule out the possibility of 

homogeneous or semi-heterogeneous catalysis. The hot filtration test is a common method 

to prove or disprove heterogeneous catalysis in a reaction.179 In the course of the test the 

catalyst is filtered out and the reaction is continued without the presence of the catalytic 
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material. If the reaction is only semi-heterogeneous – the metal is dissolved in the reaction 

mixture and after the reaction it precipitates to the surface of the support – the reaction 

continues even in the absence of the catalyst leading to the same yield as with the full time 

presence of the catalyst. In our case the reaction was stopped at 30 min (which corresponds 

to an approximate conversion of 73%), the catalyst was filtered out along with the base. 

Catalyst filtration was performed at the reaction temperature (78 °C) in order to avoid 

readsorption of possibly leached metals on the catalyst surface when the reaction mixture 

cools down. After the addition of 3 mmol potassium carbonate base, the reaction was 

continued until 1 hour of reaction time. The reaction mixture was worked up and the 

product biphenyl (3a) was obtained with 71% yield. Thus the hot filtration test proved - as 

the reaction completely stopped after the filtration – that our reaction is really a 

heterogeneous catalytic process. 

Recycling of the Cu-Pd-4A catalysts 

The catalyst could easily be separated from the reaction mixture by filtration, therefore 

no tedious procedures and treatments were required before the reuse of the catalyst. As the 

base in the reaction was potassium carbonate, the catalyst should only be washed with 

distilled water to remove inorganic residues then with acetone to eliminate organic 

materials. Before the new cycle the catalyst was dried at 120 °C for one hour. The 

performance was checked after 6 cycles to obtain more information about catalytic activity.  

Table 7. Recycling of bimetallic catalystsa 

Catalyst 
Yield (%)b Conversion (%)c TOF (h-1)d 

1st use 2nd use 6th use 6th use 6th use 

Cu-Pd-4A-TSI >99% >99% >99% 100% 94.3 

Cu-Pd-4A-CI >99% >99% 80% 96% 109.2 
a
Reaction conditions: phenylboronic acid (1a) (1.5 mmol), iodobenzene (2a) (1 mmol), potassium carbonate 

(3 mmol), 0.1 g catalyst (2.26 mol% Pd and 9.76 mol% Cu) in EtOH, 78 °C, 1 h 
b
Isolated yield 

c
Conversion of iodobenzene (2a) 

d
At 1 hour, calculated assuming that the number of the atoms on the surface is the amount of the catalyst 

active phases. Ignoring the exact repartition between Cu and Pd, the average of the two values D x d 
corresponding to each metal was used 
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The TSI catalyst still had excellent activity (>99%, Table 7) in contrary to CI whose activity 

dropped yielding only 80% of biphenyl (3a). The different characteristics found during the 

surface analysis – different particle size, particle dispersion, distribution, interaction 

between the metals, specific surface area, etc. – can explain the different stability of the 

catalyst. Based on our results described above one can conclude that Cu-Pd-4A-TSI is an 

active and stable catalyst of the Suzuki-Miyaura coupling of phenylboronic acids with aryl 

halides, thus further experiments were carried out in the presence of Cu-Pd-4A-TSI. 

Suzuki-Miyaura coupling of further aryl halides - selectivity 

Table 8. Suzuki-Miyaura coupling of aryl halides (2b-g) with phenylboronic acid (1a)a 

Entry Aryl halide Time (h) Product 
Yield 

(%)b 

Conversion 

(%)c 

TOF 

(h-1)d 

1 
2b 

1 

3a 

80 81 18.6 

2 
2c 

1 

3b 

99e 100 23.3 

3 
2d 

1 

3c 

70f 93 16.3 

4 
2e 

1.5 

3d 

93g 100 14.4 

5 
2f 

1 

3a 

2h 21 0.47 

6 
2g 

7 

3e 

13 10 0.43 

a
Reaction conditions: phenylboronic acid (1a) (1.5 mmol), halobenzene (2a) (1 mmol), potassium carbonate (3 

mmol), 0.1 g catalyst (2.26 mol% Pd and 9.76 mol% Cu) in EtOH, 78 °C, 1 h; 
b
Isolated yield; 

c
Conversion of the 

corresponding halobenzene; 
d
At the reaction time indicated in the table, calculated assuming that the number 

of the atoms on the surface is the amount of the catalyst active phases.; 
e
3 mmol of phenylboronic acid (1a) 

was used; 
f
No 4-iodobiphenyl was detected, ca. 10% of terphenyl (3b) was shown; 

g
Selectivity=100%; 

h
According to GC-MS analysis of the final product 
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Table 8 summarises the results obtained with different aryl halides (2b-g) in the 

presence of Pd-Cu-4A-TSI in the Suzuki-Miyaura coupling in order to study the selectivity of 

the catalyst. 

The well reported aryl halide reactivity order (I>Br>>Cl) was also observed with our 

catalyst. Nevertheless, aryl bromides gave the corresponding products also with good yield 

(3a, 3b, 3d). Remarkable selectivity between the halides were shown (3c, 3d) as in case of a 

starting material with different halide groups, only the more reactive part of the molecule 

took part in the coupling resulting in bromine or chloride substituted biphenyls. Thus, there 

is the possibility to prepare halogen-substituted biaryl derivatives. Aryl chlorides failed to 

react even during increased reaction time (2f, 2g). Aryl chlorides are less active substances 

thus in the Suzuki-Miyaura coupling the rate determining step is the oxidative addition 

contrary to aryl iodides and bromides where the transmetallation is the slowest step in the 

course of the catalytic cycle.163-165 

On the isomer effect in the Cu-Pd-4A-TSI catalysed Suzuki-Miyaura reaction 

The reaction of boronic acid (1) with aryl halides (2) was performed over Cu-Pd-4A-TSI 

catalyst, in the presence of K2CO3 as a base, in boiling ethanol. The reaction of iodobenzene 

(2a) with boronic acid derivatives (1b-n) and the reaction of phenylboronic acid (1a) with 

substituted aryl iodides (2h-n) and -bromides (2o-z) (Figure 24) were examined. 

 

Figure 24. Suzuki-Miyaura coupling in the presence of Cu-Pd-4A-TSI catalyst 

Table 9 summarises the results obtained during the coupling of iodobenzene (2a) with 

different substituted boronic acids (1b-l). 
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Table 9. Reaction of iodobenzene (2a) with phenylboronic acid (1b-l) derivatives
a 

Entry Boronic acid Product Yield (%)b Conversionc TOF (h-1)d 

1 
1b 

3f 

92 100 21.4 

2 
1c 3g 

91 100 21.2 

3 
1d 

3h 

72 100 16.8 

4 
1e 3i 

98 100 22.8 

5 

1f 3j 

<5 <3 <1.2 

6 
1g 

3k 

80 100 18.6 

7 

1h 
3l 

~30 ~55 ~7.0 

8 
1i 

3m 

~60 100 ~14.0 

9 

1j 3n 

-e - - 

10 
1k 3o 

-e - - 
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11 

1l 
3p 

-e - - 

aReaction conditions: boronic acid (1) (1.5 mmol), iodobenzene (2a) (1 mmol), potassium carbonate (3 mmol), 
0.1g catalyst Cu-Pd-4A-TSI (2.26 mol% Pd and 9.76 mol% Cu) in EtOH, 78 °C, 1 h 
bIsolated yield, corrected with the results of 1H NMR spectra 
cConversion of iodobenzene (2a) 
dAt the reaction time indicated in the table, calculated assuming that the number of the atoms on the surface is 
the amount of the catalyst active phases. 
eNo reaction was observed 

The reaction of iodobenzene (2a) with 4-(trifluoromethyl)phenylboronic acid (1e) and 

tolylboronic acids (1b-d) gave the products (3f-i) with excellent yield, while in the case of 2-

naphthylboronic acid (1g) good yield was observed. In the reaction of tolylboronic acids 

small amount of the corresponding dimethylbiphenyls, yielding from the homocoupling of 

the boronic acids, were also obtained. In the reaction of 2-acetylphenylboronic acid (1f) with 

iodobenzene (2a) the expected product (3j) was only formed in negligible amount, in the GC-

MS spectrum a compound with 220 Da molar mass was found as main product (Figure 25). 

Earlier we observed that in the Pd-catalysed reaction of acetophenone derivatives in basic 

alcohol a transfer hydrogenation reaction can also occur, where ethanol oxidises to 

acetaldehyde.180 In this case a similar reaction might be assumed, and the acetaldehyde 

formed can react with the acetyl group in an aldol type reaction yielding 1X.  

 

Figure 25. Presumed main product of the reaction of iodobenzene (2a) and 2-acetylphenylboronic acid (1f) 

Heteroaromatic boronic acids showed less activity (1h-l). Indoleboronic acids (1h, 1i) 

gave the corresponding products (3l, 3m) with moderate to poor yield, moreover, 1-(tert-

butoxycarbonyl)indole-2-boronic acid (1j) failed to react. According to the GC-MS analysis of 

the reaction mixture, in this case 1-tert-butoxycarbonylindole was formed as a result of the 

boronic acid function loss. This weak reactivity can be explained by two facts. (i) These 

indoleboronic acids proved to be quite unstable. (ii) In addition, the copper and also the 
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palladium on the catalyst might form a complex with the amine function of the starting 

material, and this complex is inactive in the reaction. This hypothesis was verified by XRF 

examination of the product. Considerable amount of copper was detectable, while in the 

products obtained from the reaction of homoaromatic boronic acids no copper was found. 

The lack of reactivity of pyridineboronic acids (1k, 1l) can also be explained by this complex 

formation, as none of the expected products (3o, 3p) were isolated in these cases either. 

The reaction of iodobenzene (2a) with aliphatic boronic acids (1m, 1n) was also 

performed. The results obtained are summarised in Table 10. 

Table 10. Reaction of iodobenzene (2a) with aliphatic boronic acids (1m, 1n)a 

Boronic acid 
Reaction time 

(h) 
Product 

Yield 

(%)b 

Conversion 

(%)c 
TOF (h-1)d 

1m 

1 

3q 

<15 <15 <3.5 

3 <10 <15 <0.8 

1n 

1 

3r 

-e - - 

6 -e - - 

aReaction conditions: boronic acid (1) (1.5 mmol), iodobenzene (2a) (1 mmol), potassium carbonate (3 mmol), 
0.1g catalyst Cu-Pd-4A-TSI (2.26 mol% Pd and 9.76 mol% Cu) in EtOH, 78 °C 
bIsolated yield, corrected with the results of 1H NMR spectra 
cConversion of iodobenzene (2a) 
d
At the reaction time indicated in the table, calculated assuming that the number of the atoms on the surface is 

the amount of the catalyst active phases. Ignoring the exact repartition between Cu and Pd, the average of the 
two values D x d corresponding to each metal was used 
e
No reaction was observed 

As in these cases after 1 h reaction time significant amount of starting material was 

detected by TLC, longer reaction times were used. Nevertheless, no better results were 

obtained. In case of trans-1-penten-1-ylboronic acid (1m) 3 hours reaction time worsened 

the yield. Butyl-1-boronic acid (1n) failed to react in the presence of Cu-Pd-4A-TSI 

irrespectively to the applied reaction time. 

Substituted iodobenzenes (2h-n) showed excellent activity (Table 11) except 2-

iodobenzoic acid (2n) which can be explained by steric effects and/or the formation of the 

carboxylic acid potassium salt which might precipitate from the solution. 
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Table 11. Reaction of phenylboronic acid (1a) with substituted iodobenzenes (2h-n)
a
 

Entry Aryl iodide Product Yield (%)b 
Conversion 

(%)c 
TOF (h-1)d 

1 
2h 

3g 

77 100 17.9 

2 
2i 

3h 

89 96 20.7 

3 
2j 

3s 

91 100 21.2 

4 
2k 

3t 

96 100 22.3 

5 
2l 

3u 

87 100 20.2 

6 
2m 

3v 

94e 94 21.9 

7 
2n 3w 

-e, f - - 

aReaction conditions: boronic acid (1a) (1.2 mmol), iodobenzene derivative (2h-n) (1 mmol), potassium 
carbonate (3 mmol), 0.1g catalyst Cu-Pd-4A-TSI (2.26 mol% Pd and 9.76 mol% Cu) in EtOH, 78 °C, 1h 
bIsolated yield, corrected with the results of 1H NMR spectra 
cConversion of the corresponding iodobenzene (2h-2n) 
dAt 1 hour, calculated assuming that the number of the atoms on the surface is the amount of the catalyst 
active phases. Ignoring the exact repartition between Cu and Pd, the average of the two values D x d 
corresponding to each metal was used 
e4 mmol potassium carbonate was used 
fUnidentified by-product was formed 

Performing the reaction with bromobenzene (2b) after 1 hour biphenyl (3a) was formed 

with 80% yield (Table 8 entry 1.). As aryl bromides are generally less active in the Suzuki-

Miyaura reaction, the reaction time was increased to 1.5 hours which resulted in the product 
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formation with good to excellent yield (Table 12). In case of certain o-, and m-substituents 

the yield dropped (2o, 2r, 2u). 

Table 12. Reaction of phenylboronic acid (1a) with substituted bromobenzenes (2o-2z)a 

Entry 
Bromobenzene 

derivative 
Product Yield (%)b 

Conversion 

(%)c 
TOF (h-1)d 

1 

2o 3x 

59 71 9.1 

2 
2p 

3u 

97 100 15.0 

3 
2q 3y 

92 92 14.3 

4 

2r 3z 

<45e,f <50 <7.0 

5 
2s 

3aa 

88e 96 13.6 

6 
2t 3f 

80 100 12.4 

7 
2u 

3g 

65 100 10.1 

8 
2v 

3h 

>99 100 15.5 

9 

2w 3ab 

72 100 11.2 

10 
2x 

3ac 

90 95 14.0 
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11 
2y 

3i 

95 100 14.7 

12 
2z 

3ad 

60 70 9.3 

a
Reaction conditions: boronic acid (1a) (1.2 mmol), bromobenzene derivative (2o-z) (1 mmol), 

potassium carbonate (3 mmol), 0.1g catalyst Cu-Pd-4A-TSI (2.26 mol% Pd and 9.76 mol% Cu) in EtOH, 
78 °C, 1.5 h 
b
Isolated yield, corrected with the results of 

1
H NMR spectra 

c
Conversion of the corresponding bromobenzene (2o-z) 

dAt 1 hour, calculated assuming that the number of the atoms on the surface is the amount of the 
catalyst active phases. Ignoring the exact repartition between Cu and Pd, the average of the two 
values D x d corresponding to each metal was used 
e4 mmol potassium carbonate was used 
fUnidentified by-product was formed 

The results obtained show that functional groups in the o-position hinder the desired 

product formation. No electronic effect can be found, as the yields are similar with electron 

withdrawing groups (EWG) as long as with electron donating groups (EDG) in ortho-position. 

From the experiments to produce o-, m-, and p-tolylbiphenyls from substituted boronic 

acids (1b-d), iodobenzenes (2h, 2i) and/or bromobenzenes (2t-v) it can be concluded that 

the position of the functional group has an importance. In ortho- and meta- position the 

introduction of the functional group is favoured on the boronic acid, as excellent yield were 

obtained. While in para-position the use of substituted aryl halide is favoured. However, 

from economic considerations, in large scales the iodo- or bromobenzene derivative might 

be favoured as their application results still in good yield. The emplacement of the functional 

group had no importance in case of p-(trifluoromethyl)biphenyl as excellent yields were 

achieved in both cases (1e, 2w). p-Methoxybiphenyl can be formed from p-bromoanisole 

(2p) with excellent yield, with good yield from p-iodoanisole (2l). To compare iodo- (2h, 2i) 

and bromotoluenes (2t-v) one can conclude that higher yields were achieved with the 

application of bromotoluenes during a slightly elevated reaction time. 

In summary, a series of substituted biphenyls were synthesised starting from 

substituted boronic acids (1a-n) and iodobenzene or bromobenzene derivatives (2a-z) in the 

presence of the bimetallic Cu-Pd-4A-TSI catalyst. The m- and p- substituted derivatives gave 

excellent yield, while o-substituted derivatives gave weaker results because of steric effects. 

