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Abstract

This chapter provides a general overview about metal nanoparticles, methods for their 

synthesis, and their catalytic applications. Also, general aspects and recent advances in 

Ullmann and Hiyama coupling, and click chemistry are discussed. The motivation and 

objective for the research presented in this thesis are presented at the end of the chapter.  

 

 

 

 

 

 

 

 

 

Part of this chapter has been accepted for publication as a critical review: ‘Transition-metal 

nanoparticles: Synthesis, stability and the leaching issue’, L. Durán Pachón and G. Rothenberg, Appl. 

Organomet. Chem. 2008, in press.  
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1.1. Catalysis 

Catalysis is a key phenomenon in chemical transformations. The importance of catalytic 

processes can be summarized by two facts: no life form would exist without enzymes, and 

the modern society could not have reached the actual degree of development without the 

catalysts. Catalytic reactions were already used in ancient times, e.g. the sugar fermentation to 

produce ethanol is a reaction catalyzed by enzymes (biocatalysts), used since always for the 

wine production. However, the underlying principle of catalysis was not recognized at the 

time. The scientific development of catalysis only began about 200 years ago, and its 

importance has grown up to the present day. 

The term ‘catalysis’ comes from the Greek noun ‘katalyein’ (�������	
 = katá (down)  and 

lyein (split)) and it was introduced as early as 1835 by Berzelius in order to explain various 

decomposition and transformation reactions.1 However, the definition that is still valid today 

is due to Ostwald2: “a catalyst accelerates a chemical reaction without affecting the position 

of the equilibrium.” Apart from accelerating reactions, catalysts have another important 

property: they can influence the selectivity of chemical reactions. This means that completely 

different products can be obtained from a given starting material by using different catalyst 

systems. Industrially, this targeted reaction control is often even more important than the 

catalytic activity. 

Catalysts have been successfully used in the chemical industry for more than 100 years; e.g. 

the synthesis of sulfuric acid or the conversion of ammonia to nitric acid. The growing 

environmental concern demands the development of “green” production methods, the 

automobile exhaust control and purification of off-gases from power stations.  Catalysis is 

the solution to this problem.  In fact 75 % of all chemicals are produced with the aid of 

catalysts; in newly developed processes, the figure is over 90 %. Many organic intermediate 

products, required for the production of plastics, synthetic fibers, pharmaceuticals, dyes, 

crop-protection agents, resins, and pigments, can only be produced by catalytic processes.3 In 

summary, without catalysts, the chemical industry would not have developed the way it has, 

and the world would not be as we know it. 
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1.2. Carbon–Carbon coupling reactions 

Carbon–carbon coupling reactions are among the most important transformations in organic 

synthesis, as they make it possible to build up complex structures, as bio-active molecules 

developed for drugs and agrochemicals, from readily available components in diverse ways. 

Since the first carbon–carbon bond forming in the acetic acid synthesis by Kolbe in 1845,4 a 

large number of metal-catalyzed reactions has been developed over the last forty years.5 

These methods acquired efficiently the ability to forge carbon–carbon bonds between or 

within functionalized and sensitive substrates. Moreover, it provided new opportunities in 

total synthesis but also in medicinal and process chemistry, chemical biology and 

nanotechnology. Few examples of the reactions that are transition metal-catalyzed include 

the carbonylation of alkenes, the allylic alkylation, the co-polymerization of alkenes and CO, 

the hydroarylation, cross-coupling reactions, the Sonogashira reaction, the 1,4-addition to 

dienes, etc. Numerous reviews6-8 and books5,9 have covered the topic in the last years. 

The metal-mediated carbon–carbon coupling reactions can be classified into two main 

groups: 

(1) The homocoupling of aryl halides or Ullmann reaction. The "classic" Ullmann reaction 

(Equation 1.1) is the stoichiometric coupling between two molecules of aryl iodide with one 

of copper metal to form a symmetric biaryl. 

(1.1)I
R

2 2 Cu+
R

R
2 CuI+

�

There are also the so-called ‘Ullmann-type’ reactions consisting on the copper-catalyzed 

nucleophilic aromatic substitution in aryl halides (Equation 1.2). The most common of these 

is the ‘Ullmann ether synthesis’ between substituted phenoxides and aryl halides.10 

(1.2)X
R

HNu+ Nu
RCuI catalyst

base

HNu = NHR'R", HOAr, HSR'  
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Copper mediated Ullmann reactions have been used for the formation of aryl–carbon and 

aryl–heteroatom bonds. Despite their several limitations, remain the reactions of choice in 

large and industrial scale. An overview in the mechanistic details and the development of 

alternative copper-catalyzed methodologies for the Ullmann reactions will be examined later 

in this chapter. 

(2) Cross-coupling reactions. Here, an organometallic reagent R’-M reacts with an organic 

compound R-X (where X is a leaving group) and is catalyzed often by a transition-metal 

complex of e.g. palladium or nickel (Scheme 1.1). 

+ R'-M
Pd or Ni 

catalyst
+R-R' M-X

M =  MgY
        BY2
        ZnY
        AlY2
        SnY3
        SiY3

Kumada
Suzuki

Negishi

Stille
Hiyama

R, R' =  aryl,
             vinyl
             benzyl
             allyl
             alkyl

X = Cl, Br, I, sulfonate

R-X

Scheme 1.1. Overview of palladium- and nickel-catalyzed cross-coupling reactions. 

The most important examples include the Grignard cross-coupling or Kumada coupling,11 

the Suzuki-,12,13 Negishi-,6 Stille-,7 and the Hiyama reaction.14 A simplified catalytic cycle 

consists of three elementary steps (Scheme 1.2): oxidative addition of an electrophile, 

typically an organic halide R–X, onto the metal center; transmetallation to produce 

diorganometallic intermediates; and final reductive elimination to form cross-coupling 

products and to regenerate the active catalysts. 

Throughout the cycle, Pd or Ni is bound with its ligands, and its reactivity is strongly 

influenced by the steric and electronic properties of these ligands.9 The electrophile nature is 

also very important for the reaction success. A wide range of organic electrophiles can be 

applied in these reactions. Usually, aryl and vinyl halides are employed (iodides and bromides, 

rarely chlorides),9 but also other leaving groups, e.g. triflates, can be used. Unfortunately, the 

more reactive aryl iodides and triflates are less widely available and more expensive than the 

corresponding bromides, and especially chlorides because of green chemistry issues. 
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Therefore, lot of effort has been devoted to the development of the catalysts able to convert 

chlorides substrates under mild conditions.15  

RLnM* X

LnM* R
X

LnM* R
R'

R R'

R' MMX

M* = Ni, Pd

oxidative 
addition

transmetallation

reductive 
elimination

 

Scheme 1.2. Generalized C–C cross-coupling catalytic cycle. 

Increasingly, industry seeks more environmentally-friendly C–C coupling processes. Research 

groups are investigating modifications of the reactions, e.g. trace amounts of catalysts (ppb) 

that work in water.16 Also, ligand-free catalysts, solvent-free, or ionic liquids as solvent, are 

being investigated.17,18 The work described in this thesis is mainly focused on developing new 

catalysts or methods for the classic-Ullmann reaction and the Hiyama coupling. 

1.2.1. The Ullmann reaction 

The classic-Ullmann reaction, initially reported in 1901,19 has been employed for a long time 

to generate C–C bonds between aromatic nuclei. Typically, two molecular equivalents of aryl 

halide are reacted with one equivalent of finely divided copper above 200 °C to form a 

symmetric biaryl and a copper halide. The reaction mechanism has been extensively studied 

(Scheme 1.3). The active species is an organo-CuI-complex (Ar–Cu) which undergoes 

oxidative addition with the second equivalent of halide. This is followed by reductive 

elimination and the formation of the aryl–aryl carbon bond. 

The Ullmann reaction requires harsh reaction conditions such as high reaction temperature 

and stoichiometric amount of copper. It is also limited to electron deficient aryl halides and 

has a reputation for erratic yields. This procedure and its variants have been extensively 
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reviewed in the last decades.20-24 Since its discovery, some improvements and alternative 

procedures were introduced.24 For example, dimethylformamide is a solvent which permits 

the use of lower temperatures and a lower proportion of Cu. Besides, the use of an activated 

form of Cu powder, made by the reduction of CuI with potassium, allows the reaction to be 

carried out at even lower temperatures (~85 °C) with improved yields. As the reaction is 

heterogeneous, it can also be accelerated considerably using ultrasound.25 

I +

oxidative 

addition
Cu CuI Cu

Cu CuI

Cu +

oxidative 

addition
I

Cu
I

reductive

elimination
+ CuI

 

Scheme 1.3. Mechanism for the classic stoichiometric Ullmann reaction. 

Another major limitation of the Ullmann reaction is that it gives only symmetrical biaryls. 

Several attempts to synthesize unsymmetrical biaryls have been made, and some success has 

been achieved by associating aryl halides of different reactivities. However, these extensions 

of the original Ullmann reaction to unsymmetrical biaryls formation require the use of a 

significant excess of the “activated” aryl.26 

Among the alternatives to the stoichiometric Ullmann reaction with copper, there are several 

palladium-catalyzed processes, based on both homogeneous27 and heterogeneous28,29 systems.

Numerous reductive and oxidative mechanisms have been proposed for these palladium-

catalyzed coupling protocols. The common factor in all of them is the use of the Pd2+ � Pd0 

redox cycle.30 The heterogeneous palladium systems benefit from easy catalyst separation and 

recycling, but still require a reducing reagent such as isopropanol,31 formate salts,29 hydrogen 

gas,32 or zinc metal,33 to complete the catalytic cycle. Intensive research is still being done to 

find an industrial alternative to the classic-Ullmann reaction. 
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1.2.2. Hiyama coupling 

The Hiyama coupling is a metal-catalyzed reaction of organosilanes with organic halides or 

triflates (Equation 1.3). It was first reported by Hatanaka and Hiyama in 1988.14 The 

reaction has became very popular for industrial purposes because of its many advantages 

such as low environmental impact, high atom efficiency, and safe handling of organosilicon 

compounds compared with the coupling reactions of organoboron, organozinc, or organotin 

compounds.9  

(1.3)

Si(OR')3

+

Pd or Ni catalyst

base or fluoride

X

R R
Si(OR')3X+

X = Cl, Br, I, OTf  

Typically, the Hiyama reaction is promoted by activation of the organosilane with fluorides 

or a base. The polarization of the Si–C bond is crucial for the success of reaction.34 The 

activation of the silane compound with a base or fluoride ions, e.g. tris-(dimethylamino)-

sulfonium trimethyldifluorotrimethylsilicate (TASF) or tetrabutylammonium fluoride (TBAF) 

leading to a pentavalent silicon compound is a first necessary step (see Scheme 1.4).9 This 

intermediate is more active for transmetallation. Without the added fluorine the 

organosilicon compound is simply too stable. The reaction mechanism proceeds through the 

usual oxidative addition, transmetalation and reductive elimination sequence. 

R SiF3' + Bu4N+F +NBu4Si
F

F
F

F
R'

LnM* R
R'

LnM* R
X +NBu4Si

F
F
F

F
X

transmetallation

Scheme 1.4. Activation of the silicon compound by fluorine compounds for the 

transmetallation step. 
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The reaction rate can be increased by using silanes with R’ groups such as fluoro or alkoxy 

instead of alkyl.35,36 Another approach uses silacyclobutanes.37 These small-ring silanes offer 

enhanced Lewis acidity because angle strain is released when the silicon undergoes transition 

from tetrahedral to pentavalent, which favors the activation.  ̄

Although many improvements in the reaction conditions have been reported, the usual 

catalysts for Hiyama coupling are organometallic Pd2+ complexes, where a large mol% of 

catalyst and big excess of base is used.37,38  For these reasons, intensive research is done to 

make the Hiyama coupling a better alternative to the Suzuki- or the Stille coupling. 

 

1.3. Click Chemistry 

‘Click chemistry’, a term introduced by Sharpless in 2001,39 describes chemistry tailored to 

generate substances quickly and reliably by joining small units together. This is inspired by 

the fact that nature also generates substances by joining small modular units. Proteins are 

made from repeating amino acid units and sugars are made from repeating monosaccharide 

units. The connecting units are based on carbon–heteroatom bonds rather than carbon–

carbon bonds. A computational study by Guida et al.40 suggests that the pool of ‘drug-like’ 

compounds (<30 non-hydrogen atoms, <500 Daltons; only H, C, N, O, P, S, F, Cl and Br; 

likely to be stable in the presence of water and oxygen) is as large as 1063. Click chemistry in 

combination with combinatorial chemistry, high-throughput screening and building chemical 

libraries speeds up the organic synthesis of new pharmaceuticals41 due to the large number of 

possible structures.39  

The following criteria are encouraged by click chemistry: modular application and wide in 

scope; high chemical yield and atom economy; single reaction product and inoffensive by-

products; stereospecific; simple reaction conditions; readily available starting materials and 

reagents; no solvent involved or a benign solvent, preferably water; easy product isolation; 

fast reaction; and strong thermodynamic driving force (exothermic reactions make reactants 

"spring loaded"). Many of the criteria are subjective; and even if measurable and objective 

criteria could agree upon, it is unlikely that any reaction will be perfect for every situation and 

application. 
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However, several reactions have been identified which fit the bill better than others (Scheme 

1.5); e.g. addition reactions to carbon–carbon double bonds like epoxidation42 and 

dihydroxylation;43 and the consecutive nucleophilic substitution to the small strained rings to 

form difunctionalized compounds.39 Among these reaction are also, cycloadditions such as 

the Huisgen 1,3-dipolar addition to give 5-memebered heterocyles;44 and the formation of 

aromatic heterocycles, oximes ethers and hydrazones from carbonyl compounds. 

The Huisgen 1,3-dipolar cycloaddition between azides and terminal alkynes,45 has rapidly 

become the most popular click reaction to date.46 Fokin and Sharpless independently 

described it as “the cream of the crop” of click chemistry, firmly placing it among the most 

reliable processes fitting the click criteria.39 Although azides and alkynes display high mutual 

reactivity, individually these functional groups are two of the least reactive in organic 

synthesis. They have been termed bio-ortogonal because of their stability and inertness 

towards the functional groups typically found in biological molecules.46  

Nature

*
n

X

:Nuc
Nuc

XH

1,2-difunctionalized 
compounds

[X]

catalyst

X = O, NR, SR+, NR+

R1 R2

O

N

NH
N

N

R1

R3

O

R4

aromatic heterocycles

R1 R2

N
XR3

oximes ethers,hydrazones

NN
NR2 R1

R1 N3

5-membered heterocycles
XR3 NH2

X = O, N

 

Scheme 1.5. The most common click reactions; where the starting materials are obtained 

from nature or by simple synthetic methods. 

The formation of triazoles via the cycloaddition of azide and 47mechanism of these 

cycloadditions was not fully realized until the 1960’s.45 The reaction generates a mixture of 
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1,4- and 1,5-disubstituted triazoles (Equation 1.4). Various attempts to control the 

regioselectivity have been reported without much success until the discovery of the CuI-

catalyzed reaction in 2002,48,49 which exclusively yields the 1,4-disubstituted 1,2,3-triazole. 

(1.4)+ +N N N
R

R' N
N

N

R'

R N
N

NR

R'  

Several commercial sources of CuI  such as cuprous bromide or iodide, can be employed but 

the reactions generally must be run with acetonitrile as co-solvent, require a nitrogen base, 

and sometimes generate unwanted diacetylene and bis-triazole by-products.48 The reaction 

works better using the in situ reduction of CuII (e.g. CuSO4) to CuI with sodium ascorbate in 

aqueous alcoholic solvents allows the formation of 1,4-triazoles at room temperature in high 

yield with less than 2 mol% catalyst loading.47 As CuI is unstable in aqueous solvents, 

stabilizing ligands are effective for improving the reaction outcome, especially if tris-

(benzyltriazolylmethyl)amine (TBTA) is used. The reaction can be run in a variety of 

solvents, and mixtures of water and a variety of miscible organic solvents including alcohols, 

DMSO, DMF, t-BuOH and acetone work well.50 Owing to the powerful coordinating ability 

of nitriles towards CuI it is best to avoid acetonitrile as the solvent. Primary, secondary, and 

tertiary substituted azides as well as aromatic azides can be utilized. Numerous terminal 

acetylene components participate in the transformation and the reaction is compatible with 

various functional groups such as esters, acids, alkenes, alcohols, and amines. The copper-

catalyzed reaction was later expanded by Yamamoto and coworkers using a bimetallic 

catalyst so that triazoles could be obtained from seemingly internal alkynes.51  

The copper-catalyzed reaction is thought to proceed in a stepwise manner starting with the 

generation of CuI–acetylide (Scheme 1.6). Density functional theory calculations52 show a 

preference for the stepwise addition (5 � 6 � 7 � 8) over the concerted cycloaddition (5 

� 8) by approximately 12 to 15 kcal mol-1, leading to the intriguing six-membered 

metallocycle. 