No significant electronic effect was observed. Substituted biphenyls from two or three 
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pathways were achieved at least with good yields. Excellent yields were resulted in ortho-, 

meta-position with substituted boronic acid, while in para-position with aryl halides, 

aliphatic boronic acids did not undergo the coupling. 

3.1.5. Characterisation of the recovered catalyst 

The used samples - Cu-Pd-4A-TSI (excellent activity: 99% yield) and Cu-Pd-4A-CI (good 

activity: 80%) - were subjected to catalyst characterisation method to better understand the 

reason of constant activity in case of TSI and the drop of activity of CI. Our aim was to find 

the catalytic species responsible for the activity and stability of the material. As the 

properties of the fresh catalysts were already different, the difference in stability was 

expectable. The features of the fresh catalysts were compared to the used ones as much as 

the properties of the used materials prepared with different impregnation methods were 

confronted. The samples were subjected to XRD and TEM analysis. ICP analysis was 

performed as well, but its result - due to the potassium contamination of the support – was 

not reasonable, so a correction based on EDS measurements was necessary. 

As for the result of the hot filtration test we determined that no metal leaching took 

place during the catalytic test. This statement was based on data from the literature proving 

by experiments that the Suzuki-reaction may be catalysed even with minute amount of 

palladium (ppm level) to obtain the C-C coupled product with good yield.181,182 Since our 

reaction stopped entirely and immediately after the catalyst was filtered out the leaching of 

the metal into the reaction mixture can be ruled out.  

XRD 

Similarly to the fresh catalysts the used samples XRD patterns’ consisted of the signals of 

the support (Figure 26a). 



62 

 

 

 

Figure 26. XRD patterns of a) recovered catalysts; b) zoom in to determine metal particles in fresh and used 

catalysts (◊) Cu-Pd-4A-TSI-fresh; (†) Cu-Pd-4A-CI-fresh; (§) TSI-6x; (&) CI-6x; (#) Zeolite A 98-000-9326; (¤)Pd 98-

064-8680; (*) Pd 98-064-8679 (°)Cu Pd (0.6/0.4) 98-016-6153; (+) Cu Pd (1/1) 98-010-3082  

Examining the area between 40-70° 2 showed the presence of copper/palladium 1/1 

(98-010-3082) in case of TSI-6x. CI-6x gave a pattern more complex with the signs of copper-

rich particle: Cu/Pd 0.6/0.4 (98-016-6153) and palladium particles (98-064-8679; 98-064-

8680) (Figure 26b). 
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TEM 

The morphology of the support did not change in any case of the catalysts. 

Henceforward amorphous and crystallised phases were present. The composition of the 

support, therefore the mass of the support changed. Even if the catalyst was washed with 

water after every use to remove the base (K2CO3) and with acetone to remove organic 

compounds the EDS analysis showed the presence of potassium on the support (Figure 27), 

which can be due to the exchange of Na+ to K+. 

 

Figure 27. EDS analysis of a) recovered Cu-Pd-4A-CI; b) recovered Cu-Pd-4A-TSI 

To determine the ratio between K (the contaminant of the support) and Cu (the catalytic 

active metal) the Cliff-Lorimer equation was used: 

Cu

K
KCu

Cu

K

I

I
K

c

c
  

Where  c is the mass concentration 

I is the intensity observed during the experiment (background continuously 

subtracted)  

K is the factor of relative sensibility (value supplied by the manufacturer of the 

EDS spectrometer). 

The mass percentages obtained from the equation for K and Cu are summarised in Table 

13. 

a) b)
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Table 13. Mass ratio between K and Cu according to EDS on recovered Cu-Pd-4A catalysts 

Entry Catalysta K (w/w %) Cu (w/w %) 

1 Pd-Cu-4A-CI-1 16.2 38.2 

2 Pd-Cu-4A-CI-2 7.0 93.0 

3 Pd-Cu-4A-CI-3 3.9 96.1 

    

4 Pd-Cu-4A-TSI-1 10.3 89.7 

5 Pd-Cu-4A-TSI-2 40.7 59.3 

6 Pd-Cu-4A-TSI-3 49.9 50.1 

aArea indicated on Figure 28 

 

 

Figure 28.TEM images corresponding to Cu-Pd-4A-CI-1-3 and Cu-Pd-4A-TSI-1-3 

Cu-Pd-4A-CI-1

Cu-Pd-4A-CI-2

Cu-Pd-4A-CI-3

Cu-Pd-4A-TSI-1

Cu-Pd-4A-TSI-2

Cu-Pd-4A-TSI-3
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As the TEM/EDS analyses are local analysis, only those EDS results were taken in account 

which could mostly represent the whole mass of our used catalysts. All these steps were 

made to give further evidence that the metal content of our catalysts did not change 

drastically after the six cycles. The ICP measurement for the used samples gave 3.7 w/w% 

Cu; 1.1 w/w% Pd for CI-6x and 3.4 w/w% Cu; 1.1 w/w% Pd for TSI-6x. These values are 

notably less than the fresh metal content (Table 4 entries 4, 5); however the ratio between 

copper and palladium did not change significantly. (Cu/Pd ratio was 2.6 for fresh TSI and 2.9 

for TSI-6x; while for fresh CI it gave 2.9 and 3.4 for the CI-6x). To determine the ratio 

between K (the contaminant of the support) and Cu (the catalytic active metal) EDS analysis 

was used. 40.7 w/w% K and 59.3 w/w% Cu may represent the whole recovered TSI catalyst. 

Correcting the ICP results with these values our metal content shows to be 5.7 % Cu and 2 % 

Pd which are close to the fresh values. Performing the same corrections in case of reused C I 

samples the metal contents are transformed into 4% Cu and 1.22% Pd. This still differs from 

the theoretical value. Two different explanations can be given. (i) on one hand it can be 

assumed that these EDS results do not represent the whole mass of the support, so we still 

do not know the real value. (ii) on the other hand if these are the real values the loss of 

activity is explained with a further method, confirming the decrease of the metal content.  

 

Figure 29. TEM image of the recovered catalysts: a) small particles in TSI-6x; b) big particles in TSI-6x; c) small 

particles in CI-6x; d) big particles in CI-6x 

a) b)

c) d)
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Figure 30. Particle size distribution of the recovered catalysts: a) small particles in TSI-6x; b) big particles in TSI-

6x; c) small particles in CI-6x; d) big particles in CI-6x 

In the TEM pictures it can be seen that the metal particles on the surface were 

undergone important changes. In both cases two populations of the metal species were 

found (Figure 29): smaller particles with an average of 2.6 nm at Cu-Pd-4A-TSI recovered 

(TSI-6x) (Figure 30a) and 2.8 nm at Cu-Pd-4A-CI recovered (CI-6x) (Figure 30c). In the case of 

TSI-6x it means only a growth of 0.1 nm in average particle size compared to fresh catalyst 

while for CI-6x it indicates a rise of 0.6 nm. According to EDS analysis these small particles 

contained both copper and palladium. Larger particles mainly consisted of palladium while 

palladium content of the sample was lower than that of copper. The main part of copper 

probably exists as copper oxides’ species that could not be seen by TEM due to an 

insufficient contrast. The average particle size was 17.6 nm in case of TSI-6x (Figure 30b) and 

22.8 nm in case of CI-6x (Figure 30d). It represents a remarkable difference of 5.2 nm 

between the sizes of the big particles present on the two catalysts. 

The EDS analysis showed the presence of palladium-rich particles which were not 

present in the case of fresh catalysts. In TSI-6x besides the Pd-rich species the phase with 

Cu/Pd atomic ratio of 1/1 were still present - as seen at the fresh catalyst - representing the 
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majority of the mixed phase. At CI-6x this kind of composition was not observed at all. The 

small bimetallic particles possessed a different composition with an atomic ratio Cu/Pd 2/1. 

The bigger particles were rich in palladium however this constitution was not significant. 

One can conclude from the TEM results that in both cases two populations of the metal 

particles were present on the surface of the recovered catalysts. In case of CI with decreased 

activity after six cycles the smaller particles grew and exhibited a high percentage of copper 

content. On the contrary, in the case of TSI particles of Cu/Pd with the ratio of 1/1 were still 

present. We assume that these mixed phase metal particles are responsible for the excellent 

catalytic activity of the material in the Suzuki-Miyaura coupling as much as for its continuous 

stability. This observation on the catalytic activity of Pd/Cu (1/1) alloy in Suzuki-Miyaura 

coupling has never been mentioned in the literature yet. Only a few examples for Pd–Cu 

bimetallic catalysis are published for this coupling in the literature, previously discussed in 

the bibliographic study.147-153 

Discussion 

One can conclude that the differences in the characteristics of these catalysts have their 

imprint on the stability during the Suzuki-Miyaura reaction. We tried to explain this 

phenomena with the help of surface analysis of the 6 times used catalysts. According to their 

results we concluded that the role of Cu in our reactions was stabilising palladium due to 

Pd/Cu interaction, thus Pd can keep its active form. 

In the literature deactivation studies are rare about copper-palladium bimetallic 

catalysts, especially in organic reactions. However understanding catalyst deactivation in all 

kinds of catalytic reaction attracts great attention and initiates several discussions. The 

observations are well summarised for instance in the Handbook of Heterogeneous Catalysis1 

and in the edition of Applied Catalysis A in 2001 on catalyst deactivation183. Gladys184 

discussed the question of recoverable catalysts from green chemistry’s point of view 

defining the ideal recoverable catalyst and concluded that the majority of the academic 

research papers focused not on the most important aspect of recoverability (i.e. TOF, TON, 

conversion profiles) alike in his chapter of Recoverable and Recyclable Catalysts. Jones185 

stated that during the 40 years of the research of heterogeneous catalysts only two 
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significant commercial processes utilised supported metal complex catalysis. It is due to the 

few rigorous studies made on reaction kinetics, catalyst recycling, catalyst stability and 

deactivation pathways. From organic point of view Molnár142 gave an extensive summary of 

the recyclability, efficacy and selectivity of palladium catalysts in C-C coupling reactions 

including Suzuki-Miyaura reaction. Several recyclable catalysts were reported including 

palladium nanoparticles, immobilized palladium complexes, palladium complexes under 

homogeneous conditions and miscellaneous examples. However morphology of the catalysts 

and determination of catalytically active species are rare as much as in the reviewed articles.  

To understand better the stability of a supported metallic catalyst we need an insight to 

the properties of the metals. Hughes186 gave the following increasing order of stability for 

metals: Ag < Cu < Au < Pd < Fe < Ni < Co < Pt < Rh < Ru < Ir < Os < Re. Therefore it is not 

surprising if a copper-palladium catalyst can be more sensitive than other commonly used 

metallic catalysts. Theoretical studies have shown that Cu can strongly modify the Pd 

valence state by injecting charge into the sp sub-band.187 It is reported in the literature188 

that the beneficial effect of copper species on the bimetallic Pd–Cu catalyst is related to the 

formation of an active Pd-rich Pd–Cu alloy, which is more reactive than either of the 

monometallic (Cu or Pd cluster) species. In our case this Pd–Cu alloy contained equal amount 

of the two metals. According to the XRD, TEM and EDS analyses we assume that these 

particles are responsible for the catalytic activity and stability. They were present in the 

fresh and used TSI catalysts, but they were absent in the used CI catalysts whose catalytic 

activity dropped. Wang and Lu176 reported that for Cu-rich Pd–Cu bimetallic catalysts the 

effect of copper species is complicated, it highly depends on the Cu precursor. They named 

the increase of the Cu/Pd molar ratio as the reason for the catalyst deactivation in CO 

oxidation (in case of CuCl2 copper precursor – similarly to our catalyst). It is in 

correspondence with our observations: the rise of Cu-rich Cu/Pd alloy in case of recovered 

CI, whose activity dropped in the reaction. In addition to this poisoning and fouling of the 

catalyst by inorganics (K2CO3 in our case) and unreacted reagents may take place too. The 

active metal sites can be blocked such way. Sintering of the Cu/Pd particles also occurs as 

evidence by TEM images of the catalysts. This can be induced by the reaction 

temperature.189 
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3.2. Cu–Pd MgAlO supported bimetallic catalyst for the Suzuki-Miyaura-

coupling[D3] 

Our study was continued with a support having stronger basic character than the 

previously used 4A. Our choice was MgO-Al2O3 with Mg:Al 3:1 ratio (MgAlO) as support to 

examine since it showed promising properties in a previous study as described in the 

bibliographic part.96 Wet impregnation was selected as preparation for the four catalysts 

studied: Cu-MgAlO, Pd-MgAlO as monometallic catalysts; Cu-Pd-MgAlO-TSI and Cu-Pd-

MgAlO-CI as bimetallic catalysts. The catalysts were characterised by ICP, BET, XRD, TEM, 

EDS and TPR. 

3.2.1. Study of the surface and morphology 

The ICP-OES analysis was performed to determine the real metal content and evidenced 

that the results were in accordance with the expected values. A slightly lower metal content 

was obtained than the targeted value but all the samples can be compared with each other 

(Table 14). 

Table 14. Metal content and BET surface area of the mono-and bimetallic catalysts on (MgO)0.75(Al2O3)0.25 

support 

Catalyst 
Targeted values Measured values (ICP) BET surface 

area (m²/g ) Cu (wt%) Pd (wt%) Cu (wt%) Pd (wt%) 

MgAlO - - - - 165 

Cu-MgAlO 6.3 - 5.9 - 115 

Pd-MgAlO - 2.1 - 1.9 150 

Cu-Pd-MgAlO-TSI 6.3 2.1 5.6 1.8 140 

Cu-Pd-MgAlO-CI 6.3 2.1 5.4 1.9 120 

                                                           

[D3]A. Fodor, Z. Hell, L. Pirault-Roy, The influence of the nature of the support on the copper - 

palladium catalysed Suzuki-Miyaura-coupling, Catalysis Letter – article under revision 
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Measurements of the specific surface area using BET method evidenced that the 

support MgAlO changed from 165 m2/g to 140 m2/g in the first case (TSI) and to 120 m2/g in 

the second case (CI) (Table 14). Similar data were obtained earlier for the Cu-Pd-4A catalysts. 

This can be explained by the difference in the preparation method. TSI is a two-step process 

whilst CI takes place in one step. The preparation in several steps allows the sintering of the 

particles during thermal treatments leading to more free sites and thus higher specific 

surface area. The pore volume of the mixed oxides increased from 0.348 cm3/g to 0.396 

cm3/g in case of TSI and to 0.370 cm3/g when the catalyst was prepared with CI. The average 

pore size in case of TSI was 112 Å and 122 Å for CI. Adsorption isotherms of the supports and 

catalysts for gas–solid equilibria belong to Type IV of IUPAC classification indicating that the 

materials are mesoporous ones. 

According to XRD analysis, the crystallised phases of the support consisted - for the most 

part - of periclase (98-000-9863, Mg1O1, cubic) and of -aluminium oxide (98-003-0267, 

Al2.666O3.999, cubic) (Figure 31a). Thus, the two oxides MgO and Al2O3 coexist to form the 

support. In addition to these signals in the diffractograms of bimetallic catalysts signs of 

metallic particles were also identified. To demonstrate it the 2 values between 30-80° are 

represented in Figure 31b. In both TSI and CI cases mostly copper-palladium oxide (00-044-

0185, CuPdO2, tetragonal) and palladium (98-006-4920, Pd1, cubic) in minority were found. 
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Figure 31. XRD patterns a) of the support and fresh TSI and CI catalysts b) zoom in to determine metal crystals 

(◊) Cu-Pd-MgAlO-TSI; (†) Cu-Pd-MgAlO-CI; (§) Palladium 98-006-4920; (&) CuPdO2 00-044-0185; (#) Periclase 

98-000-9863; (¤) -Al2O3 98-003-0267 

3.2.2. Study on the particle size 

 

Figure 32. TEM images of fresh catalysts: a, b) images of Cu-Pd-MgAlO-TSI; c, d) images of Cu-Pd-MgAlO-CI 
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The morphology of the support was found to be highly crystallised by the TEM analysis. 

Concerning the metallic particles, heterogeneous particle size was observed on the surface 

of the TSI catalyst. (Figure 32a,b). 

 

Figure 33. Particle size distribution of Cu-Pd-MgAlO-TSI and Cu-Pd-MgAlO-CI 

The small particles were between 1-10 nm with a 4.9 nm average particle size for Cu-Pd-

MgAlO-TSI (Figure 33). Few big particles up to hundreds of nanometres can be seen, but 

mostly of them are under 100 nm. The overall average particle size was 49 nm but as it can 

be seen in Figure 33, for TSI catalyst, the majority of the particles consists of particles 

between 1-10 nm. On the catalyst prepared by CI procedure the metallic particles were also 

present at heterogeneous size (Figure 32c,d). Their sizes were between 0.7-4.4 nm with a 1.9 

nm average particle size, which is a narrower size distribution than in case of TSI (Figure 33). 

However the overall distribution is larger and an important amount of particles between 10-

50 nm can be pointed out on CI whereas on TSI a bimodal distribution can be seen with small 
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particles and very big particles. Thus, the average size of particles is higher on TSI than on CI 

(49 nm vs. 15.6). For the particles composition, EDS analysis allowed us to see that the 

metallic particles consisted mostly of Cu/Pd with an atomic ratio 1/1 (Table 15) for CI 

catalyst. On the contrary, beside Pd–Cu 1:1 particles, TSI catalyst presented copper-rich 

particles. 

Table 15. EDS data of Cu-Pd-MgAlO-TSI and Cu-Pd-MgAlO-CI 

Entry Catalyst Areaa Cu (Atom %) Pd (Atom%) 

1 
Cu-Pd-

MgAlO-TSI 

Eds 21 43.98 54.90 

2 Eds 22 83.79 0.03 

3 Eds 25 78.59 2.95 

     

4 Cu-Pd-

MgAlO-CI 

Eds 10 42.60 53.64 

5 Eds 11 44.14 54.85 
aArea indicated on Figure 32 

On the surface of MgO-Al2O3 besides the copper-palladium crystals, copper-rich parts 

were also observed, mostly at the areas of smaller particle size (Figure 32a,b, Table 15). By 

generating the diffraction pattern of the crystal on Figure 31b CuPdO2 tetragonal structure 

was found (Figure 34).  

 

Figure 34. Diffraction pattern of the metallic particle Figure 32b, eds 21 

Spot
d-
spacing(nm)

Degrees to 
Spot 1

Degrees to 
x-axis

1 0.1359 0.00 98.35

2 0.1522 26.86 125.22

3 0.1330 53.04 151.40

4 0.2893 115.67 -145.98
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3.2.3. Study of the reducibility of the catalysts by H2-TPR 

Reducibility of Pd–Cu particles on MgAlO support was examined by H2-TPR 

measurement. The results obtained are shown in Figure 35 as hydrogen uptake in the 

function of heating temperature for the monometallic catalysts and for the bimetall ic 

catalysts as well. It should be noted that all catalysts were calcined at 600 °C during the 

preparation, so the oxide forms of metals were obtained. 

 

Figure 35. TPR profiles of mono-and bimetallic catalysts 

Pd-MgAlO 

The TPR profile of Pd-MgAlO showed two peaks, the first one at 30-120 °C (maximum at 

75 °C) and the second one at 125-370 °C (maximum at 200 °C). The first peak corresponds to 

the reduction of PdO crystallites to Pd0 metal.190 This reduction takes place in one step. In 

our case a second peak was also present at 200 °C, which can be contributed to the 

reduction of Pd species strongly interacting with the support. Magnesia is a reportedly 

interacting support.191,192 Pd is also able to form Pd-hydride which is generated by the 

absorption of hydrogen into the sub-surfaces of the metallic Pd.193,194 In a TPR profile it is 

represented by a negative peak corresponding to its decomposition. In our case the 
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formation of these species was not observed. This can be attributed to the relatively small 

palladium particles as it is reported that the smaller the Pd particle size the lower the 

solubility of the hydrogen is.195 

Another possibility is that this negative peak overlaps with the positive one seen 

between 30-120 °C and cannot be observed. 

Table 16. Quantitative TPR analysis for bimetallic and monometallic catalysts 

Entry Catalyst 
H2 consumption/g 

catalyst (mmol/g)a 
Ratiob 

1 Pd-MgAlO 1.58 8.72 

2 Cu-MgAlO 0.90 0.97 

3 Cu-Pd-MgAlO-TSI 0.73 0.60 

4 Cu-Pd-MgAlO-CI 0.69 0.76 
aTotal measured H2 consumption/mass of the sample 
bTotal measured H2 consumption/total theoretical H2 consumption 
assuming the presence of CuO and/or PdO species 

The quantitative analysis of the peaks showed that the measured hydrogen uptake is in 

a large excess compared to the theoretical hydrogen consumption (Table 16 entry 1). This 

indicates the disappearance of palladium-hydrides without negative peaks. It is important to 

note that as palladium absorbs hydrogen the reduction state of the palladium cannot be 

determined based on the ratio between measured and theoretical hydrogen consumption. 

Cu-MgAlO 

During the reduction of Cu-MgAlO sample a single peak was observed, starting at 145 °C 

with a maximum at 250 °C. The area under the peak corresponds well with the theoretical 

hydrogen consumption for the complete reduction of CuO to Cu0. The temperature of the 

reduction and also the quantitative analysis (Table 16 entry 2) substantiates this 

statement.168 

During the temperature programmed reduction of the bimetallic catalysts’ different 

profiles were observed. In both cases two peaks were detected.  
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Cu-Pd-MgAlO-TSI 

Concerning Cu-Pd-MgAlO-TSI a peak at 66-123 °C was present, which might be 

attributed to the reduction of PdO, while the peak at 160-343 °C consist of the reduction of 

two different species: first the reduction of palladium species (a reduction peak at Pd-MgAlO 

at 200 °C) can be seen, which have different particle size as the species reduced around 100 

°C. After the reduction of palladium particles the reduction of Cu/Pd alloy happens. As their 

temperatures are close to each other we see this process as one H2 consumption peak with a 

head at 240 °C. This temperature is slightly lower than the maximum at Cu-MgAlO (250 °C). 

It was reported in the literature for Cu–Pd catalysts95 that by the addition of the palladium, 

the reduction temperature seen at the monometallic copper catalyst decreases. It can be 

attributed to the hydrogen spillover from palladium to copper, which facilitates the 

reduction and suggests the proximity of the two metals. As for the ratio between theoretical 

and actual hydrogen consumption it gave 0.60 (Table 16 entry 3). 

Cu-Pd-MgAlO-CI 

For Cu-Pd-MgAlO-CI the first peak contributed to palladium reduction is also present at 

56-127 °C. While the second peak has a different shape at 153-347 °C as it had in case of TSI 

and a lower maximum at 220 °C. We assume that in case of CI first it consists of the 

reduction of Cu/Pd alloy which is followed by the reduction of copper particles, as in this 

case the peak has a tail. The lower maximum of this peak suggests that the hydrogen 

spillover from the palladium is even more important in the case of this catalyst. The ratio 

between the calculated and measured H2 consumption in this case was 0.76 (Table 16 entry 

4). These results are consistent with the DRX, TEM and EDS data.  

One can conclude from the characteristics of the fresh catalysts that the two metals 

were brought into close interaction forming Cu/Pd 1/1 alloy. 
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3.2.4. Study of the basicity by adsorption of carbon dioxide followed by FT-IR 

To test the acido-basic properties of a support or a catalyst FT-IR is a well-known 

method. No direct observation of the vibration bands for acido-basic properties is possible 

for solid acids or bases. To obtain information from IR the material has to be in contact with 

a probe molecule (for example pyridine for Lewis acidity, CO2 for basicity). In our study CO2 

was the probe molecule to classify the basicity of the supports and the bimetallic catalysts.  

Four samples were tested to compare their basic properties: the two supports (4A and 

MgAlO) and the two bimetallic catalysts containing the most Cu/Pd 1/1 (Cu-Pd-4A-TSI and 

Cu-Pd-MgAlO-CI). 

Profiles between 50-450 °C by 50 °C step are presented in the following graphs. Besides 

the complete FT-IR spectra the zoom in between 1100 and 2000 cm-1 are also presented. All 

spectra are subtracted ones. 

Basicity of the supports 

MgAlO 

The adsorption of CO2 was performed at room temperature by the addition of known 

amounts of CO2. Before the analysis physisorbed CO2 was removed under vacuum. Then the 

thermo-desorption was performed from room temperature until 450 °C by 50 °C steps. 

 

Figure 36. Subtracted spectra of adsorbed carbon dioxide on (MgO)0.75(Al2O3)0.25 after adsorption of CO2 at 

room temperature. Spectra recorded between 50-350 °C by 50 °C step. 
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Figure 36 shows the results obtained for MgAlO between 1100-2000 cm-1. The intensity 

gradually decreased by the increasing desorption temperature as expected. All the bands 

disappeared at 350 °C. 

The interaction of CO2 with metal oxides can lead to several species such as organic 

carbonates, mono- or bidentate carbonates.196 The interaction of CO2 with surface hydroxyl 

groups results in the formation of hydrogen-carbonate species (Figure 37), furthermore on 

basic oxygen ions a variation of carbonate species can be formed (Figure 38)197 and also 

physisorbed CO2 can be attributed to IR-bands.  

 

Figure 37. Formation of hydrogen carbonate species from OH-groups 

 

Figure 38. Carbonate species formed on basic oxygen ions of mixed oxides during interaction with carbon 

dioxide 

The spectrum of the support MgAlO is complex, containing several vibrations (Figure 

36). The vibration of bicarbonates formed from basic hydroxyls and carbon dioxide is 

situated at 1234 cm-1 associated with C-OH vibration. The signs at 1310 cm-1 and 1697 cm-1 

can be associated with the C=O vibrations of two different bidentate carbonates. The 

vibration at 1382 cm-1 and at 1600 cm-1 can be attributed respectively to the symmetric and 

asymmetric stretching (OCO) of bidentate carbonates.198 1427 cm-1 is attributed to the 

symmetric stretch (OCO). The bands at 1475 cm-1 and 1648 cm-1 correspond to the 

asymmetric stretches C=O of monodentate carbonate. The band at 1520 cm-1 can be 

assigned to the asymmetric stretching (OCO) of monodentate carbonate. Bands higher than 
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the interval 1100-2000 cm-1 showed in Figure 36 were also present at 2854 cm-1, 2915 cm-1 

and 3545 cm-1, the latest corresponding to OH.  

Cu-Pd-MgAlO-CI 

On the co-impregnated sample less signals appeared compared to the support itself 

(Figure 39). 

 

Figure 39. Subtracted spectra of adsorbed carbon dioxide on Cu-Pd-MgAlO-CI after adsorption of CO2 at room 

temperature. Spectra recorded between 50-350 °C by 50 °C step. 

It is interesting to observe that the band corresponding to C-OH vibration (at 1234 cm-1) 

disappeared after impregnation of the support, and the bands shifted and their shape 

became more regular, only with one maximum in case of bimetallic catalyst. The bands 

observed at 1363 cm-1 and at 1630 cm-1 can be assigned to C=O vibrations of two different 

bidentate carbonate structures and the band at 3542 cm-1 corresponds to OH. 

4A 

Studies in the literature about the CO2 adsorption on zeolites followed by FT-IR are not 

numerous. Many bands present in our spectra cannot be attributed to those of the 

literature. Figure 40 shows the subtracted spectra of adsorbed carbon dioxide on 4A. 
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Figure 40. Subtracted spectra of adsorbed carbon dioxide on 4A after adsorption of CO2 at room temperature. 

Spectra recorded between 50-350 °C by 50 °C step. 

The band at 2300 cm-1 - corresponding to the asymmetric stretching (OCO) of 

physisorbed CO2
199 - was only present on the spectrum taken at room temperature, by 

increasing temperature it disappeared completely. The bands observed in the region 1200-

1700 cm-1 (Figure 40) can be associated with chemisorbed CO2 species. These include either 

CO2 molecules adsorbed on the cations in a linear configuration (2 band) or in form of 

carbonate/bicarbonate ions.200 A peak was observed with two maxima at 3461 cm-1 with a 

shoulder at 3298 cm-1 corresponding to OH. 

Cu-Pd-4A-TSI 

On the successively impregnated sample on 4A the signals differed from those of the 

support only (Figure 41). The band at 2350 cm-1 corresponding to the asymmetric stretching 

(OCO) of physisorbed CO2 was present on the RT and 50 °C sample as well, but by 

increasing temperature the band disappeared. All bands disappeared completely above 150 

°C. The band at 1660 cm-1 corresponds to the asymmetric C=O of hydrogen-carbonate 

species formed after the interaction between CO2 and surface hydroxyl groups. 
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Figure 41. Subtracted spectra of adsorbed carbon dioxide on Cu-Pd-4A-TSI after adsorption of CO2 at room 

temperature. Spectra recorded between 50-150 °C by 50 °C step. 

Conclusions of the infrared-study 

It can be evidenced for the FT-IR measurements that the basicity of the supports 

changed during the catalyst preparation. In the literature no coefficient related to the 

capacity of a material for the adsorption of carbon dioxide exists. To obtain quantitative 

information on the basicity among these four materials the area of the bands between 1670 

cm-1 and 1310 cm-1 were taken into account. These bands correspond to bidentate 

carbonates generally related to basicity. The spectra after evacuation under vacuum at room 

temperature were used to compare the materials (Figure 42). 

Table 17. Area of the bands located between 1310-1670 cm
-1

 for the supports and bimetallic catalysts 

Material Area (a.u.) 

Area of bands 

expressed g of 

support (a.u./g) 

Area of bands 

expressed per m2 of 

support (a.u./m2) 

MgAlO 20.482 1072 6.497 

4A 30.780 758 0.948 

Cu-Pd-MgAlO-CI 8.935 377 3.142 

Cu-Pd-4A-TSI 1.094 29.5 0.095 
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Figure 42. Subtracted spectra after evacuation at room temperature of 20 mg material 

Table 17 shows the quantitative values in order to compare the catalysts. The area per 

support decreases from MgAlO to Cu-Pd-MgAlO-CI indicating that after the preparation of 

the bimetallic catalysts several surface hydroxyl groups and basic oxygen are covered, 

and/or no longer available for adsorption of carbon dioxide molecules. 

The density of basic hydroxyl groups showed that MgAlO and Cu-Pd-MgAlO-CI exhibits 

significantly stronger basic properties than 4A or Cu-Pd-4A-TSI. 

We can conclude from the FT-IR study that the ranking of the materials based on their 

basic properties (area per m2) is as follows:  

MgAlO > Cu-Pd-MgAlO-CI > 4A > Cu-Pd-4A-TSI. 
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3.2.5. Catalytic test in the Suzuki-Miyaura reaction 

The Cu-Pd-MgAlO catalysts were tested in the reaction of phenylboronic acid (1a) with 

iodobenzene (2a) in the presence of potassium carbonate as base in ethanol as solvent 

(Figure 21). In the first experiments these catalysts showed the same activity as the Pd-Cu-

4A catalysts earlier, the corresponding product – biphenyl (3a) – was obtained with 

quantitative preparative yield (Table 18). Previously it was evidenced that homocoupling of 

the boronic acid took place in a small extent for example between tolylboronic acids and 

iodobenzene to produce the corresponding dimethyl-biphenyls whereas the catalytic 

reaction reached respectively 100% for conversion and a selectivity towards biphenyl up to 

99% (1b-d). 

Table 18. Catalyst screening for the Suzuki-Miyaura reactiona 

 

Catalyst Yield (%)b 
Conversion 

(%)c 
TOF (h-1)d 

No catalyst <5 <5 n/a 

MgAlO <5 <5 n/a 

Cu-Pd-MgAlO-CI 100 100 170.4 

Cu-Pd-MgAlO-TSI 100 100 526.3 

a
Reaction conditions: phenylboronic acid (1.5 mmol), iodobenzene (1 mmol), 

potassium carbonate (3 mmol), 0.1 g (1.8 mol% Pd and 8.5 mol% Cu) with 
Cu-Pd-MgAlO-CI catalyst and (1.7 mol% Pd and 8.82 mol% Cu) with Cu-Pd-
MgAlO-TSI in EtOH, 78°C, 1h 
bIsolated yield in biphenyl 
cConversion of iodobenzene 
d
At 1 hour, calculated assuming that the number of the atoms on the 

surface is the amount of the catalyst active phases. Ignoring the exact 
repartition between Cu and Pd, the average of the two values D x d 
corresponding to each metal was used 
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Hot filtration test 

Hot filtration test was performed to ascertain the heterogeneous nature of the catalyst. 