Due to the reliability and generality of the CuI-catalyzed azide-alkyne cycloaddition to 

generate N-heterocyclic pharmacophores, the reaction has been utilized for various aspects 

of drug discovery.46 The development of the CuI-catalyzed cycloaddition reaction between 
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azides and terminal alkynes has led to many interesting applications of click reactions 

including the synthesis of natural product derivatives, target guided synthesis53 and activity-

based protein profiling.54 They are also receiving widespread use in materials and surface 

science.55 Most variations in coupling polymers with other polymers or small molecules have 

been explored.56 Current shortcomings are that the terminal alkyne appears to participate in 

free radical polymerizations. Similarly, the use of organic solvents, CuI and inert atmospheres 

to do the cycloaddition with many polymers makes the "click" label inappropriate for such 

reactions. An aqueous protocol for performing the cycloaddition with free radical polymers 

is highly desirable. 

RLnCu H

-H+

R CuLn

N N N
R'

R CuLn

N
N

R'N

N
N

N
CuLn

R

R'
N

N
N

R

R 1

CuLn

N
N

N

R

R 1

+ H+

CuSO4

reducing agent

5

6

7 8

Scheme 1.6. Postulated catalytic cycle for the azide-alkyne coupling. 
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1.4. Nanoparticles 

The 21st century is in many ways the century of nanotechnology. Promises and possibilities 

range wide: nanometric catalysts open new routes to a variety of products,57,58 nanomagnets 

will store information for superfast computers,59 nanowires will string together 

nanoelectronic circuits,60,61 and nanomachines will transform modern medicine.62 Whether 

these promises will be fulfilled or not depends also on our understanding of what makes 

nanoparticles  

In the nanoscale regime (Figure 1.1), somewhere between the bulk solid and molecular state, 

nanoparticles show unique properties. Nanoparticles (nanoclusters or nanocolloids) are 

defined as any type of metallic species with a size between 1-25 nm. They have attracted 

attention from a wide range of fields, including physics, chemistry, material science, biology 

and medicine. 

Although, generally nanoparticles are considered an invention of modern science, they 

actually have a very long history, e.g. metal nanoparticles were already used by Roman 

artisans as far back as in the 4th century for generating a glittering effect on the surface of 

pottery (Abstract figure).63 They have been also exploited for centuries in diverse areas 

ranging from pigments and paints to medicines, as well as in photography, agriculture, etc.64  

Nanometers

H2O 
molecule

Glucose
molecule

Antibody Virus Bacteria

10-1 1 10 102 103 104 105 106 107

Blood cell A grain 
of sand

Tennis ball

Nanoparticles

108

 

Figure 1.1. Nanoparticles in the nanoscale regime. 



Chapter 1 

General Introduction 

14

But the first scientific study on metal nanocolloids was done by Michael Faraday in 1857.65 

Faraday believed that the bright red color of the colloidal gold was due to the extremely 

small sizes of the individual particles, which interacted with light in a different manner 

compared to metallic gold. However, colloid science kept unpopular during many years. The 

theoretical works of Mie,66 Gans,67 and Kubo68 which were successful in predicting the 

optical properties and electronic structure of metal particles, Einstein’s success in relating 

Brownian motion to diffusion coefficient,69 were largely ignored. But thanks to visionaries 

such as Feynman70 and his famous lecture “there are plenty of room at the bottom”, the science of 

colloids staged a gradual revival in the 1980s. Since then, significant advances in both 

experimental and theoretical aspects have led to an explosion of interest in the areas of 

nanoscience and nanotechnology. This is reflected by the number of books and review 

articles that have been published in the last years.71-75  

Nanoparticles, owing to their dimensions, exhibit quantum size effects. Physicists predicted 

that when the particle sizes of clusters are reduced to about 1-10 nm the properties of the 

cluster would be intermediate between that of individual atoms/molecules and that of the 

bulk material. Some examples of these properties are lower melting points, increased solid-

solid phase transition pressure decreased ferroelectric phase transition temperature, higher 

self-diffusion coefficient, changed  thermophysical properties, and of course a unique 

catalytic activity, that will be explain in detail further in this chapter.  

1.4.1. Stabilization and formation mechanism of nanoparticles 

This section will focus in the formation of stable suspension of nanoparticles required for 

catalysis in liquid phase. The formation of nanoparticles in solution occurs by chemical 

reactions that result in the formation of stable nuclei and subsequent particle growth. For 

nucleation to occur, the solution must be supersaturated either by directly dissolving the 

solute at higher temperature and then cooling to low temperatures or by adding the necessary 

reactants to produce a supersaturated solution during the reaction.76,77 When the 

concentration drops below the critical level, nucleation stops and the particles continue to 

grow until the equilibrium concentration of the precipitates is reached. 

Uniformity of the size distribution is achieved through a short nucleation period. The smaller 

particles grow more rapidly than the larger ones because of the free energy driving force. 
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Monodisperse size distribution can be obtained at this stage by either stopping the reaction 

quickly or by supplying reactant source to keep a saturated condition during the course of the 

reaction 

“Naked” nanoparticles are kinetically unstable in solution, with respect to agglomeration to 

the bulk. Thus, all preparation methods involve the use of stabilizing agents, which adsorb at 

the particle surface. The charge or solubility properties keep the clusters suspended, and 

thereby prevent their aggregation. Stabilization can be achieved by two methods: 

(1) Electrostatic stabilization. Anions and cations from the starting materials remain in 

solution, and associate with the metal nanoparticles. The particles are surrounded by an 

electrical double layer. This results in a Coulombic repulsion between particles that varies 

exponentially with the interparticle distance as shown schematically in Figure 1.2, left. The 

minimum in potential energy at short interparticle distance defines a stable arrangement of 

particles. Thus, if the electric potential associated with the double layer is sufficiently high, 

electrostatic repulsion will prevent particle agglomeration. 

E

electrostatic
repulsion

van der Waals
attraction

r

high local concentration
of  stabilizer

+

+
+

+

+

+

+ +

+

+
+

+

+

+

+ +

 

Fig 1.2. Electrostatic stabilization (left) and steric stabilization of metal nanoparticles (right). 

(2) Steric stabilization. A second method by which metal particles can be prevented from 

aggregating is by the adsorption of large molecules such as polymers or surfactants at the 

surface of the particles, providing a protective layer. The way in which adsorbed large 

molecules prevent aggregation can be seen in a simplified manner by visualizing the close 

approach of two particles, each with long chain molecules adsorbed at their surfaces as 
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shown in Figure 1.2, right. In the interparticle space the adsorbed molecules would be 

restricted in motion, fewer conformations will be accessible, causing a decrease in entropy 

and thus an increase in free energy.  

 

1.4.2. Synthesis of metal nanoparticles 

The various methods for synthesizing metal nanoparticles were extensively reviewed by 

Bönnemann,78 Schmidt,74 Finke,72  Roucoux,79 Wilcoxon,80 Chaudret,81 and Cushing.82 Big 

steps have been made in nanoparticles synthesis in the last decade. There are reproducible 

methods for making structured nanoparticles, with good control over size, shape, and 

composition. In this respect, nanoparticles fulfill yet the promises of nanotechnology with 

regard to bottom-up synthesis and device manufacturing. In general, there are four main 

categories of nanoparticles synthesis: 

(1) Reduction of transition metal salt precursors. Discovered 150 years ago by Michael Faraday, the 

‘wet chemical’ reduction has become the most common method for making nanoparticles.83 

The first reproducible synthesis was done by Turkevich and co-workers, who prepared 20 

nm Au particles by citrate reduction of [AuCl4].84,85 They also proposed a mechanism for the 

stepwise formation of nanoparticles based on nucleation, growth and agglomeration.86  

xMn+  + nxe¯   +  stabilizer  �   M0
n (cluster)  (1.5) 

In this approach, (Equation 1.5) the reducing agent (e.g. hydrogen, alcohol, hydrazine or 

borohydride) is mixed with the metal precursor salt in the presence of stabilizing agents 

(ligands, polymers or surfactants). The latter prevent the undesired agglomeration and 

formation of metal powders (Figure 1.3). The actual size of the nanoparticles depends on 

many factors, including the type of reducing agent, metal precursor, solvent, concentration, 

temperature and reaction time.78,87  
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 Figure 1.3. Formation of nanoparticles via reduction of metal salt precursors. 

(2) Electrochemical synthesis. This method was developed by Reetz in the 1990s.88,89 The overall 

process includes five steps (see Figure 1.4): 

1. Oxidative dissolution of the sacrificial metal bulk anode. 

2. Migration of metal ions to the cathode. 

3. Reductive formation of zerovalent metal atoms at the cathode. 

4. Nucleation and growth of metal particles. 

5. Arresting of the growth process and stabilizing of the particles by protecting agents, e.g., 

tetraalkylammonium ions.  

The electrochemical pathway avoids contamination with by-products resulting from chemical 

reducing agents, and the products are easily isolated from the precipitate. Further, it allows 

size-selective particle formation by tuning the current density: high current densities lead to 

small nanoparticles, and vice versa. The particle size can also be controlled by adjusting the 

distance between the electrodes, the reaction time and temperature, or the solvent polarity.78 

This method was successfully applied in the preparation of a number of monometallic 

nanoparticle organosols and hydrosols, including Pd, Ni, Co, Fe, Ti, Ag, and Au. Bimetallic 

alloys (e.g. Pd/Ni, Fe/Co, or Fe/Ni) are accessible if two sacrificial metal anodes are used 

simultaneously.90 
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Figure 1.4. Electrochemical formation of NR4
+Cl¯-stabilized Pd nanoparticles. 

 (3) Reduction of organic ligands in organometallic precursors. Starting from low-valent metal 

complexes, the ligands are reduced typically with H2 (Equation 1.6) or carbon monoxide. 

The reduced ligands leave the M0 centre, allowing the clustering of metal atoms.91 

nM(L)x  +  xH2  +  stabilizer  �   M0
n (cluster)   +   xLH2  (1.6) 

(4) Metal vapour chemistry. The atomic vapour of a metal is condensed into a cold liquid, 

containing a stabilizer. Upon warming, the dissolved metal atoms form nanoparticles.  When 

the liquid itself acts as a stabilizer, the metal vapor can condense with the solvent vapour, 

giving a solid matrix.92  

Other less common methods include  redox surface techniques, thermal93 and 

photochemical94 decomposition of metal complex precursors, sonochemical synthesis,95 and 
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laser ablation.96 Alternatively, one can anchor the nanoparticles on a solid support. This 

approach is popular as a method for catalyst preparation and heterogenization.87,97 

1.4.3. Catalysis with nanoparticles 

Because of the small size, a high percentage of the atoms are surface atoms, leading to 

increased catalytic activity.98 Homogenous catalysts are molecularly dispersed with the 

reactants in the same phase, which gives easy access to the catalytic site but make the 

separation of the catalyst difficult. Heterogeneous catalysts are in a different phase from the 

reactants, which facilitates separation but limits access to the active site due to diffusion 

resistance. Thus, metal nanoparticles, as intermediate case, are attractive catalysts. Since 

industrial catalysts usually work on the surface of metals, the metal nanoparticles, which 

possess much larger surface area per unit volume or weight of metal than the bulk metal, 

have been considered as promising materials for catalysis.  

Metal nanoparticles have been used in heterogeneous catalysis for over 50 years.99  One of 

the first process using such catalysts is the catalytic reforming for the production of 

reformulated gasolines.100 Industrial catalysts containing nanoparticles of 1 nm-Pt on 

chlorinated alumina were introduced in the 1960s101 and Pt-Re or Pt-Su bimetallic catalysts (1 

nm particles) in the 1970s.102 In hydrogenation, hydrocracking and aromatization processes, 

zeolites exchanged with noble103,104 and non-noble metals105 are currently used. More recently 

metal catalysts were successfully employed in automotive catalytic converters.106 In 

homogenous catalysis, as early as 1986, Lewis et al. envisaged the participation of Pt 

nanoparticles in catalytic hydrosylilation reactions.107 Since then, noble-metal nanoparticles 

catalysts appeared in numerous reports and reactions, from hydrogen peroxide 

decomposition108 all the way to Heck cross-coupling.88,109 Several reviews cover the catalytic 

applications of nanoparticles.72,79,110  

A key issue in nanoparticles research is the nature of the cluster catalysis. Various groups 

have reported in the last years that often the nanoparticles suspension is simply a reservoir 

for metal atoms/ions that leach into solution. In C–C coupling, for example, leaching of Pd 

atoms and/or ions has been extensively investigated. There has been much scientific 

argument regarding the actual catalytic species. Bradley and co-workers,111 and El-Sayed,112 

reported that low coordination sites on the clusters catalyse the reaction. Shmidt,113 Arai,114 
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de Vries,115-117 and Reetz,118 suggested a homogeneous mechanism in which the nanoparticles 

act as “reservoirs” of active Pd atoms or ions. Conversely, Dupont and co-workers119 argued 

for the participation of nanoparticles in Heck coupling reactions in ionic liquids. Several 

papers show, mainly for hydrogenation reactions, that soluble metal precursors often form 

metal nanoparticles as the actual catalysts.120,121 Currently, there are three promising 

approaches for dealing with the leaching problem: The first is by immobilizing the 

nanoparticles on a solid surface. This cuts down the leaching, but also reduces substrate 

accessibility.122 Alternatively, biphasic separation using ionic liquids can minimize leaching 

while still keeping the nanoparticles accessible.123 Another strategy employs nanoparticles 

suspensions knowing that leaching occurs, and thereby maintaining a low concentration of 

very active homogeneous ligand-free catalysts in solution. The de Vries group at DSM has 

recently demonstrated this approach for Pd-catalysed Heck reactions.117 

 

1.5. Metallo-organic hybrid materials 

At every significant step in the astronomical advance that mankind has made since the 

nomadic age lays the discovery of better materials. Besides the materials themselves, the 

process involved in utilizing these materials are also critical for the advancement of the 

civilization. One way to improve the material properties is to mix two or more compounds 

and its properties are either improved or entirely new compared with the nature of each 

compounds separately, or its qualities are a direct result of the simply added up properties of 

the compounds used. This is the generally accepted definition for composites. 

A prominent example concerns the sol-gel doped materials. They are porous metal oxides 

confining active species. The initial discovery was made by Avnir and Reisfeld,124 who first 

conceived the alkoxide gelation process and to verify the activity of the glass. It was rapidly 

established that any organic molecules, including enzymes, could be entrapped and dispersed 

within the inner porosity of such glasses with full retention of the chemical activity and 

marked stabilization of the entrapped dopant molecules. The domains of organic chemistry 

and ceramic materials were merging and the new era of inorganic-organic hybrid materials 
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had started.125,126 These materials found useful applications practically all across modern 

chemistry and biochemistry.127-130 

The next step for Avnir and co-workers from a similar approach was the doping of metals 

with organic molecules. The motivation is based on the fact that organic and bioorganic 

molecules represent a very rich library of properties that metals are devoid of. The traditional 

properties and applications of metals will then merge with the diverse properties of organic 

molecules. The incorporation of a molecule within the sea of electrons of a metal, will affect 

its physical and chemical properties. Various useful applications have been already 

demonstrated, including the physical alteration of metal properties, the formation of new 

catalysts with superior performances, as well as the induction of new unorthodox properties 

to the metals. 

Reduction

Metal cations in
aqueous solution

Aggregation
and 

Entrapment

Reduced metal atoms
in solution

Precipitate of  
metal composite

Metal precursor (MX) Dopant

Reducing agent M0

dopant  + MX  +  red + H2O �   dopant@M0 + oxid + HX

 

Figure 1.5. Entrapment procedure, where the doped metal is represented by 

‘dopant@metal’, e.g. Nafion@Ag. 