The catalytic material (Cu-Pd-MgAlO-CI) was eliminated at 10 min and the reaction was 

continued in the absence of the catalyst with the afresh added K2CO3 base until 60 min of 

reaction time. After the workup of the reaction mixture the reaction showed to be 

incomplete resulting in biphenyl (3a) with 73% isolated yield. The hot filtration test showed 

that by the elimination of the catalytic material the reaction stopped completely. We can 

conclude though that our catalytic process is heterogeneous, the metals are not in the 

solution during the reaction followed by precipitation to the surface of the support while 

cooling down.  

Stability 

The stability of the TSI and CI catalysts prepared with two methods was tested in the 

Suzuki model reaction between phenylboronic acid (1a) and iodobenzene (2a). We 

examined whether there was a difference between the stability of the two materials. The 

results are reported in Figure 43. 

 

Figure 43. Stability of the catalysts Cu-Pd-MgAlO in the Suzuki model reaction  

The activity of the catalyst prepared with CI did not change even after 6 catalytic runs, 

while the samples prepared with TSI showed decreasing activity after the 5th cycle: the 
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the catalyst prepared with TSI was more stable, while in case of MgAlO the method CI 

proved to result in a more stable catalyst for the Suzuki-Miyaura coupling. This result is in 

good agreement with our previous findings such that the catalytically active species are the 

Cu/Pd 1/1 particles. Thus, whatever the preparation method, the important criteria is the 

amount of bimetallic Cu/Pd 1/1 particles, as their quantity is higher with the CI preparation 

on MgAlO and with TSI method on 4A as evidenced by TEM-EDS analysis. 

Differences in the reaction time 

To compare the catalysts supported on MgAlO and 4A the model reaction 

(phenylboronic acid and biphenyl, see Figure 21) was carried out with the two most stable 

catalyst - Cu-Pd-4A-TSI and Cu-Pd-MgAlO-CI – during different reaction times. To study the 

differences in the rate of the reaction samples were taken at 10 min, 30 min and 60 min. The 

results obtained are shown in Table 19. 

Table 19. Reaction time of the Suzuki-Miyaura reaction with Cu-Pd-4A-TSI and Cu-Pd-MgAlO-CIa 

 

Reaction 

time (min) 

Cu-Pd-4A-TSI Cu-Pd-MgAlO-CI 

Yield (%)b 
Conversion 

(%)c 
TOF (h-1)d Yield (%) 

Conversion 

(%)c 
TOF (h-1)d 

10 63 88 14.7 73 90 124.4 

30 73 94 17.0 >99 100 170.4 

60 >99 100 23.3 >99 100 170.4 
aReaction conditions: phenylboronic acid (1a) (1.5 mmol), iodobenzene (2a) (1 mmol), potassium carbonate (3 
mmol), 0.1 g catalyst (2 mol% Pd and 9 mol% Cu) with Cu-Pd-4A-TSI and (1.8 mol% Pd and 8.5 mol% Cu) with 
Cu-Pd-MgAlO-CI in EtOH, 78 °C 
bIsolated yield in biphenyl (3a) 
cConversion of iodobenzene (2a) 
dAt 1 hour, calculated assuming that the number of the atoms on the surface is the amount of the catalyst 
active phases. Ignoring the exact repartition between Cu and Pd, the average of the two values D x d 
corresponding to each metal was used 
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It is interesting to observe that while with the catalyst supported on 4A 60 minutes were 

required for the completion of the reaction with the MgAlO supported material, the half of 

this reaction time, 30 minutes were sufficient. It can be either due to the more basic 

support, or due to the difference in particle size. In case of Cu-Pd-4A-TSI the average particle 

size was 2.5 nm, while in case of Cu-Pd-MgAlO-CI that of the small particles was 1.9 nm with 

an overall particle size of 15.6 nm. This difference in the reaction rate can be a crucial point 

in catalyst selection. 

Effect of the quantity of the base 

The impact of decreasing the quantity of the base was also studied. We wanted to find 

out if a support with stronger basic properties can possibly lead to the elimination of the 

base as much as we wanted to determine the role of the base. Is it only needed in the 

catalytic cycle or it has also a role to stabilise the catalyst to restore the basicity of the 

support? To answer this question the model reaction (Figure 21) was carried out with Cu-Pd-

4A-TSI catalyst and Cu-Pd-MgAlO-CI. These catalysts previously proved to be stable and 

active even after six cycles. Table 20 shows the results obtained. 

Table 20. Effect of the base reduction on the Suzuki-Miyaura reaction yield in the presence of Cu-Pd-4A-TSI 

and Cu-Pd-MgAlO-CIa 

Quantity 

of base 

(eq.) 

Cu-Pd-4A-TSI Cu-Pd-MgAlO-CI 

Yield (%)b 
Conversion 

(%)c 
TOF (h-1)d Yield (%) 

Conversion 

(%)c 
TOF (h-1)d 

3 >99 100 23.3 >99 100 170.4 

2.5 80 100e 18.6 >99 100 170.4 

2 80 100e 18.6 87 100e 148.2 

1.5 80 100e 18.6 80 100e 136.3 

1 80 100e 18.6 80 100e 136.3 
aReaction conditions: phenylboronic acid (1a) (1.5 mmol), iodobenzene (2a) (1 mmol), potassium carbonate 
(3 mmol), 0.1 g catalyst (2 mol% Pd and 9 mol% Cu) with Cu-Pd-4A-TSI and (1.8 mol% Pd and 8.5 mol% Cu) 
with Cu-Pd-MgAlO-CI in EtOH, 78 °C, 1 h 
bIsolated yield in biphenyl (3a) 
cConversion of iodobenzene (2a) 

dAt 1 hour, calculated assuming that the number of the atoms on the surface is the amount of the catalyst 
active phases.  
eByproduct: 2,4,6-triphenyl-cycloboroxane (4) 
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Originally in the reaction 3 equivalents of base were applied. In case of 4A by decreasing 

the quantity of the base even with a half equivalent (i.e. 2.5 equivalents of K 2CO3 were 

used), the yield of biphenyl (3a) dropped significantly while in case of MgAlO support, the 

same reduction still leads to quantitative yield (the biphenyl (3a) production is >99%). In the 

presence of 1.5 eq. base and MgAlO support, the same result was obtained as with 2.5 eq. 

base and 4A support, namely 80% yield. Our results thus show that even though the stronger 

basic character of the support does not allow us to eliminate the inorganic base from the 

reaction mixture, our Cu-Pd-MgAlO-CI catalyst can work with a slightly reduced quantity of 

base. However in case of 4A support, at least 3 equivalents of base are needed to perform 

the reaction and to stabilise the catalyst. 

Scope of the reaction 

Table 21 Scope of the Cu-Pd-MgAlO-CI catalyst in the Suzuki-Miyaura couplinga 

Boronic acid Aryl halide 
Yield 

(%)b 

Conversion 

(%)c 
TOF (h-1)d 

1a 2v 
>99 100 170.4 

1a 2u 
80 91 136.3 

1a 2x 
86 100 146.5 

1c 
2b 

>99 100 170.4 

1d 2g 

- e - n/a 

aReaction conditions: phenylboronic acid (1.2 mmol), aryl halide (1 mmol), potassium 
carbonate (3 mmol), 0.1 g catalyst (1.8 mol% Pd and 8.5 mol% Cu) Cu-Pd-MgAlO-CI in 
EtOH, 78°C, 1 h; 

b
Isolated yield of biphenyl derivative; 

c
Conversion of aryl halide based 

on 
1
H NMR data; 

d
At 1 h, calculated assuming that the number of the atoms on the 

surface is the amount of the catalyst active phases. 
e
Reaction time: 2h 15 min. 
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The scope of the reaction was studied to ascertain that heterogeneous coupling takes 

place and also to examine the less activated coupling agents for the Suzuki-Miyaura reaction 

such as bromobenzenes (2b, 2u, 2v, 2x) and chlorobenzene (2g) substituted in different 

positions. The results obtained are summarised in Table 21. 

One can conclude that during 1 hour reaction time the bromobenzene derivatives (2b, 

2u, 2v, 2x) have undergone the coupling resulting the heterocoupled product from good to 

excellent yield regardless the position of the subtituent (o-, m-, p-position either on the 

bromobenzene or on the boronic acid). Comparing the results with those obtained with Cu-

Pd-4A-TSI (Table 12) we can conclude that with Cu-Pd-MgAlO-CI better results were 

achieved during shorter reaction time as 4-methyl-1,1’-biphenyl (3h) was obtained with 

>99% yield with both catalysts; 3-methyl-1,1’-biphenyl (3g) was obtained with 65% yield in 

1.5 h (Cu-Pd-4A-TSI) vs. 80% yield in 1 h (Cu-Pd-MgAlO-CI) and 2-trifluoromethyl-1,1’-

biphenyl (3ab) was obtained with 72% yield in 1.5h (Cu-Pd-4A-TSI) vs. 86% yield in 1 h (Cu-

Pd-MgAlO-CI). The 4-chlorobenzaldehyde (2g) proved to be unreactive. 

Discussion 

In this subsection the effect of the support and that of the quantity of the base in the 

Cu–Pd catalysed Suzuki-Miyaura reaction were examined. The catalysts were prepared with 

wet impregnation on (MgO)0.75(Al2O3)0.25 support. This support was selected taking into 

account the results of a previous study showing that it possesses high basicity along with 

relatively high surface compared to other MgO-Al2O3 mixed oxides with different ratios. Two 

methods were used to obtain samples (Two-Step Impregnation and Co-Impregnation). After 

thermal treatment (calcination at 600 °C without reduction), the monometallic and 

bimetallic catalysts prepared were characterised using ICP, BET, XRD, TEM, EDS, FT-IR and 

TPR. According to XRD analysis besides the signals of the supports CuPdO2 particles were 

found in majority on the surface of both catalysts. According to TEM results the particle size 

was heterogeneous in both cases. Small particles with an average size of 1.9 nm and narrow 

size distribution (0.7-4.4 nm) were present on the surface of CI. The larger particles were up 

to 45 nm, and the overall average particle size was 15.6 nm. These two populations were 

also present on TSI but with wider size distribution as the smaller particles were between 1-
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10 nm with an average size of 4.9 nm. Few big particles up to hundreds of nanometres can 

be seen, but mostly of them are under 100 nm with an overall average particle size of 49 nm. 

EDS analysis showed the presence of Cu/Pd 1/1 on both catalysts. Comparing the two TPR 

profiles the interaction of the two metals and also the presence of different monometallic 

particles on the two catalysts was proven. The reduction peaks shifted compared to those of 

the monometallic catalysts indicating the proximity of the two metals. By comparing the 

ratio between the theoretical and measured hydrogen consumption for the bimetallic 

catalysts (TSI: 0.60; CI: 0.76) one can conclude that a part of metal cannot be reduced at 

temperature lower than 600 °C which can be the result of that i) either this part was already 

reduced and existed as PdCu in metallic form (Pd–Cu alloy) or ii) the opposite, a part of 

metal is non-reducible and still exists as oxide species even at 600 °C under H2 flow. These 

species are in strong interaction with the support. 

The catalytic tests were performed in the Suzuki-Miyaura cross coupling reaction where 

the activity and stability of the catalysts were examined. It was found that the catalyst 

prepared with CI was more stable if the support was MgAlO. During our previous study we 

found that in case of Cu–Pd supported on 4A the TSI catalyst was more stable in this 

reaction. Although depending on the nature of the support a different preparation method 

proved to result an active and stable catalyst, these results are in accordance as these 

preparation methods accelerate the formation of the active phase Cu/Pd 1/1 alloy with small 

(2.5 nm) and relatively small (15.6 nm) particle size. We can conclude that whatever the 

preparation method is, the aim is the formation of Cu/Pd 1/1 particles. Our catalyst CI 

supported on MgAlO was active and selective during 6 catalytic cycles in the Suzuki-coupling, 

while the activity of the catalyst prepared with TSI dropped after the fifth use. This might be 

due to the difference in the particle size and/or the amount of Cu/Pd 1/1 alloy. Taking an 

insight to the kinetics of the reaction with the catalysts supported on 4A and MgAlO it was 

evidenced that the reaction takes place in 30 minutes by the Cu-Pd-MgAlO-CI catalyst, while 

with Cu-Pd-4A-TSI it requires one hour reaction time. It is an important finding as MgAlO has 

a drawback compared to 4A, as 4A is a readily available support, while MgAlO needs to be 

prepared. Taking into account that the reaction rate is faster with Cu-Pd-MgAlO-CI, the 

catalytic process is more economic, the application of Cu–Pd supported on MgAlO is 

favoured compared to that of Cu–Pd on 4A.  
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Regarding the elimination / reduction of the quantity of the base, first the function of 

the base in this catalytic cycle should be studied and described. The role of the anionic bases 

and their charge-balancing cations were thoroughly studied by Amatore et al.163-165 as 

described in the bibliographic part. These previous studies allow us certain conclusions. Our 

experiments to study the effect of the quantity of the base on the Cu–Pd catalysed Suzuki-

Miyaura reaction were carried out with the two most stable catalysts: Cu-Pd-4A-TSI and Cu-

Pd-MgAlO-CI. In case of the 4A support with decreasing amount of K2CO3 the yield dropped 

significantly. Already 0.5 equivalent decrease (2.5 eq. K2CO3 instead of 3) resulted in 80% 

instead of quantitative yield. On the other hand, same decrease leads to quantitative yield 

on Pd-MgAlO-CI (yield 99%). On this catalyst the decrease of the yield is more gradual. Thus 

with a more basic support the reduction of the quantity of the base is possible however it 

brings a relative but acceptable lower activity (87% by decreasing the amount of 1 

equivalent). To avoid this, even more basic supports should be tested. As the MgAlO is not 

just present as a recoverable base but as a support it only allows us to slightly decrease the 

quantity of base applied while keeping its activity and role as a support. A previous study by 

Corma et al. demonstrated that the activity of the palladium-containing sepiolites increased 

with the basicity of the support in the Heck and Suzuki reactions, where the deactivation of 

the catalyst was explained by the depletion of the solid basic sites201. 

Regarding the scope of the reaction it can be concluded that during shorter reaction 

time (1 hour vs. 1.5 hours) better results were obtained in the coupling of bromobenzene 

derivatives with Cu-Pd-MgAlO-CI than with Cu-Pd-4A-TSI. This is a further proof of the higher 

activity of the MgAlO supported material in the Suzuki-Miyaura coupling. Still the coupling of 

a cholorobenzene derivative did not take place. 
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3.3. Cu/Pd 1/1 bimetallic catalysts supported on 4A and MgAlO for the 

Suzuki-Miyaura-coupling 

As the Cu/Pd 1/1 particles proved to be the active species and responsible for the 

stability in the Suzuki-Miyaura coupling, the catalysts with the corresponding metal loadings 

were prepared on 4A and also on MgAlO supports. The metal loading on the previously 

presented and tested catalysts was Cu/Pd in 1/0.2 molar ratio. To obtain equal loading of the 

metals two possibilities were present: to increase the quantity of palladium (Cu/Pd 1/1) or to 

decrease the quantity of the copper (Cu/Pd 0.2/0.2). My choice was to decrease the 

transition metal loading, so that the noble metal does not need to be used in bigger quantity 

and also this way metal content of the catalytic system is decreased. 

3.3.1. Study of the surface and morphology 

Considering the metal content of the samples ICP-OES showed that the obtained metal 

loadings were in agreement with the theoretical values (Table 22). The palladium loading 

was slightly lower in case of 4A supported bimetallic catalysts, whilst the copper loading was 

slightly lower in case of Cu(0.2)-Pd(0.2)-MgAlO-CI. The monometallic Pd(0.2)-4A/MgAlO 

catalysts were not examined as they are identical with Pd-4A/MgAlO previously studied 

catalysts. 