The general method of preparation of these metallic composites involves a room 

temperature metal synthesis by the chemical reduction of the cation, which is carried out in 

the presence of the desired organic molecule, with a carefully selected reducing agent Figure 

1.5. The entrapment methodology can be applied for different types of molecules including 

hydrophilic (Congo-red, Safranin-O and Thionin) and hydrophobic (Sudan-III) dyes and 

polymers (Nafion, PVA, PVBA and PSSA). So far, the feasibility of the entrapment has been 
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proven on silver, copper and gold. Studies on the material structure showed physical caging 

inside partially closed pores, the walls of which are the faces of nanocrystallites. The 

entrapped molecules showed an interesting feature: they remain accessible to reaction with 

substrates diffusing in through the pore nano-network. This was proven by applying the 

material to the catalysis of typical organic reaction. e.g. Congo-red@Ag, in which Congo-red 

improved the performance of Ag as catalyst in the methanol oxidation to formaldehyde. 

In summary, these new composite materials, at the border between metals and organic 

molecules, comprise the practical opening of a new field within materials science. These 

materials are expected to have an impact wherever metals are used such as catalysis, 

electrochemistry, magnetism, corrosion protection, etc. 

 

1.6. Motivation and aim of the thesis 

In the past, industrial chemical processes were mainly driven by the demands of cost and 

efficiency, in the absence of true awareness of the adverse effects on the environment. Since 

then, considerable knowledge has been gained in homogeneous, heterogeneous, supported, 

and biphasic catalysis, which now helps to minimize the environmental impact.  In this 

context, metal nanoparticles catalysts can enhance selectivity, efficiency and atom economy.  

The main goal of this thesis was to synthesize, characterize and develop different metal 

nanoparticles systems as alternative ligand-free catalysts for important reactions in the 

synthesis of fine chemicals. We also developed a new synthetic method for core/shell 

nanoclusters catalysts combining an inexpensive nickel core with a palladium shell. 

Detailed knowledge of the catalysis nature is essential for processes optimization. Thus, the 

mechanistic understanding of the cluster catalysis was a strong motivation in the work done 

in every chapter of this thesis, since a better insight into the catalytic reaction mechanism can 

help us to design better catalysts.  

Finally, the challenge of tailoring and developing new and better materials motivated us to 

move all the way to the organically-doped metals (the opposite concept of organometallic 
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complexes). The properties of metal catalysts are tailored by ligands around their 

coordination sphere, in the case of homogenous catalysis, or by the solid support, in the case 

of heterogeneous catalysis. By doping a metal with small organic impurities, an exciting and 

simple methodology is opened to induce new properties to the metals.  
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Abstract

Air-stable copper nanoclusters are good catalysts in the CuI-catalyzed ‘click’ cycloaddition of 

azides with terminal alkynes to give 1,4-disubstituted 1,2,3-triazoles. No additional base or 

reducing agent is required. The reaction kinetics using various copper catalyst types and the

function of copper particles in this system are studied and discussed. 
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2.1. Introduction 

‘Click chemistry’, a term introduced by Sharpless and co-workers,1 denotes a growing family 

of powerful chemical reactions that are based on ‘spring–loaded’ energy-intensive substrates 

that can, under the right conditions, unload their energy to form stable products in high 

selectivity. This is inspired by the fact that nature also generates substances by joining small 

modular units.  

Ever since their debut in 2001, click reactions are finding more and more applications in 

drug discovery,2,3 organic synthesis,4,5 and materials science.6,7 Perhaps the most remarkable 

example is the copper-catalyzed version of the Huisgen 1,3-dipolar cycloaddition of azides to 

terminal alkynes (Scheme 2.1, top).8,9 This reaction tolerates a variety of functional groups, is 

insensitive to water and oxygen, and gives easy access to regiospecific 1,4-disubstituted 1,2,3-

triazoles. The 100% atom economy and simple product isolation make this reaction useful in 

various applications ranging from bio-orthogonal and bio-conjugation,10-13 polymer14,15 and 

dendrimer16 syntheses to the construction of peptide bond surrogates17 and powerful 

pharmacophores.2  

The reaction is catalyzed by CuI species that are either added directly as cuprous salts (with 

or without ligands),18 or generated by the reduction of CuII salts (CuSO4 with sodium 

ascorbate),19 or by the in situ oxidation of copper metal turnings to give CuI species.8 The last 

option is particularly attractive, as copper metal is inexpensive, and there is no need for a 

reducing agent as in the case of CuII. However, reactions are relatively slow and require a 

significant amount of catalyst. These drawbacks are increasingly important when large-scale 

production is considered. 

The fact that both Cu0 and CuII can be used as catalyst precursors, plus the ubiquitous 

presence of CuI-alkyne intermediates in similar chemical systems,20 such as the Glaser 

homocoupling21 and the Stephens–Castro22 and Sonogashira23,24 reactions, led us to think that 

copper nanoclusters could be efficient catalysts for Huisgen-type cycloadditions. Previous 

studies in our group showed that Cu clusters are particularly suited to Suzuki,25,26 and 

Sonogashira27 cross-coupling reactions.  
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2a R2= C6H5–
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Scheme 2.1. Huisgen-type 1,3-cycloaddition of azides to terminal alkynes catalyzed by CuI 

ions (top) and by Cu nanoclusters (bottom).  

In this chapter, we report the use of nanometric copper clusters as efficient ligand-free 

catalysts for 1,3-dipolar cycloaddition reactions between azides and terminal alkynes.28-32 

These clusters are active and stable, and comply with the requirements of click chemistry. We 

demonstrate the application of the system to a variety of substrates, compare the reaction 

rates using different types of copper catalysts, and examine the reaction mechanism, whether 

copper atoms and/or ions are leaching into the solution or not. 

 

2.2. Results and discussion 

2.2.1. Preparation and characterization of copper nanoclusters 

The copper nanoclusters were prepared by reducing cuprous chloride in solution with tetra-

n-octylammonium formate (TOAF). This method gives a stable suspension that can be kept 

for months and is very easy to handle. The characterization of the clusters showed spherical 
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particles with a narrow cluster size distribution and no aggregation, with a mean diameter of 

4.15 nm (see Figure 2.1).  
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Figure 2.1. Transmission electron micrograph (left) and corresponding size distribution (right, 

based on 70 particles counted) of Cu nanoclusters. 

2.2.2. Huisgen-type cycloaddition catalysis 

In a typical cluster-catalyzed cycloaddition reaction (Scheme 2.1, bottom), one equivalent of 

azide 1 was mixed at 25 °C and pressure with two equivalents of alkyne 2 and 0.001 

equivalents of copper clusters, in 50 ml of  water/t-butyl alcohol (2:1). Good conversions 

and yields were observed for a variety of azide/alkyne combinations (Table 2.1). The 1,4-

disubstituted 1,2,3-triazoles 3a–f were easily isolated by filtration, followed by 

recrystallization, and identified by their melting points and 1H NMR spectra.  

In general, aliphatic alkynes gave higher yields than aromatic ones (typically 85–100% vs. 

~80%, respectively). The presence of an electron-withdrawing hydroxy group increased the 

product yield. The phenyl group in the 1- phenylprop-2-yn-1-ol (entries 2 and 5) was found 

to slightly impede the reaction, probably because of steric effects, i.e., interfering with the 

formation of the CuI-terminal alkyne species. This effect was observed for both aromatic and 

aliphatic azides.2 
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Table 2.1. Huisgen-type cycloadditions catalyzed by copper nanoclusters.a 

  

Entry Azide  Alkyne  Product  Yield (%)b

1 
N3

 

1a 

 

2a 

 

N
NN

 

3a 80 

2 
N3

 

1a OH 2b 

N
NN

OH
3b 85 

3 
N3

 

1a OH
 

2c N NN

OH
3c >99c 

4 

N3

 

1b 

 

2a N
NN

3d 82 

5 

N3

 

1b OH 2b 
N

NN

OH 3e 97 

6 

N3

 

1b OH
 

2c N
NN

OH
 

3f >99c 

[a] Reaction conditions: 10 mmol azide (1), 20 mmol alkyne (2), 0.1 mmol Cu nanoclusters, 50 
ml H2O/t-BuOH (2:1), 25 °C; 18 h.  
[b] Yields of isolated products, reported in mol% based on azide starting material.  
[c] Yields calculated based on GC values, corrected for the presence of an internal standard. 
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Sharpless and co-workers reported that the CuI-catalyzed synthesis of 1,2,3-triazoles from 

azides and terminal alkynes could also be catalyzed by  Cu0 turnings,8 as well as by 

CuSO4/sodium ascorbate.11,12 In both cases, it was suggested that the Cu0 and CuII precursors 

are oxidized or reduced to give the active CuI catalytic species. Such switching between the 

Cu0/CuI/CuII oxidation states was also observed by one of us in the catalytic oxidation of 

allylic olefins with t-butyl hydroperoxide (TBHP), which could also be catalyzed by copper 

clusters as catalyst precursors.33  

The interesting point about the azide-alkyne cycloadditions, however, is that copper clusters 

may play a special role here, rather than just ‘reservoirs’ for CuI. This is analogous to 

previous findings in our group on Sonogashira cross-coupling, where copper clusters 

exhibited very different catalytic properties compared to CuI salts.27 

2.2.3. Kinetic and mechanistic studies 

To gain further insight into the role of the copper clusters in azide-alkyne cycloadditions, we 

monitored the kinetics of the model reaction between benzyl azide (1b) and prop-2-yn-1-ol 

(2c). We compared profiles for four catalytic systems: copper shavings, copper powder, 

copper nanoclusters, and CuSO4/ascorbate (Figure 2.2). All other reaction conditions were 

kept constant and blank experiments were performed to exclude systemic effects.  

Several interesting things can be observed in Figure 2.2. Perhaps, the most significant are 

the differences between the reaction rates of the various catalyst types. This indicates that the 

role of Cu particles in the Huisgen 1,3-dipolar cycloadditions is similar to that in the 

Sonogashira cross-coupling. If the Cu particles were mere ‘reservoirs’ for CuI and/or  CuII 

ions, one would expect similar reaction profiles regardless of the copper source (cf. the 

oxidative Cu/TBHP system where the kinetic profiles for Cu0 clusters, CuII salts and CuII 

salts are indistinguishable33). 
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Figure 2.2. Time-resolved reaction profiles observed for the 1,3-cycloaddition of prop-2-yn-

1-ol to benzyl azide using various copper catalytic systems. Reaction conditions are as in 

Table 1. All reactions were performed in duplicate (with error of  � 2.3%). 

Copper nanoclusters displayed the highest activity of the four systems tested, affording 100% 

conversion after 18 h. The activity trend is Cu0 clusters > Cu0 powder > Cu0 shavings > 

CuII/ascorbate. This is in good agreement with the catalyst surface area (in the case of Cu0). 

The specific surface area of the clusters and the powder was 168 m2/g and 0.15 m2/g, 

respectively. 

One key scientific question is whether the Cu0 clusters and powder are leaching copper 

atoms into the solution or not. Indeed, this question stands at the heart of many an argument 

in heterogeneous catalysis34. To try to answer this question, we performed a separate set of 

reactions to give 3f catalyzed by Cu0 powder. As before, reactions were monitored by gas 

chromatography (GC). This time, however, we filtered the powder out of the reaction vessel 

after 7 h, continued to stir, and added the powder back after 20 h. Figure 2.3 shows the 
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resulting kinetic profile (‘•’ symbols), together with a control reaction with no filtration 

(broken curve).  

The clear difference between the reaction curves in Figure 2.3 supports our hypothesis that 

the reaction occurs on the surface of the copper particles, rather than via Cu0 atoms or 

CuI/CuII ions that are leached into the reaction mixture. Furthermore, all four profiles in 

Figure 2.2 exhibit an induction period, from 1 h in the case of Cu clusters, and up to 5 h in 

the case of CuII/ascorbate. For the Cu0 catalysts, the duration of the induction period 

corresponds to the catalysts surface area. This fact is also in agreement with a reaction that 

occurs at the catalyst surface. The reaction is probably mediated via a CuI ion on the surface, 

similar to the mechanism of the Sonogashira coupling.27 

Notwithstanding this evidence, three more points should be considered: First, it may be that 

after the copper powder is filtered off, some CuI and/or CuII may still remain in solution, but 

as there is no more reducing agent, it will rapidly convert all CuII (in Figure 2.3 we see that 

after 7 h, when the copper powder is filtered off, the reaction slows down considerably, but 

does not stop). Second, the surface of copper metal is usually coated by a monolayer of CuI 

oxide, a dark red powder when in bulk, but virtually unnoticeable when on the metal, which 

may serve as the source of CuI. This may explain why the reaction slows down and eventually 

stops, but does not stop immediately, after copper metal is removed. Third, studies on the 

mechanism of the homogeneously-catalyzed reaction show that CuI acetylide is almost 

certainly an intermediate in the catalytic cycle.35 If this is the case, it means that Cu0 by itself 

cannot catalyze the reaction – one way or another, CuI has to form. 
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Figure 2.3. Time-resolved reaction profile observed for the 1,3- cycloaddition of prop-2-yn-

1-ol and benzyl azide using copper powder as catalyst. Reaction conditions are as in Table 1. 

‘•’ symbols represent the kinetic profile of the experiment filtering and adding back Cu 

powder. The broken line shows a control experiment without filtering of the copper catalyst. 

 

2.3. Conclusion 

Cu nanoclusters are efficient catalysts for 1,3-cycloadditions of azides to terminal alkynes. 

Reaction conditions are improved in comparison with previous catalytic systems. There is 

evidence that the catalysis occurs on the particles’ surface, but the mechanism is complex, 

and more work is needed to ascertain the specific role of the clusters. It is possible that a 

CuI-alkyne intermediate is involved, similar to the case with Sonogashira reactions. 
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2.4. Experimental section 

2.4.1. Materials and instrumentation 

1H NMR was measured on a Varian Mercury vx300NMR spectrometer at 25 °C. Chemical 

shifts of spectra are referenced to Me4Si and internal solvent resonances. TEM images for 

nanoparticles characterization were obtained with a JEOL-TEM 1200 EXII instrument, 

operated at an accelerating voltage of 120 kV. Samples for TEM were prepared by placing 

150 μl of cluster suspension on carbon-coated copper grids. These were then placed in 

vacuum oven at 50 ºC at 250 mm of Hg to evaporate the solvent. GC analysis was 

performed on a GC-8000 gas chromatograph with a 100% dimethylpolysiloxane capillary 

column (DB-1, 30 m � 0.325 mm). All products were identified by their GC retention times 

and their 1H NMR spectra. Samples for GC were diluted with 1 ml dimethylformamide 

(DMF) and filtered through an alumina plug prior to injection. GC conditions: isotherm at 

110 °C (2 min); ramp at 30 �C/min to 280 ºC; isotherm at 280 °C (15 min). A Coulter 

Multisizer Isoton II particle counter was used to measure. Unless noted otherwise, chemicals 

were purchased from commercial firms and were used as received. Tetra-n-octylammonium 

formate (TOAF) was prepared as published previously.25 Azides were synthesized following 

literature procedures.36,37 

2.4.2. Synthesis of copper nanoclusters 

A Schlenk-type vessel equipped with a magnetic stirrer was evacuated and refilled with N2. 

The vessel was charged with CuCl solutions in DMF (10 ml, 10 mM) using a syringe. 10 ml 

of a 0.2 M TOAF solution in DMF was added in one portion to the solution at 80 ºC, and 

the mixture was stirred for 24 h under inert atmosphere. The color of the mixture changed 

from reddish to very dark brown. The resulting suspension was the stored under N2 and 

used as a catalyst stock solution in the Huisgen-type cycloadditions. 