Table 22. Metal content of the mono-and bimetallic catalysts 

Catalyst 
Targeted values Measured values (ICP) 

Cu (wt%) Pd (wt%) Cu (wt%) Pd (wt%) 

Cu(0.2)-4A 1.3 - 1.2 - 

Cu(0.2)-Pd(0.2)-4A-TSI 1.3 2.1 1.2 1.8 

Cu(0.2)-Pd(0.2)-4A-CI 1.3 2.1 1.2 2.0 

Cu(0.2)-MgAlO 1.3 - 1.2 - 

Cu(0.2)-Pd(0.2)-MgAlO-TSI 1.3 2.1 1.2 2.1 

Cu(0.2)-Pd(0.2)-MgAlO-CI 1.3 2.1 1.1 2.1 
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The specific surface areas of the catalysts were studied using BET-BJH method. The 

results obtained are summarised in Table 23. The BET surface area was higher in case of 

MgAlO supported catalysts and the pore volume, pore size was also higher for the mixed 

oxides supported catalysts.  

Table 23. BET surface area of the mono-and bimetallic catalysts 

Entry Catalyst 
BET surface 

area (m²/g) 

Pore volume 

(cm3/g) 

Average 

pore size (Å) 

1 Cu(0.2)-4A 58 0.125 79 

2 Cu(0.2)-Pd(0.2)-4A-TSI 65 0.148 85 

3 Cu(0.2)-Pd(0.2)-4A-CI 62 0.125 76 

4 Cu(0.2)-MgAlO 177 0.493 110 

5 Cu(0.2)-Pd(0.2)-MgAlO-TSI 163 0.452 108 

To examine the morphology of the catalysts XRD measurements were performed. The 

XRD patterns of Cu(0.2)-Pd(0.2)-MgAlO-CI and Cu(0.2)-Pd(0.2)-MgAlO-TSI are shown in 

Figure 44a. As remarked before the patterns of the catalysts mostly consist of the signals of 

the support periclase and -alumina. In order to have a closer look on the metallic particles 

Figure 44b shows the zoom in between 30-80° 2 Besides the sign of the coexisting metal 

oxides of the support the signs of bimetallic parts such as CuPdO2 (00-044-0185) and 

monometallic parts in minority as copper oxide (98-006-1323) and palladium (98-006-4920) 

were found on both catalysts. 
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Figure 44. XRD patterns a) of the support and fresh Cu/Pd 1/1 MgAlO TSI and CI catalysts b) zoom in to 

determine metal crystals (◊) Cu(0.2)-Pd(0.2)-MgAlO-TSI; (†) Cu(0.2)-Pd(0.2)-MgAlO-CI; (§) Copper oxide 98-006-

1323; (&) Palladium 98-006-4920; (#) CuPdO2 00-044-0185; (¤) Periclase 98-000-9863; (*) -Al2O3 98-003-0267 

As for the Cu/Pd 1/1 series on 4A the patterns are shown in Figure 45a. It has to be 

noted that herein the signals of the support are even more characteristic making more 

difficult to determine the metallic phases. Furthermore, the possibly smaller metallic 

particles compared to MgAlO catalysts render analysis also difficult. However Figure 45b 

gives an insight into the metallic phases as it shows the interval between 40-70° 2 Thus 

metallic parts of Cu/Pd 1/1 (98-1010-3082) and Cu/Pd 0.6/0.4 (98-016-6153) were identified. 
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Figure 45. XRD patterns a) of the support and the fresh Cu/Pd 1/1 TSI and CI catalysts supported on 4A b) zoom 

in to determine metal crystals (◊) Cu(0.2)-Pd(0.2)-4A-TSI; (†) Cu(0.2)-Pd(0.2)-4A-CI; (§) Zeolite A 98-000-9326; 

(&) Cu Pd (0.6/0.4) 98-016-6153; (#)Cu Pd (1/1) 98-010-3082 

3.3.2. Study on the particle size 

To measure the particle size distribution and dispersion of the metals on the surface of 

the catalysts TEM-EDS analyses were performed on the Cu(0.2)-Pd(0.2)-4A-TSI and Cu(0.2)-

Pd(0.2)-4A-CI samples. 
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Cu/Pd 1/1 catalyst on 4A prepared with co-impregnation 

On this sample the metals were disposed on the support in different ways. The support 

itself had two different morphologies: sticks and agglomerates. Agglomerated Cu/Pd 1/1 

particles were present on Si- and Al-rich parts of the support (Figure 46b, Table 24 entry 2). 

Well dispersed parts also possess metallic parts of Cu/Pd 1/1 on the support with Si, Al, Mg 

and Na content (Figure 46a, Table 24 entry 1). Some isolated parts rich in palladium were 

also observed (Table 24 entry 3). Considering the particle size distribution, the average 

particle size is 2.7 nm taking into account 584 particles (Figure 47). This value is 0.5 nm 

higher than in case of Cu-Pd-4A-CI. 

 

Figure 46. TEM-EDS pictures of Cu/Pd 1/1 catalysts on 4A support a) Cu(0.2)Pd(0.2)-4A-CI well dispersed 

particles; b) Cu(0.2)Pd(0.2)-4A-CI agglomerated particles; c) Cu(0.2)Pd(0.2)-4A-TSI well dispersed part; d) 

Cu(0.2)Pd(0.2)-4A-TSI agglomerated part 

a)

b)

c)

d)
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Figure 47. Particle size distribution of Cu(0.2)Pd(0.2)-4A catalysts 

Cu/Pd 1/1 catalyst on 4A prepared with successive impregnation 

On this sample also two different types of support were observed resulting in the 

different deposition of the metallic particles. Again agglomerated particles were on a 

homogeneous part of the support rich in Si and Al (Figure 46d). 

Table 24. EDS data of Cu(0.2)-Pd(0.2)-4A-TSI and Cu(0.2)-Pd(0.2)-4A-CI 

Entry Catalyst Areaa Cu (Atom %) Pd (Atom%) 

1 
Cu(0.2)-Pd(0.2)-

4A-CI 

Figure 46a 50.62 49.38 

2 Figure 46b 58.04 41.96 

3 Isolated part 12.86 87.14 

     

4 

Cu(0.2)-Pd(0.2)-

4A-TSI 

Eds 20 35.40 64.60 

5 Eds 21 27.53 72.47 

6 Eds 10 29.41 70.59 

7 Isolated part (25) 3.90 96.10 
aArea indicated on Figure 46 

Contrary to CI the metal content of these was close to Cu/Pd 2/1 (Table 24 entry 6). Well 

dispersed parts were also present on the Si, Al, Mg and Na rich parts of the support (Figure 

46c), where the EDS analysis gave that the metallic particles were Cu/Pd 1/1 and Cu/Pd 2/1 

(Table 24 entries 4, 5). Again the isolated parts were rich in Pd (Figure 46c part 25, Table 24 

entry 7). It should be noted that a small part with the composition of Al/Si/Pd/Cu was also 
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present on the sample. Considering the particle size distribution the average particle size 

was 3.3 nm which is 0.6 nm higher than for Cu(0.2)-Pd(0.2)-4A-CI and 0.8 nm higher than for 

Cu-Pd-4A-TSI (Figure 47). 

Summing up the TEM and EDS results it can be concluded that the majority of the 

particles were Cu/Pd 1/1 on both catalysts. Isolated parts rich in Pd were present in both 

cases. On the TSI sample particles rich in copper were also detected. Concerning the average 

particle size it was higher for the TSI catalyst, which is due to the preparation method as the 

two step impregnation induces the agglomeration of the metals. 

3.2.4. Study of the reducibility of the catalysts by H2-TPR 

H2-TPR measurements were performed in order to obtain information on the nature of 

the metals on the catalysts. Figure 48 shows the results obtained as H2 consumption in the 

function of temperature for the 0.2-4A catalyst series and the results of the quantitative 

analysis are summarised in Table 25. 

 

Figure 48. TPR profiles of Cu(0.2)-4A and Cu/Pd 1/1 bimetallic catalysts supported on 4A 

Cu(0.2)-4A 

In the TPR profile of the Cu(0.2)-4A catalyst 3 peaks can be observed. The first peak 

between 105-190 °C with a maximum at 160 °C; the second peak between 190-315 °C with a 
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maximum at 220 °C and finally the third peak from 315 °C with a maximum at 435 °C. These 

values are in accordance with the literature indicating the reduction of three different 

copper species.168 The first reduction peak corresponds to the reduction of CuO to Cu0. The 

comparison of the measured hydrogen consumption and the theoretical consumption gives 

the value of 0.12 contrary to the theoretical 1, indicating that only very few amount of CuO 

species are present on the catalyst. The second peak with a maximum at 220 °C can be 

attributed to the reduction of Cu2+ to Cu+. The comparison between the measured and 

theoretical H2 consumption gives 0.4 for this peak contrary to the expected 0.5. As already 

described in case of Cu-4A this difference between the theoretical and measured value can 

be explained by three possible reasons: (i) A part of the metal is already in oxidation state 

+1. (ii) A part of the metal is already completely reduced to Cu0. (iii) A part of our metal is not 

accessible for reduction. The third peak starting at 315 °C indicates the reduction of Cu+ 

species to Cu0. The ratio between the measured and theoretical hydrogen consumption is 

1.1 which is significantly higher than the expected 0.5, confirming the original presence of 

Cu+ particles. 

Table 25. Quantitative TPR analysis for bimetallic and monometallic catalysts 

Entry Catalyst 
H2 consumption/g 

catalyst (mmol/g)a 
Ratiob 

1 Cu(0.2)-4A 0.31 1.63 

2 Cu(0.2)-Pd(0.2)-4A-CI 0.26 0.68 

3 Cu(0.2)-Pd(0.2)-4A-TSI 0.24 0.67 

4 Cu(0.2)-MgAlO 0.25 1.28 

5 Cu(0.2)-Pd(0.2)-MgAlO-CI 0.31 0.81 

6 Cu(0.2)-Pd(0.2)-MgAlO-TSI 0.38 1.00 
aTotal measured H2 consumption/mass of the sample 
bTotal measured H2 consumption/total theoretical H2 consumption 

Cu(0.2)-Pd(0.2)-4A-CI 

For the Cu(0.2)-Pd(0.2)-4A-CI catalyst also 3 peaks were present in the TPR-profile 

(Figure 48) but the reduction temperatures shifted and the integrals also changed compared 

to those of the monometallic catalysts. Peaks with the following maxima occurred: 80 °C 



99 

 

with a shoulder, 220 °C and 340 °C. The first reduction peak corresponds to Pd-Cu species in 

interaction as already described in case of Cu-Pd-4A catalysts. The second peak has the same 

maximum as seen in case of Cu(0.2)-4A corresponding to the reduction of Cu2+ to Cu+. The 

third peak shifted toward lower temperature compared to monometallic Cu(0.2)-4A which is 

again due to the copper-palladium interaction. The ratio between the measured and 

theoretical hydrogen consumption gives 0.68 (Table 25 entry 2.) 

Cu(0.2)-Pd(0.2)-4A-TSI 

Analysing the TPR-curve of this catalyst overall 5 peaks can be identified. The first 

reduction peak at 30 °C corresponds to the reduction of palladium particles. TEM analysis 

showed the presence of isolated palladium particles which correspond well to the TPR 

results. The second peak is a flat peak with a maximum at 115 °C corresponding to the 

reduction of copper-palladium particles. It is interesting to observe that this peak has a 

different shape and a higher maximum than in case of Cu(0.2)-Pd(0.2)-4A-CI. The peak at 220 

°C is present in this reduction profile just as in the previously described ones. The fourth 

peak is shifted even to lower temperature (305 °C) than in case of Cu(0.2)-Pd(0.2)-4A-CI, 

indicating again an interaction between the two metals. A further broad peak can be 

identified at 410 °C which corresponds to the reduction of copper-palladium species in 

different environment or in different interaction with the support. These are presumably 

particles identified in TEM as Al/Si/Pd/Cu that is to say palladium-copper species in strong 

interaction with the support. Similar phenomenon was reported also in the literature. 202 The 

ratio between the measured and theoretical H2 consumption was 0.67 (Table 25 entry 3) 

Continuing our work the catalysts with the same composition supported on MgAlO were 

studied. Figure 49 shows the results obtained as H2 uptake in the function of temperature. 

The quantitative results are summarised in Table 25. It is important to note that the catalysts 

supported on MgAlO are calcined, therefore the metals are in oxide form. 
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Figure 49. TPR profiles of Cu(0.2)-MgAlO and Cu/Pd 1/1 bimetallic catalysts supported on MgAlO  

Cu(0.2)-MgAlO 

The TPR-profile of Cu(0.2)-MgAlO consists of two peaks, one at 115 °C and another at 

390 °C. The first peak corresponds to the reduction of CuO to Cu0. Comparing the measured 

hydrogen consumption and the theoretical one the ratio is 0.14, which is lower than 

expected. Again it can indicate that (i) A part of the metal is already in oxidation state +1. (ii) 

A part of the metal is already completely reduced to Cu0. (iii) A part of our metal is not 

accessible for reduction. (iv) A part of the metal is not reducible under 600 °C. The second 

peak starting at 230 °C can be associated with the reduction of Cu+ to Cu0. Comparing the 

measured and theoretical hydrogen uptake it gives 1.14 which is in excess to the expected 

value confirming the initial presence of Cu+. 

Cu(0.2)-Pd(0.2)-MgAlO-CI 

It is interesting to observe that the TPR-profiles are very similar. The first two peaks are 

fused with maxima at 65 °C and 170 °C. The first value is identical with the reduction 

temperature of the monometallic Pd-MgAlO corresponding to the reduction of PdO to 

Pd0.190 The tail which connects this peak to the second one corresponds to the reduction of 

CuO as seen before. The second peak is lower than the reduction peaks of the monometallic 

catalysts, indicating the proximity of the two metals to each other which facilitates the 

reduction at lower temperature. A further broad peak can be identified with a maximum at 

410 °C which can be associated with the reduction of Cu–Pd species in a different 
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environment or different interaction with the support. The ratio between the measured and 

theoretical hydrogen consumption is 0.81 (Table 25 entry 5). 

Cu(0.2)-Pd(0.2)-MgAlO-TSI 

As seen in case of Cu(0.2)-Pd(0.2)-MgAlO-CI an alliance of two peaks can be observed at 

the lower temperature part of the TPR-profile. The maxima are at 70 °C and 165 °C which 

values are similar to those of Cu(0.2)-Pd(0.2)-MgAlO-CI and can be explained by the 

reduction of the particles of the same nature. The temperature of the last broad reduction 

peak decreased to 365 °C indicated either closer interaction between the two metals or 

lower interaction with the support. The quantitative analysis gave 1 as the ratio between the 

measured and theoretical H2 uptake (Table 25 entry 6) indicating the complete reduction of 

the metallic particles. 

In summary the metal-metal interaction was proven by a further method as the 

bimetallic catalysts TPR-profiles differed from those of the monometallic ones as new peaks 

appeared and the peaks shifted. The bimetallic catalysts differed from each other 

significantly in case of 4A support and slightly in that of MgAlO emphasising the importance 

of the preparation method. 

3.3.4. Catalytic test in the Suzuki-Miyaura reaction 

As for the catalytic test Cu(0.2)-Pd(0.2)-MgAlO-CI and Cu(0.2)-Pd(0.2)-4A-TSI were 

tested in the Suzuki-Miyaura reaction between phenylboronic acid (1a) and iodobenzene 

(2a). The catalyst selection was based on our previous results as in case of MgAlO support CI, 

and in case of 4A support TSI resulted in an active and stable catalyst for 6 cycles. Thus the 

activity and stability of the catalysts were aimed to be tested with lower metal content in the 

presence of Cu/Pd 1/1, which was proven to be responsible for the stability of the catalyst.  

The results obtained during the stability test are shown in Figure 50. 
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Figure 50. Study of the stability of Cu(0.2)-Pd(0.2) catalysts 

According to the results obtained one can conclude that the catalysts kept their activity 

during 6 cycles, without any loss of activity, but the catalysts proved to be constantly less 

active than those of higher metal content, as only 80% of yield was obtained. 

These results confirmed again that the particles responsible for the stability of our 

catalysts in the Suzuki-Miyaura reaction are Cu/Pd 1/1. Furthermore, it also allows us to 

conclude that decreasing the Cu-content results in lower activity. This phenomenon can be 

possibly explained by the absence of bimetallic particles with different ratios allowing more 

important electron-transfer between the metals thus higher catalytic activity in the Suzuki-

Miyaura reaction. 
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3. 4. The Petasis-borono Mannich reaction 

Besides the Suzuki-Miyaura coupling a further reaction of boronic acids in the presence 

of Cu-containing catalyst was carried out in our research group.[D4] The Chan-Lam reaction of 

boronic acids and amines was studied in the presence of Cu0-4A to perform N-arylation. Our 

results were comparable with those of reported in the literature. A heterogeneous method 

was proposed possessing the advantageous properties as easy preparation of the catalyst 

and simple workup of the reaction mixture. Since a monometallic catalyst was used in this 

reaction and better results were not achieved with the use of bimetallic catalysts our study 

of the Chan-Lam reaction is not discussed in this dissertation. 

3.4.1. Introduction 

A further application of organoboron compounds in the synthetic organic chemistry is 

the Petasis-borono Mannich (PBM) multicomponent reaction (MCR) of boronic acids, amines 

and aldehydes (Figure 51). 

 

Figure 51. General scheme of the PBM reaction 

Organoboron reagents are favoured starting materials because of their low toxicity, 

stability and tolerance to numerous functional groups. Besides multicomponent reactions 

they gain a lot of attention because they are good tools for the facile production of 

molecular libraries. MCRs can be divided into three main groups according to the number of 

reversible steps during the reaction (Figure 52).203  

                                                           

[D4] N. Debreczeni, A. Fodor, Z. Hell, Coupling of boronic acids with amines in the presence of a 
supported copper catalyst, Catalysis Letters 144 (2014) 1547-1551. 
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Figure 52. The three types of multicomponent reactions 

Type I consists of numerous reversible steps, resulting in product formation. Type II MCR 

contains one irreversible step leading to the formation of the desired molecule. In Type III  

MCR only irreversible steps are characteristics. Type II MCRs are the most desirable reactions 

from organic chemists’ point of view. PBM reaction is one of them whereas the irreversible 

step is the C-C bond formation.  

The PBM reaction was first reported in 1993204 for the synthesis of allylamines. The 

synthesis of an orally active antifungal agent, Naftifine was carried out (Figure 53). 

 

Figure 53. Naftifine synthesis including a PBM reaction  

Since the first appearance of the PBM reaction diverse examples were published in the 

literature concerning the reaction conditions and mainly the catalysts. Some selected 

examples are presented below. 

As the first publication of Petasis204 the reaction can be conducted without a catalyst. 

Some further examples also can be found in the literature for the catalyst-free PBM reaction: 

 Microwave assisted PBM reaction was reported among glyoxylic acid or 

salicylaldehyde, arylboronic acid and secondary amines to give the corresponding 

tertiary amines with poor to good yield. DCM was applied as a solvent and 10 min of 

MW irradiation was used.205 
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 A protocol for the reaction of 2-pyridinecarbaldehydes, vinylboronic acids and 

secondary amines was described in N2 atmosphere, and in refluxing MeCN during 15 

hours to result the products with poor to good yield.206 

 A Petasis-based cascade reaction was reported for the synthesis of imidazo[1,2-

a]pyridine-3-ols with poor to good yield from 2-amino-5-methylpyridine, arylboronic 

acid and glyoxylic acid induced by 30 min of MW radiation (Figure 54).207 

 

Figure 54. Petasis-based cascade reaction 

The PBM reaction is generally described using catalysts: 

 A one-pot synthesis of arylamines was reported via palladium-catalysed addition of 

arylaldehydes with amines and aryl boronic acids in water. Cyclopalladate complex 

(Figure 55, 3 mol%) was used to obtain the product with poor to good yield in a 12 

hours reaction.208 

 

Figure 55. Cyclopalladate complex 

 Ethyl glyoxylate or pyridine-2-carboxaldehyde, secondary amines and arylboronic 

acids have undergone the coupling in the presence of 10 mol% CuBr and 10 mol% 

2,2’-bipyridine and catalyst and ligand. The reaction took place in N2 atmosphere, in 

DMF, at 70 °C. The presence of 3A molecular sieve and 24 hours reaction time were 

needed to obtain the corresponding tertiary amines and esters with poor to good 

yield. It was suggested that transmetallation from boron to copper took place (Figure 

56).209 
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Figure 56. Proposed mechanism for copper catalysis in the PBM reaction209 

 A Lewis-acid palladium(II) catalysed approach of amides, aryl halides and aryl boronic 

acids was described to form -substituted amides with poor to good yield. Yb(OTf)3-

hydrate (5 mol%), Pd(TFA)2 (5 mol%) and 2,2’-bipyridine (6 mol%) were used to 

perform the reaction at 80 °C in nitromethane, during 15 hours.210 

 Asymmetric PBM reaction of salicylaldehydes with vinyl boronic acids and secondary 

amines catalysed by binaphthol in the presence of 4A gave products with poor to 

good yield, up to 99% ee.211 

 PBM reaction of salicylaldehyde derivatives in the presence of 4A was carried out at 

room temperature with a reaction time between 24-72 hours. The synthesis of the 

core structure of BIIB042, a -secretase modulator for Alzheimer’s disease treatment 

was also achieved. The proposed mechanism of the PBM reaction of salicylaldehyde 

derivatives is presented in Figure 57. 
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Figure 57. Mechanism of the PBM reaction of salicylaldehyde derivatives 

First a hemiaminal is formed, this is followed by the iminium formation, which then 

forms an iminium borate ester and then the irreversible step leading to aryl migration 

occurs. The role of the 4A in the course of the reaction pathway is the removal of the 

water at the reversible iminium formation step. The removal of the water reduces 

the chance of the hydrolysis of the key intermediate before the desired 

rearrangement.212 

 A recent publication discloses a study on the mechanism of the PBM reaction 

including cyclic intermediates.213 

The nature of the starting materials has an important impact on the PBM reaction. Vinyl 

boronic acids are reportedly more active than aryl boronic acids due to their higher 

migration ability. Regarding the nature of the amines employed in the reaction either 

secondary or bulky primary amines are good reactants for the PBM reaction.214 As for the 

reactivity of the aldehydes a study showed the rank of reactivity as follows: glycolaldehyde > 

glyoxylic acid > salicylaldehyde.215 

In general we can conclude that the classic PBM reaction takes place without catalyst. 

The presence of a coordinating group on the aldehyde is necessary for the preparation of 

highly functionalised amines. The other approach to obtain these highly functionalised 

amines in the three-component reaction requiring the use of Cu(I), Pd(II) or Rh(I) so that 

ArB(OH)2 undergoes nucleophilic activation. 
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3.4.2. Study of the Petasis-borono Mannich reaction of salicylic aldehydes 

We wanted to test the developed catalysts in another reaction besides the Suzuki-

Miyaura coupling. As in the PBM reaction one of the reactants are boronic acid derivatives 

and it was described that 4A as well as different metal salts had a positive effect on the 

reaction, it seemed to be interesting to examine the effect of our Cu–Pd catalysts on the 

reaction. It is important to note that the aim was not the synthesis of a wide range of 

functionalised tertiary amines but to study the possible differences among the catalysts 

based on the nature of the support and the active phases. 

Examination of the reaction conditions 

For these reasons the reaction of salicylaldehyde (5), morpholine (6) and phenylboronic 

acid (1a) (Figure 58) was studied to select the solvent, the ratio of the reactants and the 

reaction time. The results obtained are summarised in Table 26. 

 

Figure 58. Reaction between salicylicaldehyde, morpholine and phenylboronic acid 

Table 26. Effect of the ratio of the reactants, solvent and reaction time in the presence of Cu-4A on the PBM 

reaction of salicylaldehyde (5), morpholine (6) and phenylboronic acid (1a) 

Entry 
Molar ratio 

Solvent T (°C) 
Reaction 

time (h) 

Yield 

(%)a 

Conversion 

(%)b 5 6 1b 

1 1 1.1 1.1 DCM RT 30.5 95 95 

2 1 1.1 1.1 DCM 40 17 87 94 

3 1 1.1 1.1 ACN 80 17 96 96 

4 1 1.5 1.1 DCM RT 28 74 90 

5 1 1.2 1.1 DCM 40 17 84 90 

a
Isolated yield, corrected with the results of 

1
H NMR spectra 

b
Conversion of salicylaldehyde (5) from 

1
H NMR spectra 
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Screening the reaction conditions, the following conclusions were drawn: although 

room temperature was enough to complete the reaction, heating had of course a beneficial 

effect on decreasing the reaction time. Boiling acetonitrile (ACN) and dichloromethane 

(DCM) gave similar results, thus DCM was used in the further experiments. Since the use of 

1.1 and 1.2 equivalent morpholine also gave similar results, to facilitate the hemiaminal 

formation during the first step of the reaction 1.2 eq. was chosen.  

Then several supports and catalysts were tested in the PBM reaction. The results 

obtained are summarised in Table 27. 

Table 27. Performance of a selection of catalysts in the PBM reactiona 

Catalyst 
Reaction 

time (h) 
Yield (%) 

Conversion 

(%)b 

4A  17 96 98 

Cu-Pd-4A-TSI 17 95 100 

MgAlO 21 89  100 

Cu-MgAlO 21 97 100 
a
Reaction conditions: salicylaldehyde (5) (1.5 mmol), morpholine (6) (1.8 mmol), 

phenylboronic acid (1a) (1.65 mmol) and 0.15 g catalyst were stirred in refluxing 
DCM 
bConversion of salicylaldehyde (5) from 1H NMR spectra 

Each catalyst gave the expected product (7) with good to excellent yield. As our aim was 

to compare the performances of all supports and catalysts the reaction was carried out 

during 4 hours so that the differences in activity and reaction rate can be determined. The 

previously described reaction conditions were applied. After 4 hours reaction time, the 

reaction was worked up and the product was subjected to 1H NMR spectroscopy. The ratio 

between the salicylaldehyde (5), the intermediate hemiaminal (8), and the desired product 

(7) was determined by the integration of their characteristic 1H NMR signals (Figure 59). 

Table 28 summarises the results obtained. 
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Figure 59. 1H NMR spectrum of the reaction of salicylaldehyde (5), morpholine (6) and phenylboronic acid (1a) 

during 4 hours in the presence of Cu(0.2)-4A (Table 28 entry 15) 

Table 28. The PBM reaction of salicylaldehyde (5), morpholine (6) and phenylboronic acid (1a) during 4 hours 

– comparison of the catalysts based on 1H NMR resultsa 

Entry Catalyst 
5 8 

7 

Mol% 

of (7)b 

Conversion 

(%)c 

1 MgO 0.91 0.23 1 37d 67 

2 MgAlO 0.15 0.04 1 84 87 

3 Cu-MgAlO 0.50 0.43 1 52 74 

4 Pd-MgAlO 0.1 0.77 1 49d 95 

5 Cu-Pd-MgAlO-CI 0.32 0.29 1 62 80 

6 
Cu-Pd-MgAlO-

TSI 
0.17 0.49 1 60 90 
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Entry Catalyst 
5 8 

7 

Mol% 

of (7)b 

Conversion 

(%)c 

7 Cu(0.2)-MgAlO 0.15 0.19 1 61d 90 

8 
Cu(0.2)-Pd(0.2)-

MgAlO-CI 
0.17 0.18 1 68d 88 

9 
Cu(0.2)-Pd(0.2)-

MgAlO-TSI 
0.11 0.2 1 76 92 

10 4A 0.18 0.19 1 70d 86 

11 Cu-4A 0.05 0.09 1 88 96 

12 Pd-4A 0.07 0.15 1 82 95 

13 Cu-Pd-4A-CI 0.2 0.3 1 55d 89 

14 Cu-Pd-4A-TSI 0.13 0.09 1 82 89 

15 Cu(0.2)-4A 0.03 0.03 1 94 97 

16 
Cu(0.2)-Pd(0.2)-

4A-CI 
0.09 0.40 1 67 94 

17 
Cu(0.2)-Pd(0.2)-

4A-TSI 
0.1 0.17 1 78 92 

18 Without catalyst 0.03 0.34 1 59d 98 

a
Reaction conditions: salicylaldehyde (5) (1.5 mmol), morpholine (6) (1.8 mmol), phenylboronic acid (1a) (1.65 

mmol) and 0.15 g catalyst were stirred in refluxing DCM 
bn/n% of the product (7) based on the results of 1H NMR 
c
Conversion of salicylaldehyde (5) 

d
A second intermediate was present in the 

1
H NMR spectrum 

As seen, even though several publications report the benign effect of the 4A as it captures 

water, significantly better results were obtained with the MgAlO support itself, than with 4A 

itself (Table 28 entries 2, 10). As the specific surface area of 4A is significantly higher than 

that of MgAlO and both supports are capable of absorption of water – however their 

capacity may differ as 4A is generally used as a drying agent - the explication can be 

searched in basicity, as MgAlO has stronger basic properties. 
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As described in the introduction about PBM the application of Cu(I) and Pd(II) can also 

facilitate the reaction. In our case the introduction of Cu into the system had a positive 

effect on the 4A support, but not on MgAlO (Table 28 entries 3, 7, 11, 15). It is interesting to 

observe that not only the presence of the metal is important but also its quantity as Cu(0.2)-

4A gave the desired product with higher yield than Cu-4A (Table 28 entries 11, 15). 

In case of MgAlO support the impregnation with any metals spoiled the performances. 

This support also worked better with less metal introduced, however, in some cases a 

further intermediate besides the hemiaminal (8) was also observed (Table 28 entries 2-9.). 

This intermediate is probably the iminium (9) or iminium borate ester (10) (Figure 60). The 

identification of this intermediate did not take place due to its thermal instability in the GC-

MS. However in the comparison of the molar ratios based on 1H NMR this intermediate is 

represented with the same value (1H). 

 

Figure 60. Presumed structures of the intermediate besides the hemiaminal (8) 

Impregnation of 4A generally improved the performances in the PBM reaction, however 

CI bimetallic catalysts showed lower activity than the support itself (Table 28 entries 10, 13, 

16) presumably because of the bigger particle size in case of CI preparation compared to TSI. 

It is interesting to observe that the bimetallic catalysts showed the same differences as 

studied before in the Suzuki-Miyaura coupling. Cu-Pd-MgAlO-CI was the more active 

compared to Cu-Pd-MgAlO-TSI (Table 28 entries 5, 6) and in case of 4A support Cu-Pd-4A-TSI 

was significantly more active than Cu-Pd-4A-CI (Table 28 entries 13, 14). 

It has to be noted that the coupling takes place also without catalyst as well described in 

the literature, but the data presented in Table 28 show that the studied catalysts generally 

improve the reaction rate. 
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Conclusions of the study of the PBM reaction 

The differences in the performances of the catalysts were shown in the PBM reaction of 

salicylaldehyde, morpholine and phenylboronic acid during 4 hours. Three catalysts showed 

excellent activity: MgAlO, Cu-4A and Cu(0.2)-4A. These materials proved to be satisfactory 

for the completion of the reaction with excellent yield. One can conclude that in case of 

MgAlO there is no need to the introduction of a metal to the system while on 4A the 

presence of the Cu in lower quantity facilitates the reaction.  
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4. Experimental Part  

4.1. Catalyst characterisation 

The metal content on the support was determined by ICP-OES analysis carried out on 

Perkin-Elmer Optima 2000DV instrument. 

Specific surface areas of samples were measured by nitrogen adsorption and desorption 

at −196 °C with BET surface analyser (Micromeritics Model TRISTAR 3000) using BET-BJH 

method. Before the analysis, the samples were outgassed at 250 °C under vacuum overnight. 