2.4.3. Procedure for 1,3-dipolar cycloaddition of azides with terminal alkynes 

Example (1): 1,4-diphenyl-1H-1,2,3-triazole (3a). A solution of phenyl azide (1a; 10 

mmol, 1.33 g) and phenylacetylene (2a; 20 mmol, 2.04 g) in 50 ml of H2O/t-BuOH (2:1) was 



Chapter 2  

Copper nanoclusters catalyze Click Chemistry 

42

stirred in a round-bottomed flask equipped with a magnetic stirring bar. A pre-prepared 

suspension of copper nanoclusters (0.1 ml, 10 mM, equivalent to 0.1 mol% of copper 

relative to 1a) was then added in one portion and the reaction mixture was stirred at 25 ºC 

for 18 h. Reaction progress was monitored by GC. The product precipitated in the reaction 

mixture and was collected by filtration, washed (2 � 20 ml H2O), and dried under vacuum to 

obtain colorless needles of the product; yield: 1.77 g (80% yield based on 1a); mp: 176 – 179 

ºC (lit., 181 – 183 ºC); 1H NMR (Me4Si): � = 7.26 – 7.58 (m, 7H, Ph), 7.79 – 7.95 (m, 3H, 

Ph), 8.27 (s, 1H, CH). Good agreement was found with literature values.38  

Example (2): (1-benzyl-1H-1,2,3-triazol-4-yl)(phenyl)methanol (3e). Reaction and 

work-up were performed as described above, but using benzyl azide (1b; 10 mmol, 1.19 g) 

and 1-phenyl-2- propyn-1-ol (2b; 20 mmol, 2.64 g) as reagents, to give the product as a white 

solid; yield: 2.21 g (97%); mp: 120 – 123 ºC; 1H NMR (Me4Si): � = 2.24 (1H, OH), 5.46 (s, 

2H, CH2), 6.01 (s, 1H, CH), 6.91 – 7.93 (m, 10H, Ph). 

2.4.4. Reaction profiles and kinetic analysis 

The reaction profiles were obtained for the model reaction between benzyl azide (1b) and 

prop-2-yn-1-ol (2c) for four different catalytic systems: copper shavings, copper powder, 

copper nanoclusters, and CuSO4/ascorbate (see Figure 2.1). All other reaction conditions 

were kept constant and appropriate blank experiments were performed to exclude systemic 

effects. 

In this analysis, the correlation coefficient, R2, gives a measure of the amount of variability in 

the data that is accounted for by a given model (in this case, a 2nd– order rate equation). The 

R2 values and the second-order rate constants (k) were as follows: Cu colloids: R2 = 0.886, k 

= 8.3�10-3 (four observations); Cu powder: R2 = 0.912, k = 6.7 �10-3 (four observations); Cu 

shavings: R2 = 0.921, k = 3.1�10-3 (five observations); Cu sulfate/ sodium ascorbate: R2 = 

0.908, k = 0.9�10-3 (six observations). 
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2.4.5. Surface analysis and calculation procedures 

The surface area of copper powder was calculated assuming spherical particles (4.483 mm of 

diameter measured in a size particle counter and 8.92 g/ml of density) obtaining 0.15 m2/g. 

The same procedure was used to calculate the surface area of copper nanoclusters (assuming 

spherical particles of 4 nm of diameter and 8.92 g/ml of density) giving 168 m2/g. 
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Abstract

The advantages of bimetallic nanoparticles as C–C coupling catalysts are discussed, and a 

simple, ‘bottom-up’ synthesis method of core/shell Ni/Pd clusters is presented. This method 

combines electrochemical and ‘wet chemical’ techniques, and enables the preparation of highly

monodispersed structured bimetallic nanoclusters. The double-anode electrochemical cell is 

described in detail. The core/shell Ni/Pd clusters were then applied as catalysts in the Hiyama

cross-coupling reaction between phenyltrimethoxysilane and various haloaryls. Good product

yields were obtained with a variety of iodo- and bromoaryls. We found that, for a fixed 

amount of Pd atoms, the core/shell clusters outperform both the monometallic Pd clusters as

well as the alloy bimetallic Ni/Pd ones. THF is an excellent solvent for this process, with less

than 2% homocoupling by-product. The roles of the stabilizer and the solvent are discussed. 

 

Part of this work has been published as: ‘Palladium-coated nickel nanoclusters: New Hiyama cross-

coupling catalysts’, L. Durán Pachón, M. B. Thathagar, F. Hartl and G. Rothenberg, Phys. Chem. 

Chem. Phys. 2006, 8, 151. Featured as a “hot article” by RSC, this paper was one of the most accessed 

articles in the journal in 2006.  
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3.1. Introduction 

Assembling functional nano-sized objects is one of the key objectives of nanotechnology, 

with applications ranging from controlled drug release to improved television screens.1-3 Due 

to their size, there is no clear-cut argument for building nano-structures using either a ‘top-

down’ or a ‘bottom-up’ approach. On one hand, ‘top-down’ methods (such as chemical 

etching or machining); usually give more precise and controllable results. On the other hand, 

bottom-up protocols, especially those based on self-assembly, are attractive because they can 

enable, in the long run, the inexpensive manufacturing that is needed for technological 

applications.4-7  

One exciting area of application for metal nanoparticles is catalysis.8 Owing to their 

‘intermediate’ size, too big to be ‘homogeneous catalysts’ but too small to be ‘bulk metals’, 

nanoparticles (referred to also as nanoclusters9,10) can sometimes catalyse reactions that are 

not accessible to their homogeneous or heterogeneous counterparts, as we and others 

showed in the case of Suzuki11-14 and Sonogashira15 cross-coupling. Moreover, the large 

surface area can give a catalytic advantage over conventional systems.13,16,17 Bimetallic 

catalysts18,19 are especially interesting for several reasons: combining two metals may provide 

control over the catalytic activity, selectivity and stability, and some combinations may 

exhibit synergistic effects.20-22 Moreover, by controlling the type of cluster synthesized, one 

can improve the “catalyst atom economy”.23,24  

Using bottom-up synthesis, one can envisage three types of cluster mixtures (Figure 3.1): 

alloy particles, core/shell particles, and segregated particles. The core/shell species are 

particularly interesting, as catalysis occurs on the shell surface, so one can envisage a cluster 

where the core is an inexpensive, inactive metal, and the shell made from an active (noble) 

metal.25  

In this chapter, we report the first combined chemical/electrochemical cluster synthesis 

approach to make core/shell Ni/Pd nanoparticles. We then show that not only these clusters 

are active in Hiyama cross-coupling, but they are also superior to the monometallic and 

bimetallic alloy structures. The pros and cons of the synthesis method and the possible 

applications of such clusters in other catalytic systems are discussed. 
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Figure 3.1.  Different compositions and structures of metal nanoclusters. 

 

3.2. Results and discussion 

3.2.1. Preparation and characterization of metal nanoclusters 

Homometallic cluster suspensions of Ni and Pd were electrochemically prepared in the 

presence of tetra-n-octylammonium bromide (TOAB) as surfactant to avoid particle 

agglomeration. Dark brown suspensions were obtained for both Ni clusters and Pd clusters, 

as observed previously in the literature.20 The Pd clusters were stable for long periods 

(several months) when kept under nitrogen, without observing any agglomeration. In 

contrast, the Ni clusters remained stable only for ca. two weeks, and only under a dry and 

non-oxidizing atmosphere. 

The bimetallic alloy Ni/Pd clusters were prepared in a similar way by simultaneous 

electrolyses of the corresponding metal wire electrodes. Good yields and high stabilities were 
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obtained. This observation already points to one advantage of the alloy preparation: it 

enables the study and application of Ni-containing clusters in a stable configuration. 

To synthesize the structured core/shell Ni/Pd particles, we combined electrochemical and 

’wet chemical’ methods.26 First, homometallic Ni particles were prepared electrochemically as 

described above. Then, the Pd shells were grown on these Ni cores from solution, using 

chemical reduction. This method leads to spherical bimetallic nanoparticles with a narrow 

size distribution and no aggregation, with a mean diameter of 4.9 nm (see Figure 3.2). 

 

Figure 3.2. Transmission electron micrograph (left, magnification × 200,000) and 

corresponding size distribution (right, based on 100 particles counted) of the core/shell 

Ni/Pd nanoparticles. 

UVvisible spectroscopy was also used to determine the presence of Pd2+ in the core/shell 

Ni/Pd clusters. Figure 3.3 shows that the Pd2+ signal (�max ~ 370 nm) is not observed in the 

cluster solution. Thus, we assume that all of the Pd2+ is reduced to Pd0 atoms. Control 

experiments confirmed that Ni0 was not UVvisible active. Separate measurements yielded 

the expected spectra for the alloy Ni/Pd clusters and for Pd0 clusters (all in DMF).27  

Regarding the formation of the Ni cores, the mechanism of electrochemical cluster synthesis 

was described previously by Reetz and co-workers.20 It involves formation of ad-atoms in the 
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vicinity of the cathode, followed by cluster formation and stabilization. The self-organization 

of the ammonium salt around the metal core is essential for preventing undesired metal 

powder formation. Having examined this system, we observed differences in the nickel 

cluster stability, depending on the solvent polarity and the stabilizer concentration. 
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Figure 3.3.  UVvisible spectra showing the absorbance of PdCl2, core/shell Ni/Pd clusters 

and alloy Ni/Pd clusters (all solutions are in DMF).  

To study the influence of solvent polarity, we compared acetonitrile (MeCN), 

tetrahydrofuran (THF) and dimethylformamide (DMF). In each run, all the conditions were 

the same as in the standard procedure. The cluster stability increased in the order MeCN < 

THF < DMF. When MeCN was used, the clusters aggregated already after a few hours. 

Conversely, in THF, we were able to keep the dispersion stable for several days, and in DMF 

the clusters remained stable and did not aggregate even after four weeks. 

MeCN is a very polar solvent (polarity parameter ET = 45.6), whereas THF and DMF are 

considerably less polar with (ET = 37.4 and ET = 30, respectively).28,29 We saw that 

aggregation was faster in more polar solvents, in good agreement with the results of Helbig.30 

This may be due to a reduced electrostatic interaction between the metal nanoparticles and 

the TOAB in the more polar surrounding. In a less polar solvent, the stabilizing shell would 

shield the nanoparticles more effectively, preventing further growth. 
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To examine the effects of the stabilizer concentration, we repeated the process using 0.01 M, 

0.1 M, and 1.0 M TOAB under otherwise identical conditions. Significantly, we observed that 

with increasing TOAB concentrations the solution was stable for a longer period. In the case 

of 0.01 M TOAB, the nickel particles precipitated immediately after the electrolysis was 

stopped. We also observed a green layer on the platinum cathode, assumed to be a Ni2+ 

species (possibly nickel oxide particles formed by reaction with traces of water). This 

indicates that the concentration of ammonium ions near the cathode was not enough to 

stabilize all the ad-atoms. Accordingly, this green layer was not observed when 0.1 M or 1.0 

M TOAB was used. With 1.0 M stabilizer, the Ni cluster suspension did not aggregate even 

after four weeks! However, this suspension was less active in catalysis, perhaps because the 

cluster surface was covered by ammonium ions that impeded the access of the reactants. 

Both the solvent polarity and concentration of stabilizer are therefore important factors in 

optimizing the cluster stability and activity. 

The deposition of the Pd shells on the Ni cores is driven by the different standard reduction 

potentials (Equations 3.1 and 3.2) allowing the reduction of Pd2+ by Ni0. As shown by 

Miyake and co-workers,23 this process can be catalyzed by the nickel nanoparticles 

themselves. 

Pd2+ + 2e– � Pd0 Eo =  + 0.92 V  (3.1) 

Ni2+ + 2e– � Ni0 Eo =  – 0.23 V  (3.2) 

3.2.2. Hiyama cross-coupling catalysis 

Cross-coupling is a versatile method for forming carbon–carbon bonds in a catalytic or 

stoichiometric manner.31 In particular, biaryl formation is sought after because biaryl-

containing compounds are key intermediates for preparing biologically active molecules, 

organic semiconductors and liquid crystals.32 The Stille reaction (coupling of aryl halides with 

organostannanes)33 and the Suzuki-Miyaura reaction (coupling of aryl halides with 

organoboranes)34 are two practical routes to biaryls, though the former suffers from the 

toxicity of the tin by-product.35 An alternative protocol is the Hiyama cross-coupling of aryl 

halides and organosiliconates.36-39 The usual catalysts for Hiyama cross-coupling are [Ligand-
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Pd2+] complexes. Typically, 2.5-4 mol% catalyst is used, with a large excess (3–4 equivalents) 

of base.31  

Recently, we showed that transition metal clusters can catalyze ligand-free Huisgen-type 

cycloadditions17 as well as Suzuki11,12 and Sonogashira15 reactions. Here, we applied core/shell 

Ni/Pd clusters as alternative, ligand-free catalysts for the Hiyama reaction, using iodotoluene 

1b and trimethoxyphenylsilane 2 (Equation 3.3) as model substrates. The rationale behind 

using core/shell cluster catalysts is that in cluster catalysis one expects the reaction to occur 

at the cluster surface. The metal in the core is therefore not used. We envisaged that 

core/shell Ni/Pd clusters would maximize the efficiency of the Pd species (one needs a high 

Pd surface area, but there is no need to ‘waste Pd’ in the cluster core). 

(3.3)

Me

I Si(OMe)3

+ + nBu4N+F-
1 mol% catalyst

65 oC (THF or DMF)

Me

+ SiMeO
F

I OMe

OMe
-

nBu4N+

 

Experiments carried out in DMF yielded only 30% of the cross-coupling product and ca. 

40% of the undesired silane homocoupling by-product. However, when we switched to 

THF, complete conversion of iodotoluene was observed, with only 1–2% of the 

homocoupling by-product (Figure 3.4, far right). Note that the Ni/Pd clusters were first 

synthesized in DMF and then redispersed in THF. 

We then compared the catalytic activity of Ni/Pd alloy clusters, core/shell Ni/Pd clusters, 

and segregated Pd and Ni clusters, as shown in Figure 3.4. Control experiments confirmed 

that no conversion occurred without catalyst added. To further rule out the possibility that 

the non-reduced Pd2+ may be the active species, we also tested Pd(OAc)2 and Ni(OAc)2 

separately under the same conditions.40,41 Note also that the amount of the metal catalyst was 

the same in each case (1 mol% Pd or Ni, depending on the experiment, relative to aryl 

halide). 
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Figure 3.4. Comparison of catalytic activity for six different systems in the Hiyama cross-

coupling of iodotoluene 1b and trimethoxyphenylsilane 2: Ni(OAc)2, Ni0 clusters, Pd(OAc)2, 

Pd0 clusters, Ni0/Pd0 alloy clusters and Ni0/Pd0 core/shell clusters. Reactions were carried 

out for 24 h in DMF at 65 ºC. 

Pure Pd clusters gave a lower yield (44%) compared to the alloy Ni/Pd ones (63%), that in 

turn were less active than the Ni/Pd core/shell clusters. As all these catalysts contain the 

same amount of palladium, this indicates that the core/shell structure results in more Pd 

atoms on the surface. This means more accessible catalytic sites per mole palladium, and is 

reflected by the higher catalytic activity. EXAFS studies by Toshima and co-workers have 

shown that the total co-ordination number around Ni atoms in bimetallic clusters is usually 

higher than that around Pd.21 This also suggests that the Pd atoms are located preferentially 

on the surface. The tendency of Pd to go to the surface may explain the difference in activity 

between the Pd clusters and the alloy Ni/Pd clusters. No reactions took place when the Ni 

clusters or Ni2+ alone were used. Therefore, it is likely that only Pd is responsible for the 

catalysis in the case of the alloy and the core/shell clusters. The most important finding is 

that by combining palladium with another, non-reactive metal (in this case Ni), we can 

increase the activity per Pd atom (segregated Pd clusters < alloy Ni/Pd clusters < core/shell 

Ni/Pd clusters). 
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Table 3.1. Hiyama cross-coupling of C6H5Si(OMe)3 with various haloaryls.a 

[a] Reaction conditions: 1.0 mmol substrate, 1.5 mmol phenyltrimethoxysilane, 1.5 mmol TBAF, 
1.0 mol% catalyst (core/shell Ni/Pd clusters containing 0.1 mmol Ni and 0.01 mmol Pd), 5.0 
ml THF,  N2 atmosphere, 65 ºC, 24 h. Reaction time is not optimized. 
[b] Yields are based on GC analysis, corrected for the presence of an internal standard. Side-
products account for 2% or less of the aryl halides. 

Entry Alkyne  Product  Yield (%)b 

1 I

 
1a 

 
3a >99 

2 
I

H3C  

1b H3C
 

3b >99 

3 
I

H2N  

1c H2N
 

3c >99 

4 
I

O2N  

1d O2N
 

3d >99 

5 
I

H3CO  

1e H3CO 3e >99 

6 
Br

F3C  

1f F3C
 

3f >99 
 

7 Br

 
1g 

 
3a 62 

8 
Br

H2N  

1h H2N
 

3c 
 
6 
 

9 
Br

O2N  
1i O2N

 
3d 86 

10 
Br

H3CO
 

1j H3CO 3e 74 
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To examine the scope of this catalytic system, we tested the core/shell Ni/Pd clusters using 
a variety of substrates (Equation 3.4). Aryl iodides with either electron-donating or electron-
withdrawing substituents gave practically quantitative yields (Table 3.1, entries 1–5). For aryl 
bromides we observed good yields for electron-neutral and electron-withdrawing 
substituents, but much less conversion for the electron-donating bromoanisole.  

 

3a R = H
3b R = CH3

3e R = OCH3

3d R = NO2

3c R = NH2

1a R = H, X = I
1b R = CH3, X = I

1e R = OCH3, X = I
1d R = NO2, X = I
1c R = NH2, X =I

1g R = H, X = Br
1f  R = CF3, X = Br

1i  R = NO2, X = Br
1j  R = OCH3, X = Br

1h R = NH2, X = Br

4a X= I
4b X = Br

1a-j 2 3a-e 4a-b

(3.4)

R

X Si(OMe)3

R

SiMeO
F

X OMe

OMe
+ + nBu4N+F-

1 mol% core/shell
Ni/Pd catalyst

THF, 65 oC
+

-

nBu4N+

3f R = CF3

 

 

3.3. Conclusions 

Core/shell Ni/Pd nanoparticles can be synthesized easily by combining electrochemical and 

‘wet chemical’ methods, at room temperature in the presence of surfactant stabilizers. These 

methods yield stable and highly monodispersed particles. These bimetallic nanoparticles 

catalyze the Hiyama cross-coupling reaction. The catalytic activity studies show that the 

core/shell Ni/Pd clusters are superior to alloy bimetallic clusters and monometallic clusters, 

indicating an efficient use of the surface Pd atoms. We believe that this type of structuring 

can open new pathways in bimetallic and ligand-free catalysis. 
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3.4. Experimental section 

3.4.1. Materials and instrumentation 

Electrochemical experiments were performed using a special home-made cell coupled to a 

dual current supply (bi-galvanostat) with a maximum applied output of 10 V/40 mA and 

three terminal connections (two working electrodes and a single counter electrode). 1H NMR 

was measured on a Varian Mercury vx300 NMR spectrometer at 25 °C. Chemical shifts are 

referenced to Me4Si and internal solvent resonances. UVvisible spectra were measured 

using a Hewlett Packard 8453 spectrophotometer with a diode array detector. The quartz 

cuvette (Hellma Benelux, 3.5 ml, path length 1 cm) was mounted on a sample holder with 

controlled heating (Neslab constant temperature bath) and stirring (compressed air was used 

to turn the magnet stirrer under the cuvette). The wavelength range was 190–1100 nm, at 1 

nm resolution. Transmission electron microscopy (TEM) images for nanoparticles 

characterization were obtained with a JEOL-TEM 1200 EXII instrument, operated at an 

accelerating voltage of 120 kV. Samples for TEM were prepared by placing 150 μl of cluster 

suspension on carbon-coated copper grids. These were then placed in vacuum oven at 50 ºC 

at 250 mm of Hg to evaporate the solvent. GC analysis was performed using an Interscience 

GC-8000 gas chromatograph with a 100% dimethylpolysiloxane capillary column (DB-1, 30 

m � 0.325 mm). GC conditions: isotherm at 105 ºC (2 min); ramp at 30 ºC min-1 to 280 ºC; 

isotherm at 280 ºC (5 min). Pentadecane was used as internal standard. Sets of 16 reactions 

for catalytic tests were performed using a Chemspeed Smartstart 16-parallel reactor block, 

modified in-house for efficient reflux and stirring. All chemicals were purchased in their dry 

pure form or dried using the standard drying procedure prior to use. All reactions were 

carried out under N2 atmosphere. All products are known compounds and were identified by 

comparison of their spectral properties to those of authentic samples. 

3.4.2. Electrochemical setup 

All the reactions were carried out under dry N2 atmosphere and at 25 °C in a single-

compartment 100 ml cell constructed in-house (see Figure 3.5), a space-divided three-

electrode modification of the two-electrode design published by Reetz and Helbig.42 The cell 

was equipped with special glass cover, bearing a tubular glass ‘finger’ supporting the coiled Pt 
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cathode. Holes drilled in this tubular ‘finger’ ensured free movement of ions between the 

helical turns, enabling efficient mixing throughout the cell, while still separating the cathodic 

and anodic spaces. The cover also included two outlets for the anodes, a pin contact to the 

Pt counter electrode and inert gas inlet/outlet. Pd and/or Ni wires (3 � 0.5 cm2 surface area, 

0.5 mm thickness and 99.99% purity) served as sacrificial anodes, coiled on glass rods for 

support. Pt wire (3 � 3 cm2 surface area, 0.5 mm thickness and 99.99% purity) was used as 

the inert cathode. Before use, electrodes were cleaned with scouring powder and washed 

with H2O, acetone and toluene. The supporting electrolyte was dry 0.1 M 

tetraoctylammonium bromide (TOAB) in dimethylformamide (DMF), degassed for 30 min 

prior to use. The yield for the cluster electrosynthesis was calculated as the current efficiency 

(the ratio of the theoretical charge required for the amount of product obtained to the total 

charge passed through the electrolysis cell during the duration of the electrolysis).43 

 

Current supply

Electrolyte

N2

Pd anodeNi anode

Pt cathode

Current supply

Electrolyte

N2

Pd anodeNi anode

Pt cathode

 

Figure 3.5. Photo and schematic drawing of the home-made electrochemical cell used for 

the nanoclusters synthesis. In the schematic, the two wire anodes are shown as solid bars and 

the supporting glass rods are omitted for clarity. 
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3.4.3. Synthesis of monometallic clusters 

Pd nanoclusters. Pd wire as the anode and Pt wire as the inert cathode were immersed in 60 

ml of the supporting electrolyte solution (12 mmol, 3.3 g, 0.1 M of (C8H17)4N+Br– in 60 ml 

dry DMF). A constant current density of 20 mA/cm2 was applied and the charge consumed 

was 2 F/mol. The solution in the cell was stirred for 5 h. A dark brown suspension was 

obtained, transferred to a Schlenk tube and kept under nitrogen to be tested in the catalytic 

studies. The current yield was 75–85%. 

Pd clusters in tetrahydrofuran (THF) were similarly prepared first in DMF, followed by 

drying the suspension under vacuum (0.4 atm, 60 °C) for 5 h and redispersing the resulting 

powder in dry THF. 

Ni nanoclusters. These were prepared as above, using a Ni wire anode. The current yield 

was 60–70%. CAUTION! In the case of nickel, extra care should be taken to keep the 

system dry and oxygen-free, as these clusters readily oxidize. 

3.4.4. Synthesis of alloy Ni/Pd nanoclusters 

 Ni and Pd wires as the anodes and Pt wire as the inert cathode were immersed in 60 ml of 

the supporting electrolyte solution (12 mmol, 3.3 g, 0.1 M (C8H17)4N+Br– in 60 ml dry DMF). 

A constant current density of 20 mA/cm2 was applied and the charge consumed was 2 

F/mol. The solution in the electrolysis cell was stirred for 5 h. A dark brown suspension was 

obtained, transferred to a Schlenk tube and kept under nitrogen. The current yield was 60–

80%. The suspension was dried under vacuum (0.4 atm, 60 °C) for 5 h, and the resulting 

solid was redispersed in dry THF.  

3.4.5. Synthesis of core/shell Ni/Pd nanoclusters 

The Ni wire anode and the Pt wire (the inert cathode) were immersed in 60 ml of the 

supporting electrolyte solution (12 mmol, 3.3 g, 0.1 M (C8H17)4N+Br– in 60 ml of dry DMF). 

A constant current density of 20 mA/cm2 was applied. The solution in the electrolysis vessel 

was stirred for 2 h. A light brown suspension (the Ni cores) was obtained. Then, Pd(OAc)2 

(0.16 g, 0.7 mmol, 10 mol% relative to Ni) was added to the suspension. The mixture was 
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stirred for 2 h. A dark brown suspension was obtained, transferred to a Schlenk tube, dried 

under vacuum (0.4 atm, 60 °C) for 5 h, and redispersed in dry THF. The resulting 

suspension was kept under an inert atmosphere for characterization and catalytic studies. 

3.4.6. Procedure for cluster-catalysed Hiyama cross-coupling 

Example: 4- trifluoromethyl-biphenyl (3a). A solution of phenyltrimethoxysilane 1 (1.5 

mmol, 0.29 g), 4-bromobenzotrifluoride 2f (0.5 M, 2.0 ml, 1.0 mmol) and tetra-n-

butylammonium fluoride (TBAF, 1.5 mmol, 0.47 g) in 5 ml THF was stirred in the reactor 

(magnetic stirring, 5 min). A suspension of core/shell Ni/Pd clusters with a 10:1 Ni/Pd ratio 

(10.0 mM, 5.0 ml, 1.0 mol% total metal, equivalent to 0.1 mol% of Pd relative to 1) was then 

added in one portion, and the reaction mixture was stirred at 65 °C for 24 h. Reaction 

progress was monitored by GC. The product was extracted by washing 3 times the reaction 

mixture with diethyl ether/water (1:1, 20 ml). The phases were separated and the ether phase 

was evaporated under vacuum to obtain 0.82 g (82 mol% based on 1) as a yellowish 

crystalline solid. 1H NMR (ppm, Me4Si): � 7.72 (s, 4 H), 7.58 (d, 2 H), 7.46 (t, 2 H), 7.38 (t, 1 

H). A good agreement was found with the literature values.44  

 



Chapter 3  

 Palladium-coated nickel nanoclusters catalysts for Hiyama coupling 

 

62

References 

 

1. Peppas, N. A., Adv. Drug Delivery Rev. 2004, 56, 1529. 

2. Ledbetter, N.; Goswami, T., J. Mec. Behavior Mat. 2002, 13, 353. 

3. Bönnemann, H.; Richards, R. Nanomaterials as Precursors for Electrocatalysts; 1st ed.; 

Marcel Dekker: New York, 2003. 

4. Eiser, E.; Bouchama, F.; Thathagar, M. B.; Rothenberg, G., ChemPhysChem 2003, 4, 

526. 

5. Bouchama, F.; Thathagar, M. B.; Rothenberg, G.; Turkenburg, D. H.; Eiser, E., 

Langmuir 2004, 20, 477. 

6. Turkenburg, D. H.; Antipov, A. A.; Thathagar, M. B.; Rothenberg, G.; Sukhorukov, 

G. B.; Eiser, E., Phys. Chem. Chem. Phys. 2005, 7, 2237. 

7. Richards, R.; Geibel, G.; Hofstadt, W.; Bönnemann, H., Appl. Organomet. Chem. 2002, 

16, 377. 

8. Zhong, C.-J.; Maye, M. M., Adv. Mater. 2001, 13, 1507. 

9. Schmid, G., Adv. Eng. Mater. 2001, 3, 737. 

10. Bönnemann, H.; Richards, R., Eur. J. Inorg. Chem. 2001, 2455. 

11. Thathagar, M. B.; Beckers, J.; Rothenberg, G., J. Am. Chem. Soc. 2002, 124, 11858. 

12. Thathagar, M. B.; Beckers, J.; Rothenberg, G., Adv. Synth. Catal. 2003, 345, 979. 

13. Reetz, M. T.; Breinbauer, R.; Wanninger, K., Tetrahedron Lett. 1996, 37, 4499. 

14. Ijpeij, E. G.; Beijer, F. H.; Arts, H. J.; Newton, C.; de Vries, J. G.; Gruter, G. J. M., J. 

Org. Chem. 2002, 67, 169. 

15. Thathagar, M. B.; Beckers, J.; Rothenberg, G., Green Chem. 2004, 6, 215. 

16. For review on the application of metal nanoclusters in C–C bond formation 

reactions see: Moreno-Mañas, M.; Pleixats, R., Acc. Chem. Res. 2003, 36, 638. 

17. Durán Pachón, L.; van Maarseveen, J. H.; Rothenberg, G., Adv. Synth. Catal. 2005, 

347, 811. 

18. For a review discussing structure/activity relationships for bimetallic nanoparticles 

see: Guczi, L., Catal. Today 2005, 101, 53. 

19. For an overview on industrial processes using bimetallic catalysts see: Takanori, M.; 

Asakawa, T., Appl. Catal. A: Gen. 2005, 280, 47. 

20. Reetz, M. T.; Winter, M.; Breinbauer, R.; Thurn-Albrecht, T.; Vogel, W., Chem. Eur. J. 

2001, 7, 1084. 



Chapter 3  

 Palladium-coated nickel nanoclusters catalysts for Hiyama coupling

63

21. Lu, P.; Teranishi, T.; Asakura, K.; Miyake, M.; Toshima, N., J. Phys. Chem. B 1999, 

103, 9673. 

22. Miyake, T.; Asakawa, T., Appl. Catal. A 2005, 280, 47. 

23. Teranishi, T.; Miyake, M., Chem. Mater. 1999, 11, 3414. 

24. Scott, R. W. J.; Ye, H. C.; Henriquez, R. R.; Crooks, R. M., Chem. Mater. 2003, 15, 

3873. 

25. Son, S. U.; Jang, Y.; Park, J.; Na, H. B.; Park, H. M.; Yun, H. J.; Lee, J.; Hyeon, T., J. 

Am. Chem. Soc. 2004, 126, 5026. 

26. Reetz, M. T.; Helbig, W.; Quaiser, S. A., Chem. Mater. 1995, 7, 2227. 

27. Wang, J.; Boelens, H. F. M.; Thathagar, M. B.; Rothenberg, G., ChemPhysChem 2004, 

5, 93. 

28. Gold, V.; Loening, K. L.; McNaught, A. D.; Sehmi, P. IUPAC Compendium of Chemical 

Terminology; 2nd ed.; Blackwell Scientific: Oxford, 1997. 

29. Reichardt, C. Solvents and Solvent effects in Organic Chemistry; 2nd ed.; VCH: Weinheim, 

1998. 

30. Helbig, W.; Ph D. Tesis, Ruhr University: Bochum, 1994. 

31. Littke, A. F.; Fu, G. C., Angew. Chem. Int. Ed. 2002, 41, 4176. 

32. Cammidge, A. N.; Crepy, K. V. L., J. Org. Chem. 2003, 68, 6832. 

33. Stille, J. K., Angew. Chem. Int. Ed. Eng. 1986, 25, 508. 

34. Miyaura, N.; Suzuki, A., Chem. Rev. 1995, 95, 2457. 

35. Arakawa, Y.; 2nd ed.; Smith, P. J., Ed.; Blackie Academic & Professional: London, 

1998Y. Arakawa, Chemistry of Tin, 2nd edn., ed. P. J. Smith, Blackie Academic & 

Professional, London 1998. 

36. Hatanaka, Y.; Hiyama, T., J. Org. Chem. 1988, 53, 918. 

37. Hiyama, T.; Hatanaka, Y., Pure Appl. Chem. 1994, 66, 1471. 

38. Mowery, M. E.; DeShong, P., J. Org. Chem. 1999, 64, 1684. 

39. Kang, S. K.; Kim, W. Y., Synth. Commun. 1998, 28, 3743. 

40. Clarke, M. L., Adv. Synth. Catal. 2005, 347, 303. 

41. Domin, D.; Benito-Garagorri, D.; Mereiter, K.; Fröhlich, J.; Kirchner, K., 

Organometallics 2005, 24, 3957. 

42. Reetz, M. T.; Helbig, W., J. Am. Chem. Soc. 1994, 116, 7401. 

43. Gritzner, G.; Kreysa, G.; Wilson, G. S.; Landolt, D.; Lobo, V. M. M.; Plieth, W.; 

Sluytersrehbach, M.; Tokuda, K.; Andrieux, C. P.; Chizmadzhev, Y. A.; Conway, B. 