X-ray powder diffraction (XRD) patterns of samples were obtained with a PANalytical, 

Empyrean diffractometer using CuK radiation from 10° to 90° (in 2) with 0,017° steps. The 

identity of samples were checked by analysing their XRD patterns with PAN-ICSD 

(PANalytical version of the ICDD) and ICDD – PDF-2 Release 2003. 

Dispersion of Cu and Pd particles on the surface of the supports were identified by 

TEM/EDS using a TEM/STEM JEOL 2100 UHR 0.19 nm resolution, equipped with an energy 

dispersive spectrometer EDX and High-Angle Annular Dark-Field HAADF. EDS mapping was 

performed to visualise elemental and spatial information of Cu and Pd on the surface of the 

corresponding support. 

The distribution and reducibility of Cu and Pd particles were investigated via TPR 

experiment. Each catalyst – both mono- and bimetallic – after drying at 120 °C for 5 hours 

were introduced into a quartz glass reactor for the TPR analysis and examined in the 

temperature range of 30–600 °C with ramping of 5 °C/min. After purging with argon 1% 

H2/Ar pulses were passed through the fixed-bed reactor at the flow rate of 30 ml/min. The 

H2 consumption was determined by TCD. 

Basicity was measured by adsorption of carbon dioxide followed by FT-IR analysis of the 

sample. Carbon dioxide was adsorbed at room temperature by the addition of known 

amount of CO2 gas. Then the sample was kept under vacuum (10−6 mbar) at room 

temperature to remove the physisorbed carbon dioxide. Then FT-IR spectra were recorded 

from room temperature to 450 °C by 50 °C steps. Final spectra were generated by the 

subtraction of reference spectra from the measured spectra. 
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4.2. Analysis of organic products 

GC-MS measurements were performed on an Agilent 6890 N-GC-5973 N-MSD 

chromatograph using a Restek Rxi®-5Sil MS capillary column (30 m x 0.25 mm ID, 0.25 μm 

film). The initial temperature of the column was 45 °C for 1 min, followed by programming at 

10 °C/min up to 310 °C and a final period at 310 °C (isothermal) for 17 min. The temperature 

of the injector was 250 °C. The carrier gas was He and the operation mode was splitless. 

1H NMR and 13C NMR spectra were made on BRUKER Avance-300 (300MHz) or BRUKER 

DRX-500 (500MHz) instrument using TMS as an internal standard in CDCl3. 

The melting point measurements were performed on a Gallenkamp apparatus.  

4.3. Catalyst preparation 

4.3.1. Catalysts supported on 4A 

Preparation of monometallic catalysts by wet impregnation 

The corresponding metal precursor (1 mmol of anhydrous copper(II) chloride or 0.2 

mmol of sodium tetrachloropalladate(II)) and 1 g of finely grounded 4A was stirred in 100 ml 

of deionised water at room temperature for 12 h. Then the solid was filtered off, washed 

with deionised water, and dried at 120 °C for 5 hours. The targeted metal content of the 

catalyst thus obtained is 6.3 wt% copper (Cu-4A) and 2.1 wt % palladium (Pd-4A). 

Preparation of bimetallic catalysts by successive and co-impregnation 

During successive impregnation (TSI) the monometallic catalyst (Cu-4A) was stirred with 

sodium tetrachloropalladate(II) as described above.  

In the co-impregnation method (CI), the two metal salts were added simultaneously to 

the suspension of 4A in deionised water. The procedure was the same as described above. 

The targeted Pd/Cu molar ratio was 0.2/1 in both cases. 
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4.3.2. Catalysts supported on mixed oxides 

Preparation of MgO-Al2O3 mixed oxides with sol-gel method 

The composition of the prepared mixed oxides was (MgO)0.75(Al2O3)0.25. 

In a 2-neck round bottom flask 0.1346 mol magnesium ethoxide in 134 ml ethanol was 

brought to reflux and was stirred for 15 minutes. Then ca. 1 g of oxalic acid – dissolved in the 

minimum amount of water – was added to adjust the pH to 5. This mixture was stirred at 

reflux for 2.5 hours. Then 0.08978 mol aluminium-tri-sec-butoxide and 162 ml water was 

added. This mixture was stirred for further 15 min at reflux. Then it was dried at 80 °C for the 

night and drying was continued at 120 °C for 8 hours. Finally it was calcined under air with 

the following temperature profile: 5 °C/min until 250 °C, then 250 °C for 1 h, 5 °C/min until 

600 °C, 600 °C for 3h, 10 °C/min until 30 °C. 

Preparation of monometallic catalysts by wet impregnation 

The corresponding metal precursor (1 mmol of anhydrous copper(II) chloride or 0.2 

mmol of sodium tetrachloropalladate(II)) and 1 g of powdered MgAlO [(MgO)0.75(Al2O3)0.25] 

was stirred in 30 ml of deionised water at room temperature for 12 h. Then it was dried in 

sand bath at 120 °C for 5 hours and calcined with the temperature profile described above. 

The targeted metal content of the catalyst thus obtained is 6.3 wt% copper (Cu-MgAlO) and 

2.1 wt % palladium (Pd-MgAlO). 

Preparation of bimetallic catalysts by successive and co-impregnation 

The monometallic catalyst (Cu-MgAlO) previously prepared was stirred with sodium 

tetrachloropalladate(II) and subjected to thermal treatments as described above to obtain 

the TSI catalyst.  

In the co-impregnation method (CI), the two metal salts were added simultaneously to 

the suspension of MgAlO in deionised water. The thermal treatments were the same as 

described above. The targeted Pd/Cu molar ratio was 0.2/1 in both cases. 
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4.3.3. Preparation of Cu/Pd 1:1 catalysts 

Preparation of monometallic catalysts by wet impregnation 

The corresponding metal precursor (0.2 mmol of anhydrous copper(II) chloride or 0.2 

mmol of sodium tetrachloropalladate(II)) and 1 g of powdered 4A or MgAlO was stirred in 30 

ml of deionised water at room temperature for 12 h. Then it was dried in sand bath at 120 °C 

for 5 hours. The catalysts supported on MgAlO were calcined with the temperature profile 

described above. The targeted metal content of the catalyst thus obtained is 1.3 wt% copper 

(Cu-MgAlO) and 2.1 wt % palladium (Pd-MgAlO) which corresponds to 1:1 atomic ratio. 

Preparation of bimetallic catalysts by successive and co-impregnation 

The bimetallic catalysts were prepared with successive and co-impregnation as 

described above. The targeted Pd/Cu molar ratio was 0.2/0.2 in both cases. 

4.4. The Suzuki-Miyaura coupling 

Typical procedure for the Suzuki-Miyaura coupling 

The catalyst was treated at 120 °C for 1 hour before the reaction. Phenylboronic acid 

(1a) (1.5 mmol), iodobenzene (2a) (1 mmol), potassium carbonate (3 mmol) and the 

pretreated catalyst (0.1 g; 2.26 mol% Pd and 9.86 mol% Cu for Cu-Pd-4A-TSI, 1.88 mol% Pd 

and 8.98 mol% Cu for Cu-Pd-4A-CI; 1.70 mol% Pd and 8.82 mol% Cu for Cu-Pd-MgAlO-TSI; 

1.79 mol% Pd and 8.50 mol% Cu for Cu-Pd-MgAlO-CI; 1.70 mol% Pd and 1.89 mol% Cu for 

Cu(0.2)-Pd(0.2)-4A-TSI; 1.98 mol% Pd and 1.73 mol% Cu for Cu(0.2)-Pd(0.2)-MgAlO-CI) were 

stirred in 5 ml refluxing ethanol for 1 hour or for 1.5 hours (bromobenzene derivatives). 

Then the solid was filtered out, and washed with ethanol. The filtrate was evaporated. The 

residue was extracted three times with dichloromethane and water. The organic phase was 

dried over anhydrous sodium sulphate, filtered and the solvent was evaporated. The product 

was subjected to either GC-MS analysis and/or 1H NMR examination. The filtered catalyst 

can be recycled after washing with water and acetone and drying at 120 °C for 1 hour. 

The scope of the reaction was studied in the presence of Cu-Pd-4A-TSI as catalyst. 
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TOF calculation 

TOF calculation was performed taking into account the number of the atoms on the 

surface of the catalyst as active phases. Detailed calculation on the example of Cu-Pd-4A-TSI 

is presented below. 

 

Taking into account the overall average particle size calculated from TEM: 

Cu-Pd-4A-TSI: d = 2.5 nm = 25Å 

 

D x d = ? 

 

Values are obtained from G. Bergeret and P. Gallezot in "Handbook of Heterogeneous 

Catalysis", vol.2, (Ertl, H. Knözinger, J. Weitkamp, Eds.), Wiley-Vch, Weiheim, (1997), p. 439. 

For Cu: D x d = 863.55 

For Pd: D x d = 926.99 

Ignoring the exact repartition between Cu and Pd D x d can be calculated as the average of 

the two values. 

Thus D x d= 895.27≈895 

 

Cu-Pd-4A-TSI : D% = 35.8% 

The total number of metallic atoms on the surface: 6.2 wt% Cu and 2.4 wt% Pd 

For 1 g catalyst: 9.76 x 10 E-4 mol Cu + 2.26 x 10 E-4 mol Pd = 1.202 x 10 E-3 mol metal 

Number of active sites on the surface: 1.202 x 10 E-3 x 0.358 (D%)=4.3 x 10 E-4 mol 

For 0.1 g catalyst: 4.3 x 10 E-5 mol metal on the catalyst. 

For >99% yield and 100% conversion 1 mmol of product was formed and the reaction time 

was 1 hour: 

 

TOF= 1x 10 E-3 mol/(4.3 x 10 E-5 mol active phase x 1 hour) = 23.3 h-1 
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Hot filtration test 

The catalyst (Cu-Pd-4A-TSI or Cu-Pd-MgAl-CI) was treated at 120 °C for 1 hour before the 

reaction. Phenylboronic acid (1a) (1.5 mmol), iodobenzene (2a) (1 mmol), potassium 

carbonate (3 mmol) and the pretreated catalyst (0.1 g) were stirred in 5 ml refluxing ethanol 

for 30 minutes in case of Cu-Pd-4A-TSI and for 10 minutes in case of Cu-Pd-MgAlO-CI. Then 

the solid was filtered out. Potassium carbonate (3 mmol) was added again and the boiling 

was continued until 60 minutes of overall reaction time. The reaction mixture was worked 

up as described before. 

Products’analytical characteristics 

1,1’-Biphenyl (3a) was isolated as white powder. Melting point: 66-67 °C (literature: 67-

68 °C216) 1H NMR (300 MHz, CDCl3)  (ppm): 7.34-7.37 (d, 2H, Ar); 7.41-7.46 (dd, 4H, Ar); 

7.58-7.61 (d, 4H, Ar). GC: Rt: 12.101 min. MS m/z (%): 154 (M+, 100), 128 (6), 115 (5), 102 (4), 

76 16), 51 (7). 

p-Terphenyl (3b) was isolated as white powder. Melting point: 209-211 °C (literature: 

210-212 °C217) GC: Rt: 22.488 min. MS m/z (%): 230 (M+, 100), 202 (6), 152 (7), 115 (11), 77 

(2). 

4-Bromo-1,1’-biphenyl (3c) was isolated as yellow solid. Melting point: 89-90 °C 

(literature: 89-90 °C218) MS m/z (%):232 (M+, 100),152 (68), 76 (28). 

4-Chloro-3-trifluoromethyl-1,1’-biphenyl (3d) was isolated as colourless liquid. 1H NMR 

(300 MHz, CDCl3)  (ppm): 7.37-7.40 (d, 1H, Ar); 7.43-7.46 (t, 2H, Ar); 7.52-7.56 (d, 3H, Ar); 

7.63-7.65 (dd, 1H, Ar); 7.87 (d, 1H, Ar). GC: Rt: 13.802 min. MS m/z (%): 256 (M+, 100), 237 

(5), 221 (6), 201 (18), 152 (24), 110 (5), 75 (2). 

2-Methyl-1,1’-biphenyl (3f) was isolated as colourless liquid. 1H NMR (300 MHz, CDCl3)  

(ppm): 2.24-2.26 (d, 3H, -CH3), 7.22-7.41 (m, 9H, Ar). 

3-Methyl-1,1’-biphenyl (3g) was isolated as yellow oil. 1H NMR (300 MHz, CDCl3)  

(ppm): 2.39 (s, 3H, -CH3), 7.13-7.14 (d, 1H, Ar), 7.29-7.32 (t, 2H, Ar), 7.37-7.41 (m, 4H, Ar), 

7.55-7.57 (d, 2H, Ar). MS m/z (%): 168 (M+, 100), 152 (35), 128 (8), 115 (10), 83 (15). 
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4-Methyl-1,1’-biphenyl (3h) was isolated as white solid. Melting point: 43-45 °C 

(literature 44-46 °C219). 1H NMR (300 MHz, CDCl3)  (ppm): 2.39 (s, 3H, -CH3), 7.23-7.26 (m, 

2H, Ar), 7.32-7.34 (t, 1H, Ar), 7.40-7.44 (t, 2H, Ar), 7.48-7.51 (d, 2H, Ar), 7.56-7.59 (d, 2H, Ar). 

MS m/z (%): 168 (M+, 100), 152 (25), 115 (12), 83 (15). 

4-Trifluoromethyl-1,1’-biphenyl (3i) was isolated as white solid. Melting point: 64-66 °C 

(literature: 65-67 °C220). 1H NMR (300 MHz, CDCl3)  (ppm): 7.40-7.45(m, 3H, Ar), 7.59-7.61 

(d, 2H, Ar), 7.69 (s, 4H, Ar). GC: Rt: 11.413 min. MS m/z (%): 222 (M+, 100), 201 (20), 152 (46), 

126 (4), 111 (5), 86 (7), 51 (4). 

2-Acetyl-1,1’-biphenyl (3j) MS m/z (%): 196 (M+, 45), 181 (100), 152 (75), 127 (10), 76 

(20). 

2-Phenylnaphthalene (3k) was isolated as white powder. Melting point: 94-96 °C 

(literature: 96-97 °C221). 1H NMR (300 MHz, CDCl3)  (ppm): 7.38-7.40 (d, 1H, Ar), 7.47-7.52 

(m, 5H, Ar), 7.72-7.76 (m, 3H, Ar), 7.86-7.93 (m, 3H, Ar). 

4-Phenyl-1H-indole (3l) was isolated as light brown crystal. MS m/z (%): 193 (M+, 100), 

165 (48), 139 (5), 96 (10). 

5-Phenyl-1H-indole (3m) was isolated as light brown crystal. 1H NMR (300 MHz, CDCl3)  

(ppm): 6.6 (s, 1H, Ar), 7.19-7.23 (m, 2H, Ar), 7.30-7.33 (m, 1H, Ar), 7.41-7.44 (m, 3H, Ar), 

7.64-7.66 (d, 2H, Ar), 7.85 (s, 1H, Ar). 

(E)-1-Phenylpent-1-ene (3q) 1H NMR (300 MHz, CDCl3)  (ppm): 0.95 (t, 3H, -CH3), 1.48 

(m, 2H, -CH2-), 2.17 (m, 2H, -CH2-), 6.19-6.26 (m, 1H, C=C), 6.25 (d, 1H, C=C), 7.15-7.35 (m, 

5H, Ar). 

3-Nitro-1,1’-biphenyl (3s) was isolated as white powder. Melting point: 57-59 °C 

(literature: 58-59 °C222) 1H NMR (300 MHz, CDCl3)  (ppm): 7.43-7.52 (m, 3H, Ar), 7.58-7.64 

(m, 3H, Ar), 7.90-7.93 (d, 1H, Ar), 8.19-8.21 (d, 1H, Ar), 8.45 (s, 1H, Ar). 13C NMR (300 MHz, 

CDCl3)  (ppm): 122.2; 122.3; 127.4; 128.8; 129.4; 129.9; 133.3; 138.9; 143.1. 