Chapter 3  

 Palladium-coated nickel nanoclusters catalysts for Hiyama coupling 

 

64

E.; Koryta, J.; Kreysa, G.; Petrii, O. A.; Pletcher, D.; Weaver, M. J.; Arvia, A. J.; 

Biegler, T.; Hurwitz, H. D.; Pavlov, D.; Horanyi, G.; Rangarajan, S. K.; Gileadi, E.; 

Trasatti, S.; Watanabe, T.; Wright, G. A.; Paik, W.; Gutierrez, C.; Simonsson, D.; 

Berkem, M. L.; Covington, A. K.; Drazic, D., Pure Appl. Chem. 1993, 65, 1009. 

44. Liu, L.; Zhang, Y.; Wang, Y., J. Org. Chem. 2005, 70, 6122. 

 

 



Electroreductive palladium-catalyzed 

Ullmann reactions in ionic liquids 

Chapter 4



Chapter 4 

Electroreductive palladium-catalyzed Ullmann reactions in ionic liquids

66

 

 
 

ionic liquid
electrolyte

Pd anode

Pt cathode

2 + 2e– + 2X–

X

R

R

R

catalyst

ionic liquid
electrolyte

Pd anode

Pt cathode

2 + 2e– + 2X–

X

R

R

R

catalyst

 
 
 
 

Abstract

A room-temperature catalytic alternative to the Ullmann reaction is presented based on

electroreductive homocoupling of haloaryls catalyzed by palladium nanoparticles. The 

particles are generated in situ in an electrochemical cell, and electrons are used to close the

catalytic cycle and provide the motivating force for the reaction. This system gives good

yields using iodo- and bromoaryls, and requires only electric current and water as reagents. 

Using an ionic liquid solvent combines the advantages of excellent conductivity and cluster

stabilising. The solvent is reusable at least five times. Kinetics experiments at different

electrode potentials show that the two-electron oxidation of water closes the catalytic cycle

by regenerating the Pd0. A mechanism involving radical anion formation is proposed. The

advantages and limitations of this new system for carbon–carbon homocoupling and cross-

coupling are discussed. 
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4.1. Introduction 

Symmetrical biaryls are important intermediates for synthesizing agrochemicals, 

pharmaceuticals and natural products.1,2 One of the simplest protocols to make them is the 

Ullmann reaction,3 the thermal homocoupling of aryl iodides in the presence of copper 

metal. This reaction, though over a century old, it still used today without industrial 

alternative despite two main disadvantages: First, it uses stoichiometric copper, generating 

stoichiometric amounts of CuI2 waste (Equation 4.1). Second, it only works with aryl 

iodides. This is a problem because chemicals react by their molarity, but are quantified by 

their mass, e.g. one tonne of iodobenzene contains 620 kg of ‘iodo’ and only 380 kg of 

‘benzene’. Aryl iodides are both expensive and wasteful in this respect.4 

	
2 +

I

R R

R
+Cu CuI2 (4.1)

	
2 +

I

R R

R
+Cu CuI2 (4.1)

In the past five years, we showed that heterogeneous Pd/C catalyzes Ullmann-type reactions 

of aryl iodides, bromides, and chlorides. Two reaction pathways are possible: Reductive 

coupling (Equation 4.2), where Pd2+ is generated and reduced back to Pd0 using an external 

reducing agent, and oxidative coupling (Equation 4.3), which starts with Pd2+ and needs an 

oxidizing agent. Different reagents can be used for closing the reductive coupling cycle, 

including HCO2
–,5 H2 gas,6 Zn/H2O,7 and alcohols.8 The two pathways can even be joined, 

giving a tandem system that converges on one product.9 All of these examples, however, 

require an additional chemical reagent. 

Using electrochemistry is an interesting alternative, because in principle the reductive 

coupling requires only two electrons for closing the catalytic cycle. Ullmann-type reactions 

using a combination of electrochemistry and Ni0, Pd0 or Co0 complexes as well as sacrificial 

Mg anodes have been reported.10,11  
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X

PdX2

R R R
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+
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H2
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H

PdX2

R R R
2 HX2 + Pd0 +

Oxidant
O2

Reduced
Oxidant

+

(4.2)

(4.3)

In this chapter, we present a different approach that combines electrochemical reduction and 

palladium nanoparticles catalysts in an ionic liquid solvent12 (Equation 4.4). The catalytic 

cycle is closed by electrochemical regeneration of the Pd0 species. 

2 +

I

R
2 e-

catalyst R

R
+ 2 I- (4.4)2 +

I

R
2 e-

catalyst R

R
+ 2 I- (4.4)

4.2. Results and discussion 

4.2.1. Palladium nanocluster-catalyzed electrosynthesis of biphenyl 

The initial experiments were run with iodobenzene. In a typical reaction, PhI was stirred 

[octylmethylimidazolium]+[BF4]– in a specially constructed electrochemical cell (Figure 4.1, 

left) containing a Pd anode and a Pt cathode. Using an ionic liquid as solvent13 has two main 

advantages: First, it is a good conductor of electricity; second, it can stabilize metal 

nanoparticles via an ion bilayer mechanism, avoiding additional electrolytes or stabilizers. 
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This type of ‘ligand-free’ catalysis has gained considerable importance, as it avoids using 

expensive ligands and allows catalyst recycling.14,15 

The solution was kept at 25 ºC under a constant current intensity of 10 mA (1.6 V) and the 

reaction progress was monitored by gas chromatography (GC). After 20 min, the reaction 

mixture turned from a light yellow solution to a dark brown suspension. However, no 

conversion was observed by GC analysis at this stage. The color change reflects the anodic 

oxidation of Pd0 to Pd2+ ions (Equation 4.5). These are in turn reduced to ad-atoms at the 

Pt cathode, and finally form stabilized Pd0 nanoparticles (Figure 4.1, middle).16 After 8 h, the 

PhI was totally consumed, giving 80% biphenyl and 20% benzene. Weighing the electrodes 

before and after the reaction showed a difference of ~ 2.5 mg in the Pd anode, equivalent to 

0.1 mol% relative to the initial amount of PhI. This corresponds to a minimum TON of 

1000 (assuming that all the ‘missing’ Pd participates in the catalysis). 

Pd0 � Pd2+ + 2e–  E0 = –0.83 V  (4.5) 

electrolyte
and
solvent

[C8mim]+[BF4]
–

Pd cathodePt anode

electrolyte
and
solvent

[C8mim]+[BF4]
–

Pt cathodePd anode

electrolyte
and
solvent

[C8mim]+[BF4]
–

Pd cathodePt anode

electrolyte
and
solvent

[C8mim]+[BF4]
–

Pd cathodePt anode

electrolyte
and
solvent

[C8mim]+[BF4]
–

Pt cathodePd anode

electrolyte
and
solvent

[C8mim]+[BF4]
–

Pt cathodePd anode

 

Figure 4.1. Photo of the two-electrode cell (left) and cartoons showing the generation of Pd 

clusters using a Pd anode and a Pt cathode (middle) and the reverse configuration (right). 

To investigate the role of palladium nanoparticles in this system, we switched the current 

between the two electrodes, so that now the Pd electrode was the cathode and the Pt 

electrode was the anode (Figure 4.1, right). The rationale behind this experiment was that in 

theory, the catalysis could occur on the cathode surface (Figure 4.2).5 Direct electron 

transfer from a Pd0 atom on the cathode surface to PhI would give a [PhI]–• radical anion, 
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that would then dissociate to Ph• and I–.17 The constant supply of electrons to the cathode 

would ensure the electron transfer (Figure 4.2). However, we did not observe any reaction 

in this case, and no Pd nanoparticles formed. Thus, we conclude that in our system, Pd 

nanoparticles are necessary for catalyzing the homocoupling of aryl halides.

Pd anode

-
-
-
-
-
-
-

I

2

-
-

2 + I

I
2

+ 2  I

electron transfer

Pd anode

-
-
-
-
-
-
-

I

2

-
-

2 + I

I
2

+ 2  I

electron transfer

Figure 4.2. Testing the direct electro-transfer hypothesis, where the PhI radical anion forms 

directly at the Pd cathode (this experiment was done using the reverse configuration, cf. 

Figure 4.1, right).

To examine the scope of this catalytic system, we tested a variety of p-substituted halo aryls 

(Equation 4.6 and Table 4.1). Aryl iodides gave good yields (Table 4.1, entries 1–3) with 

the exception of the electron-donating iodoaniline. Aryl bromides were also active, but 

surprisingly less conversion was observed for the electron-withdrawing 

bromobenzotrifluoride. The corresponding chloride substrates showed little or no activity. 

The ionic liquid [omim]+BF4
– was recycled after the reaction and re-used as solvent five times 

without change in activity (see experimental section for details). 



Chapter 4 

Electroreductive palladium-catalyzed Ullmann reactions in ionic liquids 

71

Table 4.1. Pd-catalyzed electroreductive homocoupling of various haloaryls.a 

Entry Aryl halide Conversion (%)b Yield (%)b TONc Time (h) 

1 I

 
99 80 (55) 800 8 

2 IO2N

 
99 82 820 8 

3 IMe

 
83 76 760 9 

4 IH2N

 
56 35 350 9 

5 Br

 
99 75 750 14 

6 BrO2N

 
74 61 610 20 

7 BrMe

 
83 59 (38) 590 24 

8 BrH3CO

 
80 65 650 24 

9 BrNC

 
78 61 610 24 

10 BrF3C

 
20 14 140 24 

11 BrHO

 
5 4 40 24 

12 ClO2N

 
5 3 30 24 

13 ClH3C

 
< 1 - - - 

14 Cl

 
< 1 - - - 

[a] Reaction conditions: 20 mmol halide, 50 ml [omim]+[BF4]–, 25 ºC.  
[b] Based on GC analysis, corrected for the presence of an internal standard. The numbers in 
the parentheses represent isolated yields.  
[c] Minimum TON based on the difference in weight in the Pd anode before and after the 
reaction. This electrode weight difference was independent from the reaction time. 
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(4.6)

 

4.2.2. Mechanistic studies 

Palladium-catalyzed systems have been described as an alternative to the stoichiometric 

Ullmann protocol with copper. The reaction mechanism, however, is still unclear. One 

proposal involves the formation of a radical anion through a single electron transfer (SET) 

process that give a [PhX]–• radical anion that then dissociates, forming a Ph• radical and 

ultimately the biaryl product.5,18 To understand the mechanism in our system, we must first 

clarify what closes the catalytic cycle and what role do the Pd clusters play in this reaction. 

First, we monitored the kinetics of the model reaction for PhI coupling (Figure 4.3). An 

induction period of almost 3 h was observed.19-21 This induction period supports the 

involvement of palladium clusters in the cycle, because if the Pd0 atoms or ad-atoms alone 

are responsible for the catalysis, there would not be such a long induction period. 
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Figure 4.3. Time-resolved reaction profiles for the Pd cluster-catalyzed coupling of PhI. 

Reaction conditions are as in Table 1. The ‘o’ and ‘
’ symbols represent duplicate 

experiments. 

After 3 h, the reaction rate increased from k1 = 0.0542 min–1 (R2 = 0.979) to k2 = 0.383 min–1 

(R2 = 0.999, both R2 values pertain to six observations in duplicate experiments). We think 

this is due to the “optimal particle size” formation during the induction period, as proposed 

by Finke and co-workers in the case of hydrogenation.20 The unusual kinetic profile for such 

reactions, where an induction period was also found, was interpreted by Schmidt and 

Smirnov using the concept of a “cluster magic number”.20,22  We used transmission electron 

microscopy (TEM) to characterize the particle size at the end of the induction period. 

Spherical well-dispersed particles were observed (Figure 4.4, left) with a size distribution of 

2.5 � 0.5 nm. This corresponds to a ‘magic number’ of ~ 300 atoms. 

The TOF for these 2 h was 230 h–1, more than double the average TOF during the entire 

reaction (100 h–1). This also fits well with the ‘active cluster’ concept. Another interesting 

point is the reaction order for this period. We fitted the kinetic data and the best R2 value 

was obtained for a first-order reaction (k2 = 0.383 min–1, R2 = 0.999; cf. with R2 = 0.977 for 

second-order). This agrees with a first-order rate-determining step, e.g. the dissociation of 

the [PhX]–• radical anion. 
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Figure 4.4. Transmission electron micrograph (left) and Pd cluster size distribution (right, 

based on 600 particles counted). 

An important mechanistic question is: “what closes the catalytic cycle?” We think that it is 

oxidation of water into dioxygen (Equation 4.7), recovering the Pd0 catalyst and neutralizing 

the halide anions in the media. A similar reaction was observed by Raynal et al. in their 

elegant Ni complex-catalyzed electrosynthesis of biaryls in water.23 Ionic liquids are 

notoriously hygroscopic, and a small water impurity would suffice for closing the cycle.24 To 

test this hypothesis, we ran control experiments in the presence of one molar equivalent of 

water. The reaction was indeed faster (complete conversion after 6 h, cf. with 8 h for the ‘dry’ 

system). However, no difference in reactivity was found when more equivalents of water 

were added. 

2H2O � O2 + 4H+ + 4e–  E0 = –1.23 V  (4.7) 

To obtain further evidence for the water oxidation, we performed a simple experiment 

varying the potential during the reaction (Figure 4.5).  For the same model reaction, the 

applied potential (1.60 V) was decreased after a given time to below the potential necessary 

for water oxidation (1.23 V). Again, we observed an induction period of 3 h. Subsequently, 

the reaction rate increased, reaching ~30% conversion in 1 h. As expected, the same k value 

was found as before at this point (k3 = 0.383 min–1, R2 = 0.999 for four observations in 

duplicate experiments). After 4 h, the potential was decreased to 1.00 V for 3 h. GC analysis 
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showed that almost no reaction occurred. After 7 h, we increased the potential back to 1.60 

V and the reaction re-started immediately, reaching the maximum conversion after ~10 h (k4 

= 8.25 × 10–3 min–1, R2 = 0.920 for 12 observations in duplicate experiments). This 

experiment shows that water oxidation indeed closes the cycle. Furthermore, the reaction can 

be controlled by simple variation of the potential. 
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Figure 4.5. Time-resolved reaction profiles observed for the coupling of PhI to biphenyl 

using palladium clusters catalyst. Reaction conditions are as in Table 1. The ‘o’ and ‘
’ 

symbols represent duplicate experiments. 

From these studies we conclude that two processes take place in this system. First, the in situ 

formation of the palladium nanoparticles. Second, the Pd-catalyzed electroreductive 

homocoupling of biaryls with a first-order rate-determining step. Based on this we propose a 

catalytic cycle (Figure 4.6) wherein a SET occurs from a Pd cluster to an ArX molecule, 

forming a [ArX]–• radical anion and a positively charged Pd+ cluster. In case of a single Pd 

atom, this would be unstable, but the charge on the cluster would be stabilized by the 

electron cloud of the neighboring Pd0 atoms. First-order dissociation of [ArX]–• to Ar• and 

X– followed by coupling of two aryl radicals would give the biaryl product. Simultaneously, 

oxidation of water to dioxygen and 2H+ regenerates the Pd0 clusters and closes the catalytic 

cycle. 



Chapter 4 

Electroreductive palladium-catalyzed Ullmann reactions in ionic liquids

76

 

 

ArX

H2O

O2 + 2H+ + 2X–

[ArX]

2e–

X–

Ar

2Ar Ar–Ar

Pd+
X–

[ArX]

ArX

Pd+

Pd+

Pd+

Ar

X– Pd+

Pd0 cluster

Pd+

Figure 4.6. Proposed catalytic cycle for the electroreductive palladium-catalyzed 

homocoupling of aryl halides. The dark grey spheres represent Pd+ ions. This cycle shows for 

clarity two single electron-transfers from the same cluster, but in principle these processes 

could also occur on different clusters. 