4-Nitro-1,1’-biphenyl (3t) was isolated as white powder. Melting point: 110-113 °C 

(literature: 112-113 °C223) 1H NMR (300 MHz, CDCl3)  (ppm): 7.45-7.53 (m, 3H, Ar), 7.62-7.64 

(d, 2H, Ar), 7.73-7.76 (d, 2H, Ar), 8.29-8.32 (d, 2H, Ar). 13C NMR (300 MHz, CDCl3)  (ppm): 

124.2; 127.5; 127.9; 129.0; 129.3; 138.9; 147.7. 
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4-Methoxy-1,1’-biphenyl (3u) was isolated as white powder. Melting point: 81-83 °C 

(literature: 82-83 °C224). 1H NMR (300 MHz, CDCl3)  (ppm): 3.85 (s, 3H, -OCH3), 6.96-6.99 (d, 

2H, Ar), 7.30-7.32 (t, 1H, Ar), 7.39-7.44 (t, 2H, Ar), 7.51-7.56 (t, 4H, Ar). 13C NMR (300 MHz, 

CDCl3)  (ppm): 55.4; 114.3; 126.7; 126.8; 128.2; 128.8; 133.9; 140.9; 159.2.  

[1,1'-Biphenyl]-4-carboxylic acid (3v) was isolated as white powder. Melting point: 223-

224 °C (literature: 224-225 °C225) 1H NMR (300 MHz, CDCl3)  (ppm): 7.41-7.51 (m, 3H, Ar), 

7.64-7.66 (d, 2H, Ar), 7.69-7.72 (d, 2H, Ar), 8.18-8.20 (d, 2H, Ar). 

[1,1'-Biphenyl]-2-carboxylic acid (3w) was isolated as yellowish powder. Melting point: 

111-112 °C (literature: 110-112 °C226) 1H NMR (300 MHz, CDCl3)  (ppm): 7.18-7.7.26 (m, 2H, 

Ar), 7.42-7.48 (t, 3H, Ar), 8.00-8.03 (d, 2H, Ar), 8.05-8.08 (d, 2H, Ar). 

2-Methoxy-1,1’-biphenyl (3x) was isolated as yellow liquid with crystals. Melting point: 

29-30 °C (literature: 29-30 °C218) 1H NMR (300 MHz, CDCl3)  (ppm): 3.87 (s, 3H, -OCH3), 6.79-

6.90 (m, 2H, Ar), 6.96-7.04 (q, 1H, Ar), 7.23-7.33 (m, 3H, Ar), 7.37-7.42 (t, 1H, Ar), 7.51-7.54 

(d, 2H, Ar). 

3,4-Dimethoxy-1,1’-biphenyl (3y) was isolated as white powder. Melting point: 67-69 °C 

(literature: 68-70 °C227) 1H NMR (300 MHz, CDCl3)  (ppm): 3.92-3.95 (d, 6H, -OCH3), 6.94-

6.96 (d, 1H, Ar), 7.12-7.17 (m, 2H, Ar), 7.31-7.34 (d, 1H, Ar), 7.40-7.45 (t, 2H, Ar), 7.55-7.57 

(d, 2H, Ar). 

[1,1'-Biphenyl]-3-ol(3z) 1H NMR (300 MHz, CDCl3)  (ppm): 5.25 (br, 1H, -OH), 6.75-6.80 

(m, 1H, Ar), 7.05-7.07 (m, 2H, Ar), 7.15-7.43 (m, 4H, Ar), 7.52-7.60 (m, 2H, Ar). GC: Rt: 16.371 

min. MS m/z (%): 170 (M+, 100), 152 (3), 141 (25), 115 (17), 85 (3), 76 (3), 63 (5), 51 (3). 

[1,1'-Biphenyl]-4-ol(3aa) was isolated as white crystal. Melting point: 161-163 °C 

(literature: 162-165 °C228) 1H NMR (300 MHz, CDCl3)  (ppm): 4.80 (br, 1H, -OH), 6.90-6.91 (d, 

2H, Ar), 7.29-7.32 (t, 1H, Ar), 7.40-7.43 (t, 2H, Ar), 7.47-7.49 (d, 2H, Ar), 7.53-7.55 (d, 2H, Ar). 

2-Trifluoromethyl-1,1’-biphenyl (3ab) was isolated as light yellow liquid. 1H NMR (300 

MHz, CDCl3)  (ppm): 7.30-7.44 (m, 7H, Ar), 7.49-7.54 (t, 1H, Ar), 7.71-7.74 (d, 1H, Ar). 

3-Trifluoromethyl-1,1’-biphenyl (3ac) was isolated as colourless liquid. 1H NMR (300 

MHz, CDCl3)  (ppm): 7.35-7.38 (t, 1H, Ar), 7.42-7.45 (t, 2H, Ar), 7.49-7.52 (t, 1H, Ar), 7.55-

7.58 (t, 3H, Ar), 7.71-7.73 (d, 1H, Ar), 7.82 (s, 1H, Ar). 
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4-Ethyl-1,1’-biphenyl (3ad) was isolated as orange liquid. 1H NMR (300 MHz, CDCl3)  

(ppm): 1.23-1.28 (t, 3H, -CH3), 2.63-2.71 (q, 2H, -CH2-), 7.24-7.62 (d, 2H, Ar), 7.35-7.42 (q, 3H, 

Ar), 7.49-7.51 (d, 2H, Ar), 7.55-7.58 (d, 2H, Ar). 

4.5. The Petasis-borono Mannich reaction 

Typical procedure for the PBM reaction of salicylaldehyde 

The catalyst was treated at 120 °C for 1 hour before the reaction. Salicylaldehyde (5) 

(1.5 mmol), morpholine (6) (1.8 mmol), phenylboronic acid (1a) (1.65 mmol) and 0.2 g 

catalyst were stirred in 5 ml of refluxing DCM for 4 hours. Then the solid was filtered out, 

and washed with DCM. The filtrate was evaporated. The product was subjected to 1H NMR 

analysis. 

Product analytical characteristics 

N-(1-Phenyl-1-(2-hydroxyphenyl)methyl)morpholine (7) was isolated as yellow crystal. 

1H NMR (300 MHz, CDCl3)  (ppm): 2.43-2.61 (d, 4H, -CH2-N-), 3.76 (s, 4H, -CH2-O-), 4.41 (s, 

1H, -CH-), 6.73 (t, 1H, Ar), 6.85 (d, 1H, Ar), 6.94 (t, 1H, Ar), 7.24-7.32 (m, 3H, Ar), 7.42 (s, 2H, 

Ar), 11.72 (s, 1H, -OH) 
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5. Thesis Points 

1. A new bimetallic palladium/copper catalyst was developed by successive 

impregnation (TSI) and co-impregnation (CI) on 4Å molecular sieve (4A) support. The catalyst 

characterisation methods showed that the two metals (Cu, Pd) were brought into close 

interaction on the surface of the support and that the method of impregnation had an 

impact on the surface properties of the catalysts. The activity of the catalysts was tested in 

the Suzuki–Miyaura reaction of phenylboronic acid and iodobenzene and it was observed 

that while the Cu-Pd-4A-TSI catalyst kept its activity during six cycles that of the Cu-Pd-4A-CI 

dropped. The characteristics of the six times used catalysts (TEM-EDS, ICP-OES, XRD) showed 

that a Cu–Pd alloy with atomic ratio 1:1 was responsible for the catalytic activity and stability 

It was established that the role of Cu in the Suzuki–Miyaura reaction was the stabilisation of 

the palladium due to Pd–Cu interaction, thus Pd could keep its active form.[D1] 

2. Studying the effect of the substituents on the boronic acids and aryl halides in the Cu-

Pd-4A-TSI catalysed Suzuki–Miyaura reaction, excellent yields were obtained in ortho- and 

meta-position with substituted boronic acid derivatives, while in para-position with aryl 

halides. To compare iodo- and bromobenzenes we concluded that in certain cases higher 

yields could be achieved with bromobenzenes than with iodobenzenes.[D2] 

3. During the study of the effect of different supports (4A, MgAlO) on the characteristics 

and catalytic activity of the copper-palladium bimetallic catalysts it was found that the 

catalyst prepared with CI, containing Cu/Pd 1/1 alloy in majority with smaller particle size 

proved to be stable even for six runs contrary to TSI. This observation confirms that 

whatever the way of preparation or the support, the key-point is the presence of Pd-Cu 1:1 

particles to enhance the catalytic performances. A crucial difference between the MgAlO and 

4A supported catalyst was found in the reaction time necessary for the Suzuki–Miyaura 

reaction. With the Cu-Pd-MgAl-CI catalyst the reaction time could be reduced to thirty 

minutes contrary to one hour with Cu-Pd-4A-TSI for the complete conversion of 

iodobenzene to biphenyl. Moreover it was concluded that with a more basic support the 

reduction of the quantity of the base was possible however it brought slightly decreasing 

yield.[D3] 
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4. The Petasis-borono Mannich reaction of salicylaldehyde, morpholine and 

phenylboronic acid was performed in the presence of each mono-and bimetallic catalysts. 

While the conversion of salicylaldehyde was mostly over 90%, the product formation with 

the highest purity was achieved with MgAlO (support), Cu-4A and Cu(0.2)-4A. 
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Résumé des points importants de la thèse 

1. Un nouveau catalyseur bimétallique à base de palladium et de cuivre a été 

développé. Deux voies de préparation ont été testées : l’imprégnation successive (TSI) et la 

co-imprégnation (CI) en utilisant la zéolithe 4Å (4A) comme support. Les résultats de la 

caractérisation à l’état frais nous ont montré que les deux métaux (Cu, Pd)  sur le support 

étaient en interaction. Les catalyseurs ont été utilisés dans la réaction de couplage dite 

réaction Suzuki–Miyaura afin de tester leurs activités. Nous avons observé que le catalyseur 

Cu-Pd-4A-TSI restait actif et stable pendant six cycles alors que l’activité du catalyseur Cu-Pd-

4A-CI diminuait pour la réaction entre l’acide phénylboronique et l’iodobenzene.  La 

caractérisation des catalyseurs utilisés six fois (MET, ICP-OES, DRX) nous a montré la 

présence de particules d’alliage Cu–Pd avec un ratio atomique de 1:1 pour le catalyseur Cu-

Pd-4A-TSI et conclu qu’elles étaient responsables de la forte activité catalytique et de la 

remarquable stabilité dans la réaction Suzuki–Miyaura. Le rôle du cuivre semble donc, grâce 

à une interaction Cu–Pd, de stabiliser le palladium qui reste ainsi sous une forme active.[D1] 

3. L’effet des substituants sur les acides boroniques et les haloarènes dans la réaction 

Suzuki–Miyaura catalysée par le catalyseur Cu-Pd-4A-TSI a été étudié. Des rendements 

excellents ont été obtenus avec les acides boroniques substitués en position ortho et méta, 

tandis que la position para pour les haloarènes favorisait un rendement élevé. La 

comparaison des réactifs iodo- et bromobenzènes a montré que des rendements plus 

importants étaient obtenus par l’utilisation des bromobenzènes.[D2] 

3. L’étude de l’effet du support (MgAlO et 4A) sur les performances catalytiques des 

catalyseurs bimétalliques cuivre–palladium nous a montré que sur le support MgAlO, le 

catalyseur CI était parfaitement stable pendant six cycles, présentait majoritairement 

l’alliage Cu/Pd 1/1 et avec une taille de particules plus petite contrairement au catalyseur 

TSI. Cette observation confirme que, quels que soient la méthode de préparation et le 

support, le point clé pour l’obtention d’une bonne activité et stabilité est la présence de ces 

particules d’alliage Pd–Cu 1 :1. Une différence cruciale existe entre les catalyseurs supportés 

sur MgAlO et 4A concernant la modification de la vitesse de la réaction Suzuki–Miyaura. Le 

catalyseur Cu–Pd supporté sur MgAlO permet de réduire le temps de réaction à trente 

minutes pour obtenir un rendement quantitatif pour la réaction entre l’iodobenzène et 



126 

 

l’acide phénylboronique alors qu’une heure est nécessaire avec Cu-Pd-4A-TSI. De plus, 

l’utilisation d’un support plus basique permet la diminution de la quantité de la base ajoutée 

dans une certaine mesure mais entraine malgré tout une perte d’activité.[D3] 

4. La réaction Petasis-borono Mannich avec le 2-hydroxybenzaldéhyde, la morpholine 

et l’acide phénylboronique a été effectuée par les catalyseurs mono-et bimétalliques afin de 

tester leurs activités. Tandis que la conversion du 2-hydroxybenzaldéhyde était plus de 90%, 

la formation de produit était la plus importante avec MgAlO (support), Cu-4A et Cu(0.2)-4A.  
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Tézispontok 

1. Új réz–palládium kétfémes katalizátort állítottam elő kétlépéses impregnálással (TSI) 

és együttes impregnálással (CI) 4Å molekulaszita (4A) hordozón. Felületvizsgálati 

módszerekkel bizonyítottam, hogy a két fém a hordozó felületén közel helyezkedik el 

egymáshoz, valamint hogy az impregnálás módja hatással van a katalizátor felületi 

tulajdonságaira. A katalizátorok aktivitását fenilboronsav és jódbenzol Suzuki–Miyaura-

reakciójában tesztelve azt tapasztaltam, hogy a Cu-Pd-4A-TSI katalizátor hat cikluson 

keresztül is megtartja aktivitását, míg a Cu-Pd-4A-CI katalizátor aktivitása az ötödik ciklus 

után már csökkent. A hatszor használt katalizátor sokoldalú felületvizsgálatával (TEM-EDS, 

ICP-OES, XRD) megállapítottam, hogy a réz–palládium 1:1 mólarányú ötvözete felelős a 

katalitikus aktivitásért és stabilitásért. A réz szerepe a Suzuki–Miyaura-reakcióban a 

palládium stabilizálása és ezáltal a palládium aktív formájának megőrzése a réz–palládium 

kölcsönhatásnak köszönhetően.[D1] 

2. Különféle boronsav-származékok, illetve az aril-halogenidek szubsztituenseinek a 

hatását vizsgálva a Cu-Pd-4A-TSI-katalizált Suzuki–Miyaura-reakcióban azt találtam, hogy 

orto- és meta- helyzetű szubsztituensek esetén a fenilboronsav-származékkal, míg para- 

helyzetű szubsztituensek esetén az aril-halogeniddel célszerű elvégezni a reakció a legjobb 

termelés eléréséhez. Megállapítottam továbbá, hogy brómbenzolokkal esetenként jobb 

termelés érhető el, mint a megfelelő jódbenzolokkal.[D2] 

3. Különböző hordozóknak (MgAlO és 4A) a réz–palládium kétfémes katalizátor felületi 

és katalitikus tulajdonságaira gyakorolt hatását vizsgálva bizonyítottam, hogy a CI módszerrel 

készült MgAlO-hordozós katalizátor - ami a Cu/Pd 1/1 ötvözetet nagy mennyiségben, kisebb 

részecskemérettel tartalmazza - hat cikluson át is stabil maradt, ellentétben a TSI 

katalizátorral. Ilyen módon megállapítottam, hogy nem a hordozótól, vagy az előállítás 

módjától függ a kiváló katalitikus aktivitás illetve stabilitás, hanem a Cu/Pd 1/1 ötvözet 

jelenlététől. Viszont jelentős különbség mutatkozott a kétféle hordozós katalizátor között a 

Suzuki–Miyaura-reakció teljes lejátszódásához szükséges reakcióidőben. A Cu-Pd-MgAlO-CI 

katalizátorral az a Cu-Pd-4A-TSI jelenlétében szükséges egy óráról harminc percre csökken a 

jódbenzol és fenilboronsav reakcióideje. Megállapítottam továbbá, hogy egy bázikusabb 
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karakterű hordozóval a reakcióhoz szükséges szervetlen bázis mennyisége csökkenthető, bár 

ez némileg kisebb termeléssel jár. [D3] 

4. A szalicilaldehid, morfolin és fenilboronsav Petasis borono-Mannich reakciójának 

vizsgálatát minden általam készített egy-és kétfémes katalizátorral illetve hordozóikkal 

egyaránt elvégezve megállapítottam, hogy a szalicilaldehid konverziója ugyan az esetek 

többségében 90% felett volt, de a végtermék tisztasága tekintetében a legjobb eredmény 

növekvő sorrendben az MgAlO (hordozó), Cu-4A és Cu(0.2)-4A katalizátorokkal érhető el.  
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