 

4.3. Conclusions 

We show that palladium nanoparticles generated in situ catalyze efficiently Ullmann-type 

reactions. To the best of our knowledge, this is the first time this reaction is performed using 

electro-reductive palladium catalysis. Room-temperature ionic liquids are good solvents for 

preparing and stabilising palladium nanoparticles. The kinetic data supports a cycle involving 

the formation of a phenyl radical anion that coordinates on the surface of the palladium 

nanoparticles. This attractiveness of this system lies in the fact that only electrons and water 

are necessary for closing the catalytic cycle. However, any practical large-scale application 

would have to include recovery of the ‘lost’ palladium catalyst.  
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4.4. Experimental section 

4.4.1. Materials and instrumentation 

1H NMR spectra were recorded on a Varian Mercury vx300 instrument at 25 °C. GC analysis 

was performed on an Interscience GC-8000 gas chromatograph with a 100% 

dimethylpolysiloxane capillary column (DB-1, 30 m × 0.325 mm). GC conditions 

(pentadecane internal standard): isotherm at 105 ºC (2 min); ramp at 30 ºC min–1 to 280 ºC; 

isotherm at 280 ºC (5 min). TEM images were obtained with a JEOL JEM-1200 EXII 

instrument, operated at an accelerating voltage of 120 kV. Samples were prepared by placing 

150 �l of 0.1 mM Pd cluster suspension on carbon-coated copper grids. The solvent was 

then evaporated at 50 ºC and 250 mm Hg. At least four images were taken for each sample. 

Electrochemical experiments were done using a special home-made cell coupled to a dual 

current supply with a maximum output of 10 V/40 mA. A detailed technical description of 

this system is published elsewhere.25 The ionic liquid [omim]+[BF4]– was prepared following a 

published procedure and dried prior to use.26 All other chemicals were purchased from 

commercial sources (> 98% pure). The ionic liquid solvent was recycled following a 

published procedure.27 

4.4.2. Procedure for Pd-catalyzed electroreductive Ullmann coupling 

Example (1): Biphenyl (2a) from iodobenzene (1a). The electrochemical cell was charged 

with PhI (4.09 g, 20.0 mmol) and 50 ml [omim]+[BF4]–. After stirring for 5 min, a constant 

current (10 mA, 1.6 V) was applied and the mixture was further stirred for 8 h at 25 ºC. 

Reaction progress was monitored by GC. After 8 h, the product was extracted with ether (3 

× 50 ml). The ether phases were combined and evaporated under vacuum to give 0.81 g (55 

mol% based on PhI) as colourless crystalline platelets, mp =  71–73 ºC (lit.,28 69–72 ºC). The 

solvent was recycled by washing with aqueous NaBF4. 1H NMR (Me4Si): � = 7.36–7.42 (m, 

2H), 7.45–7.51 (m, 4H), 7.62–7.68 (m, 4H). Good agreement was found with the literature 

values.15 

Example (2): 4,4´-dimethyl-biphenyl (2c) from 1-bromo-4-methylbenzene (1f). The 

electrochemical cell was charged with MePhBr (3.50 g, 20.0 mmol) and 50 ml [omim]+[BF4]–. 
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The reaction was performed as above to give 0.71 g (38 mol% based on MePhBr) as light 

yellow crystalline needles, mp = 118–121 ºC (lit.,29 119–121 ºC). The solvent was recycled by 

washing with aqueous NaBF4. 1H NMR (Me4Si): � = 2,51 (m, 6H), 7.41–7.49 (m, 2H), 7.53–

7.57 (m, 4H), 7.60–7.66 (m, 4H). Good agreement was found with the literature values.29 
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Abstract

The first example of the synthesis and characterization of a chirally imprinted Pd is 

presented, and showed that this metal can perform asymmetric catalysis. Thus, a Pd coin 

doped with 1% cinchonidine alkaloid catalyzes the hydrogenation of isophorone with 

molecular H2, giving an average of 16% ee in triplicate experiments. Excitingly, electron 

photoemission spectroscopy and UV-visible measurements prove that the Pd metal remains 

chiral even after the dopant is removed.  

 

 

 

 

 

 

 

 

Part of this work has been submitted as publication: ‘Entrapment of Cinchona alkaloids within 

metals: Chirally imprinted palladium’, L. Durán Pachón, I. Yosef, T. Markus, R. Naaman, D. 

Avnir and G. Rothenberg. 
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5.1. Introduction 

One of the main challenges for chemists in the 21st century is with the ever growing need for 

bona fide new materials and new concepts in material science.1,2 Metallo-organics hybrid 

materials3 fit this bill, since they can combine the advantages of organic molecules and 

metals. The preparation of these metallic composites involves room-temperature metal 

synthesis by the chemical reduction in the presence of the organic molecule to be entrapped 

within the metal.4,5 Various useful applications have already been demonstrated, e.g. creating 

acidic and basic metals,6 activating metal catalysts7 and creating polymer-metal hybrids.8  
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Scheme 5.1.  The four natural pseudo-enantiomers of the Cinchona alkaloid family. 

A particularly exciting challenge is doping the metals with chiral molecules, thus creating a 

chiral metal.9,10 Here, we move forward in two important aspects: First, we show that chiral 

induction, performed until now only with Ag and Au, can be extended to Pd, which is much 

more interesting for catalysis purposes. Second, we demonstrate a novel entrapment 

methodology that can chirally imprint Pd, giving a chiral Pd metal that remains chiral even 

after the dopant is removed. Specifically, palladium salt solutions were reduced in the 

presence of the four pseudo-enantiomers of Cinchona alkaloids yielding cinchonine@Pd 

(CN@Pd), cinchonidine@Pd (CD@Pd), quinidine@Pd (QD@Pd) and quinine@Pd 

(QN@Pd), respectively (Scheme 5.1).  
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The chiral properties are shown in a series of in situ UV–visible and electron photoemission 

spectroscopy experiments. The resulting chiral metal-organic composites catalyse the 

asymmetric hydrogenation of acetophenone and isophorone with significant (albeit 

moderate) ee demonstrating the feasibility of this novel approach to chiral catalysis.11  

 

5.2. Results and Discussion 

5.2.1. Synthesis and characterization of doped palladium. 

In a typical reaction, the doped palladium composites were prepared by dissolving the 

dopants in an aqueous solution of the Pd2+ salt and the reducing agent. The molar ratio 

dopant/metal was 1/125. We selected sodium hypophosphite, NaH2PO2, as the reducing 

agent as it reduces Pd2+ easily, but does not affect the alkaloid dopants. Sodium dodecyl 

sulfate (SDS) was added to dissolve the alkaloids (Equation 5.1). The composite material 

precipitates directly as a black powder. This powder shows metallic properties, and is easily 

pressed into coins (Figure 5.1). Control experiments, monitoring the supernatant before and 

after the entrapment, confirmed that in all four cases 100% of the alkaloid was entrapped 

within the Pd metal. 

(5.1)PdCl2+ NaH2PO2+ dopant
H2O, 25 °C, 1 atm

0.9 equiv. SDS
dopant@Pd(s) + H3PO3 (g) + NaCl+ HCl

 

Figure 5.1. CN@Pd powder (right) and the corresponding pressed coin (left) 
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Figure 5.2. HRSEM images of pure pre-prepared Pd (A) and the organically doped CN@Pd 

(B) at four magnifications: A1, �625; A2, �2500; A3, �6250; and A4, �25000; B1, �6250; B2, 

�12500; B3, �25000; and B4, �62500. 

The materials were characterized by high resolution scanning electron microscopy (HRSEM, 

Figure 5.2). We observe ~200 nm aggregates of crystallites ~70 nm in size, which further 

aggregated into a macroporous solid, with pores of ca. 1–3 μm. The effect of the dopant on 
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morphology is seen by comparison with pure Pd (Figure 5.2, A1–A4). The crystallites are 

larger for the latter. This supports our hypothesis that in the microscopic structure, the 

crystals grow around the dopant molecules, and then cluster into smaller aggregates with 

chiral formations. 

5.2.2. Enantioselective photoelectron emission experiments 

The possibility to induce chirality in the metal was first proved by asymmetry in the 

photoemission of electrons from the doped palladium. The photoelectron energy 

distributions from pure pre-prepared palladium in the presence or absence of SDS were 

measured as blank experiments (Figure 5.3, A–B). This was carried out by ejecting electrons 

from the sample using 193 nm laser pulse circular polarized light either clockwise (cw-CPL) 

or counter clockwise (ccw-CPL).12-14 In both cases, when the photoelectrons are ejected by 

either cw-CPL or ccw-CPL, the two curves practically coincide (top overlapping two curves).  
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Figure 5.3. Electron energy distribution profiles obtained for photoelectrons ejected by 

either cw-CPL or ccw-CPL from: (A) pure pre-prepared Pd, (B) pure pre-prepared Pd with 

SDS. It is seen that the cw and ccw curves coincide (top overlapping two curves). For 

comparison, this figure shows also the energy distribution obtained with the linear one (non-

polarized light). 

Conversely, the kinetic energy distribution profiles of the photoelectron ejected from 

CN@Pd show a difference between two curves (Figure 5.4, A). The curve for the electrons 
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emitted by the ccw-CPL is above that of cw-CPL. On the other hand, CD@Pd shows the 

opposite (Figure 5.4, C). This difference in intensity cannot stem simply from the 

absorption of the light by the molecules since a full monolayer of molecules absorb only 

0.01% of the light. We propose two explanations for the chiral induction: either the metallic 

aggregated matrix doped with the chiral molecule is chirally imprinted, giving the metal 

surface a chiral morphology; or the electrons of the metal interact with the electrons of the 

entrapped chiral molecule, thus producing the chirality observed.9,10 

 

 

 

 

 

 

 

 

Figure 5.4. Electron energy distribution profiles obtained for photoelectrons ejected by 

either cw-CPL or ccw-CPL from: (A) CN@Pd, (B) extracted CN@Pd, (C) CD@Pd, and (D) 

extracted CD@Pd. 

We also measured the photoelectron emission profiles for the corresponding materials that 

were completely extracted with THF (Figure 5.4, B and D). Excitingly, the extracted 

materials showed also energy differences in the interaction with the light. In fact, the profiles 

of the extracted materials are reversed to their corresponding doped ones! This strongly 

supports the chiral morphology explanation. However, this chiral effect was not uniform all 

over the sample and its magnitude varied according to the spot irradiated by the laser. This 
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can be explained if we consider the microscopic structure. It is likely that the metal 

crystallites grow around the chiral molecules. Consequently, when the final material is 

pressed, the micro-morphology of the material may change and thus with it the chiral effects. 

Note that Pd is quite different from Au in this respect. The soft gold metal loses its structure 

when the dopant molecules are extracted (Au atoms diffuse very fast on the surface). 

Conversely, the much harder Pd is expected to maintain its structure even after dopant 

extraction. 

5.2.3. In situ UV-visible re-adsorption experiments 

One interesting question is whether the “chirally imprinted” Pd metal matrix can distinguish 

between the pseudo-enantiomers. For this, we carried out adsorption experiments monitored 

by UV–visible spectroscopy. Pre-prepared CN@Pd matrices were extracted with THF. 

When >99% of the CN was extracted, the “empty” Pd matrix was stirred with the solutions 

of CN and CD, respectively.  
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Adsorption of  CD in extracted CN@Pd
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Adsorption of  CD in pre-prepared Pd without dopant

Figure 5.5. Adsorption profiles of CN and CD in extracted CN@Pd and in pre-prepared Pd 

without dopant. The results are average of duplicate experiments. 

In situ UV–visible monitoring (see Experimental section) showed that the empty matrix re-

adsorbed CN selectively over CD (the two pseudo-enantiomers were tested in separated 
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experiments; all the results are average of duplicate experiments). Control experiments 

confirmed that “alkaloid-free” Pd showed no preference for either pseudo-enantiomer. 

Significantly, the total amount re-adsorbed was much lower (Figure 5.5), reflecting the lack 

of alkaloid-sized pores in these samples. 

5.2.3. Enantioselective hydrogenation catalysis 

It is, of course, intriguing to test the composite materials in enantioselective catalysis. We 

first applied our catalysts in the hydrogenation of acetophenone (Scheme 5.2, top). This 

transfer hydrogenation afforded only moderate ee (5%) of (R)-1-phenylethanol using 

CN@Pd (1 mol%). We then switched to hydrogenation of isophorone with molecular H2 

(Scheme 5.2, bottom). This reaction yielded significantly higher ee (15.2%, 15.5% and 17.1% ee 

in an excess of R-enantiomer in triplicate experiments using CD@Pd, with a total of 10% 

mol Pd relative to isophorone). The CN@Pd gave 49 % conversion (5.9%, 6.5%, 7.2% ee to 

the S-enantiomer). When QN@Pd and QD@Pd were used as catalyst 10% ee (9.7%, 9.9% 

and 10.4%) of S- and 9% ee (8.8%, 9.1% and 9.1%) of R-enantiomers were obtained, 

respectively. The results obtained for both reactions correspond with the moderate yields 

found in the literature in the presence of surface modified Pd and Pt catalysts.15-20

CN@Pd (10 mol%), H2(60 mm Hg)

EtOH, 25 °C, 10h

O O

*

O OH

*

OH O

CN@Pd (1mol%), IsopOK
IsopOH, 25 °C, 8h

Scheme 5.2. Asymmetric transfer hydrogenation of acetophenone to phenylethanol (top), 

and enantioselective hydrogenation of isophorone to dihydroisophorone (bottom) 

5.3. Conclusions 
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We demonstrate that doping of palladium with chiral molecules induces chirality in the metal. 

The fact that we observed diastereomeric interactions also for the extracted materials 

supports the conclusion that the effect mechanism is due to the morphology of the material. 

The alkaloid@Pd materials were successfully applied as enantioselective catalyst in 

hydrogenation of ketones and olefins. We believe that this methodology opens doors to new 

and exciting materials and applications. 

 

5.4. Experimental section 

5.4.1. Materials and instrumentation 

A French press was used to prepare the coins applying a pressure of 10 mbar. All UV-visible 

experiments were done on a Varian Cary 50 Bio UV–visible Spectrophotometer. SEM was 

carried out on a Sirion (FEI) HRSEM instrument (operating voltage was 5 kV). The 

photoelectron emission experiments were performed done using an ArF excimer laser 

(Lambda Physics) which produces 193 nm photons corresponding to energy of 6.42 eV with 

a pulse width of ~20 nsec. GC analysis was performed on an Interscience GC-8000 gas 

chromatograph with a fused silica chiral capillary column (DBEXm, permethylated �-

cyclodextrin doped into 14% cyanopropylphenyl/86% dimethyl polysiloxane, 30 m × 0.25 

mm × 0.25 mm). GC conditions: isotherm at 90 ºC (25 min); ramp at 25 ºC min–1 to 220 ºC; 

isotherm at 220 ºC (7 min). Pentadecane was used as internal standard. Unless otherwise 

noted, all chemicals were purchased from commercial sources and used as received. 

Demineralized water was used in all experiments. 

5.4.2. Procedure for the synthesis of alkaloid@Pd 

Example: Entrapment of Cinchonine (CN). 1.0 g of PdCl2 (5.6 mmol) in 125 ml of 

distilled water was poured into a stirred solution of 0.9 g of SDS (3.1 mmol) and 0.01 g 

cinchonine (3.4 mmol) in 50 ml of water. After 5 min of stirring, 1.2 g NaH2PO2, was slowly 

added and the combined black slurry was stirred (500 rpm) at 25 ºC for 2 h. Palladium is 

formed while the alkaloid is entrapped according to redox balance showed in Equation 5.1. 
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Precipitation of CN@Pd begins immediately. The precipitate was filtered and washed with 

water (3 � 10 ml), and dried overnight under vacuum. The resulting material, 0.7 g of 

CN@Pd, contained >99% of the initial alkaloid used in the reaction mixture, as determined 

by UV-visible spectroscopy. Other alkaloids CD, QN and QD were similarly entrapped, all 

with quantitative yield. 

5.4.3. Control experiments 

Stability of the dopants to the reaction conditions. All dopants were checked for their 

stability towards the reducing agent hypophosphite and found to be stable. Typically, o.o1 g 

of alkaloid was poured into a stirred solution of SDS (0.9 g) in 175 ml of water. 1.2 g of 

NaH2PO2 was added and the resulting solution was stirred for 2 h at 25 °C. Spectra before 

and after the exposure to the reducing agent were compared, and found, to be identical. 

Adsorption vs. entrapment. For comparing entrapment to adsorption, the following 

experiments were carried out: The Pd matrix was prepared as described before but without 

an entrapped molecule. Then 0.001 g of CN and 0.1 g of palladium were stirred in 20 ml 

SDS/H2O during 24 hours. The amount adsorbed was determined spectroscopically from 

the supernatant solution. We found that only 15% of CN was adsorbed over Pd vs. 100% 

when the entrapment was performed. 

Extraction experiments. Extraction of the entrapped molecules into different solvents was 

tested by stirring 0.1 g of the doped metal with 20 ml of H2O, SDS/H3O, THF 

(tetrahydrofuran) and DMSO (dimethylsulphoxide). The alkaloids spectra before and after 

the extraction were compared. No extraction was observed for extraction either with H2O or 

SDS/H3O. Complete extraction (>99%) was performed with THF or DMSO. 

5.4.4. Enantioselective photoelectron emission experiments 

The samples were inserted into an ultrahigh vacuum chamber at >108 mbar. The 

photoelectrons were ejected from the substrate by applying a laser beam at 193 nm (6.4 eV) 

using �/4 plate to create either cw or ccw circularly polarized light. The ejected electron energy 
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distribution is analyzed by using a time-off-spectrometer. The laser energy is maintained very 

low (20 pJ per pulse) to avoid any nonlinear processes. 

5.4.5. In situ UV–visible re-adsorption 

In a quartz cuvette, 0.01 g of CN@Pd was added to a solution of 0.1 mg of CN or CD in 1 

ml SDS/H2O. The samples were stirred for 15 h and in situ UV–visible spectra of the 

supernatant solution were recorded (Figure 5.6). For the experiments with the “alkaloid-

free” palladium the same protocol was followed. 

5.4.6. Enantioselective hydrogenation catalysis experiments. 

Procedure for the transfer hydrogenation of acetophenone to phenylethanol. The 

reaction vessel, under nitrogen atmosphere, was filled with isopropanol (20 ml), 

acetophenone (0.058 ml, 0.50 mmol), CN@Pd catalyst (0.005 g, 1 mol %) and potassium 

isopropanate (5 % w/v solution in isopropanol, 0.025 ml, 12.5 �mol). The resulting mixture 

was stirred for 8 h at 25 �C and the reaction progress was monitored by GC. 

Procedure for the hydrogenation of isophorone to dihydroisophorone. The reaction 

vessel was filled with ethanol (20 ml), isophorone (1.0 mmol, 150 μl) and CN@Pd catalyst 

(0.05 g, 10 mol %). Then the vessel was filled with hydrogen (60 mmHg) and stirred for 10 h 

at 25 �C. The reaction progress was monitored by GC. The reaction were performed as 

above when CD@Pd, QN@Pd or QD@ Pd were used as catalysts. 
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Figure 5.6. Adsorption spectra of CN (A) and CD (B) in extracted CN@Pd; and CN (C) 

and CD (D) in pre-prepared Pd without dopant. 
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Summary

Nanoscience has evolved as a major research trend from an ongoing effort to miniaturize 

processes from using micro-systems to the nanoscale. Towards this end, it is well admitted 

that the ‘bottom-up’ approach should now replace the classic ‘top-down’ one, a strategic 

move that is common to several areas of application of nanoscience, including optics, 

electronics, medicine and catalysis. The latter discipline certainly is the key one for the 

development of starting chemicals, fine chemicals and drugs from raw materials. The 

catalysts for these processes are usually homogeneous organometallic complexes laborious to 

synthesize and/or air sensitive. Moreover, their stability is a major concern and separation 

from the product mixture is often difficult and costly. Alternatively, it is possible to use metal 

nanoparticles to catalyze these reactions. The aim of this thesis has been to develop new 

methods to synthesize more ‘atom- economical’ and ‘selective’ cluster catalysts. 

Chapter 1 starts with a general introduction into the field of metal nanoparticles involving 

synthetic pathways, stabilizing mechanism, and their application as catalysts in various 

reactions. Overviews on the research concerning transition metal catalyzed-Ullmann and 

Hiyama couplings, click chemistry is also presented. 

Chapter 2 deals with application of Cu nanoclusters as catalysts in the “click” cycloaddition 

of azides with terminal alkynes to give the corresponding 1,4-disubstituted 1,2,3-triazoles. No 

additional base or reducing agent is needed. The products are isolated in good yields (80–

99%) and high selectivity. The clusters are simple to prepare, stable and can be applied to a 

variety of azide and functionalized alkynes. The question of whether Cu clusters are the 

actual catalysts or “mere reservoirs” for Cu species in the so-called ‘cluster-catalyzed cross-

coupling’ is also discussed. We examined the reaction kinetics and function of Cu clusters by 

comparing the activity with different Cu catalysts. The higher activity of metal clusters in the 

cycloaddition reactions led us to think that if catalysis occurs on the clusters’ surface. The 

mechanism is complex but there are evidences that a CuI-alkyne intermediate is involved.   

Controlling the cluster structure when two metals are combined may tune the catalytic 

activity and improve the “catalyst atom economy”. This was the main motivation behind 

chapter 3. In this chapter, core/shell metal nanoclusters are synthesized by a novel combined 
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chemical/electrochemical method. The Ni core is prepared electrochemically and, then, Pd 

shells are grown on the Ni clusters by chemical reduction. The resulting clusters are used as 

catalysts in the Hiyama cross-coupling reaction. The Ni/Pd catalyst is applied to a range of 

iodo- and bromoaryl substrates, and gave high yields and selectivity. For the same amount of 

palladium, the activity of Ni/Pd clusters is higher than the pure Pd or the pure Ni clusters 

and, the alloy bimetallic Ni/Pd ones. This indicates an efficient use of the surface Pd atoms. 

In chapter 4, we present a room temperature and electroreductive alternative to the Ullmann 

reaction. The Pd clusters catalyst is generated in situ by electrochemistry. The system gives 

good yields in the homocoupling reaction of iodo- and bromoaryl substrates. Only electricity 

and water are necessary to close the catalytic cycle and regenerate the Pd0. The kinetic studies 

made us propose a two-electrons mechanism involving a radical anion that coordinates at the 

surface of the Pd nanoparticles. The advantages of using ionic liquids as solvent and cluster 

stabilizer, is also described. The solvent is reusable for at least five consecutive reaction 

cycles. 

In chapter 5, besides my main project on cluster catalysis, I studied the synthesis of new 

materials. We show a simple and general method to entrapped chiral molecules in a porous 

Pd matrix. The system’s crystal structure is also studied in detail. UV-visible and electron 

photoemission spectroscopies show that the “doped” Pd and the “imprinted” Pd can 

distinguish between enantiomers. The catalytic applications of these materials in 

enantioselective hydrogenation reactions are also presented. 

Conclusion and outlook 

We have shown that metal nanoclusters are highly effective catalysts for different reactions, 

from homo- and cross-coupling to click chemistry. They display unique catalytic properties 

that are different from traditional homogeneous and heterogeneous catalysts. This is mainly 

due to the large number of co-ordinatively unsaturated surface atoms, which can lead to high 

catalytic activity via surface reaction. Moreover, we have presented new methods that make 

their synthesis simple, efficient and more environmentally-friendly; with possibility also to 

easily tailor their structure and composition. 

At this point, the design and use of metal nanoparticles is well advanced. A large variety of 

nanoparticles preparation methods and materials are available, as well as modern 
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characterization techniques. These advances have considerably improved the selectivity of 

nanoparticles-catalyzed reactions. Moreover, there is a growing call for more mechanistic 

studies to understand the real nature of cluster catalysis. The recycling and efficient re-use, 

without loss of activity of the metal clusters, remains a challenge and should be the subject of 

highest priority for future research.



�
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Samenvatting

Nanowetenschap heeft zich ontwikkeld tot een belangrijke onderzoeksrichting, waarin 

doorlopend inspanning wordt verricht om processen van micro- tot nanoschaal te 

miniaturiseren. Op dit moment is het algemeen aanvaard dat de “bottom-up” aanpak de 

klassieke “top-down” benadering zou moeten vervangen. Deze strategische zet is 

gebruikelijk in de verschillende disciplines van de nanowetenschappen, die optica, 

elektronica, medicijnen en katalyse omvat. Deze laatste discipline heeft zeker een 

sleutelfunctie in de ontwikkeling van basischemicaliën,  fijnchemicaliën en medicijnen uit 

grondstoffen. De huidige katalysatoren voor deze processen zijn meestal homogene 

organometaalcomplexen, die, in het algemeen, een arbeidsintensieve synthese vragen en die 

bovendien vaak gevoelig zijn voor lucht. Daarnaast is hun stabiliteit een belangrijk punt van 

zorg en is hun scheiding van het product vaak moeilijk en kostbaar. Een alternatief voor deze 

katalysatoren zou het gebruik van metaal-nanodeeltjes kunnen zijn. Het doel van dit 

onderzoek is nieuwe methoden te ontwikkelen voor de synthese van meer “atoom 

economische” en meer “selectieve” clusterkatalysatoren.  

Hoofdstuk 1 begint met een algemene introductie op het gebied van nanodeeltjes, waaronder 

hun synthese, het stabiliseringsmechanisme en hun toepassing als katalysator in diverse 

reacties. Een overzicht van de literatuur op het gebied van overgangsmetaal-gekatalyseerde 

Ullmann en Hiyama koppeling, “klik” chemie en enantioselectieve hydrogenering is hierin 

ook opgenomen. 

Hoofdstuk 2 betreft de toepassing van koper-nanodeeltjes als katalysator in de “klik” 

cycloadditie van azides met eindstandige alkynen voor de vorming van de overeenkomstige 

1,4-digesubstitueerde 1,2,3-triazolen. Er is geen extra base of reducerend agens nodig. De 

producten werden met een goede opbrengst (80-99%) en met hoge selectiviteit geïsoleerd. 

De clusters zijn eenvoudig te maken, zijn stabiel en kunnen toegepast worden bij een grote 

verscheidenheid van azides en alkynen met functionele groepen. De vraag of koperclusters 

zelf de actieve katalysator zijn, of eerder een reservoir voor koperdeeltjes in de zogenaamde 

“cluster-gekatalyseerde kruiskoppeling” wordt ook besproken. We onderzochten de 

reactiekinetiek en de functie van koperclusters door middel van het vergelijken met 

verschillende andere koperkatalysatoren. De hoge activiteit van de metaalclusters in de 
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cycloadditie bracht ons op de gedachte dat de katalyse aan het oppervlak van de 

koperclusteroppervlak plaatsvindt. Het mechanisme is complex, maar er zijn aanwijzingen 

dat er een Cu(I)-alkyn intermediair bij betrokken is.  

Door middel van het gebruik van twee metalen kan de clusterstructuur beïnvloed worden en 

kan de “katalysator atoomeconomie” verbeterd worden. Dit was de gedachte achter het 

onderzoek in hoofdstuk 3. In dit hoofdstuk wordt beschreven hoe kern/schil metalen 

nanodeeltjes worden gesynthetiseerd door middel van nieuwe chemische/elektrochemische 

methoden. De nikkelkern wordt elektrochemisch bereid en daarna laten we een 

palladiumschil groeien door middel van chemische reductie. Het resultaat is gebruikt in de 

Hiyama kruiskoppelingsreactie. De Ni/Pd katalysator is toegepast op een reeks van jood- en 

broomaryl substraten, die met hoge opbrengst en selectiviteit worden omgezet. Bij gebruik 

van dezelfde hoeveelheid palladium is de activiteit van de Ni/Pd kern/schil clusters hoger 

dan de activiteit van zuivere Pd- of zuivere Ni-clusters of van een bimetalische legering van 

Ni/Pd. Dit duidt op een efficiënt gebruik van de Pd-oppervlakteatomen.  

In hoofdstuk 4 presenteren we een electroreductief alternatief voor de Ullmann reactie die bij 

kamertemperatuur werkt. De Pd-clusters worden gevormd door middel van in situ 

elektrochemie. Het systeem geeft goede opbrengsten in de homokoppelingsreactie van jood- 

en broomaryl substraten.  Er is alleen elektriciteit en water nodig om de reactiecyclus te 

sluiten en Pd(0) te genereren. Het kinetisch onderzoek bracht ons tot de gedachte dat er 

sprake is van een twee-elektron mechanisme inclusief een radikaalanion dat op het oppervlak 

van de Pd nanodeeltjes coördineert. Het voordeel van het gebruik van “ionaire vloeistoffen” 

als oplosmiddel en clusterstabilisator wordt ook beschreven. Het oplosmiddel is herbruikbaar 

in ten minste vijf opeenvolgende reactiecycli.  

In hoofdstuk 5 wordt, naast het hoofdproject betreffende clusterchemie, de synthese van 

nieuwe materialen beschreven. We tonen een simpele en algemene methode om chirale 

moleculen in een nanoporeuze Pd-matrix te vangen. De kristalstructuur van het systeem is in 

detail bestudeerd. UV-zichtbaar en elektron foto-emissie spectroscopies door middel van 

tonen aan dat “doped” Pd en de “imprinted” Pd enantiomeren kunnen onderscheiden. . De 

katalytische toepassing van deze materialen in enantioselective hydrogeneringsreacties wordt 

ook beschreven.  
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Conclusie en vooruitblik 

We hebben aangetoond dat metalen nanoclustes hoogst efficiënte katalysatoren zijn voor 

verschillende reacties, van homo- en kruiskoppelingsreacties tot de klik-chemie. Zij vertonen 

unieke katalytische eigenschappen, die totaal verschillend zijn van de traditionele homogene 

en heterogene katalysatoren. Dit is voornamelijk te danken aan het grote aantal van co-

ordinatief onverzadigde oppervlakteatomen, die kunnen leiden tot een hoge katalytische 

activiteit via oppervlaktereacties. Bovendien presenten wij nieuwe synthesemethoden die 

eenvoudig, efficiënt en milieuvriendelijker zijn, en die de mogelijkheid geven hun structuur 

en samenstelling eenvoudig aan te passen. 

Op dit moment is het ontwerp en gebruik van metaalnanodeeltjes behoorlijk ontwikkeld. En 

breed scala van synthesemethoden en materialen en moderne karakteriseringstechnieken zijn 

beschikbaar. Deze ontwikkelingen hebben in hoge mate bijgedragen aan de selectiviteit van 

door nanodeeltjes gekatalyseerde reacties. In de laatste jaren is er meer aandacht voor 

mechanistisch onderzoek naar de ware aard van clusterchemie. De opwerking en efficiënt 

hergebruik, zonder verlies van activiteit van de metaalclusters, blijft een uitdaging. De 

verdere bestudering van dit onderwerp verdient hoge prioriteit in het toekomstig onderzoek. 



�
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Resumen

La nanociencia se ha convertido en una importante área de investigación gracias al esfuerzo 

continuado por miniaturizar hasta la nanoescala procesos que utilizan microsistemas. Para 

lograrlo es ampliamente admitido que el método “bottom-up” debe ahora substituir al clásico 

método “top-down”, una estrategia común a varias áreas de aplicación de la nanociencia 

incluyendo la óptica, la electrónica, la medicina y la catálisis. Esta última disciplina es 

ciertamente la más importante  para el desarrollo de los productos químicos primarios, los 

refinados y los farmacológicos a partir de materias primas. Los catalizadores para estos 

procesos son generalmente complejos organometálicos homogéneos, que requieren una 

síntesis laboriosa y/o suelen ser sensibles al aire. Además su estabilidad es una cuestión 

importante y su separación de la mezcla del producto es a menudo difícil y costosa. Como 

alternativa, es posible catalizar estas reacciones con nanopartículas metálicas. El objetivo de 

esta tesis ha sido desarrollar nuevos métodos de síntesis de clusters, mejorando su 

selectividad y “economía de átomos”. 

El capítulo 1 comienza con una introducción general al campo de las nanopartículas 

metálicas incluyendo métodos de síntesis, mecanismos de estabilización, y sus aplicaciones 

como catalizadores en diferentes reacciones. También se presenta un panorama general de la 

catálisis de las reacciones de acoplamiento de Ullmann y de Hiyama, y “click chemistry”.  

 El capítulo 2 describe la aplicación de nanoclusters de cobre como catalizadores en la 

cicloadicción de azidas a alquinos terminales para dar los correspondientes 1,2,3-triazoles-

1,4-disubstituidos. No es necesario el uso adicional de un agente reductor y/o una base. Los 

productos se aíslan con buen rendimiento (80-99%) y alta selectividad. Los clusters son 

simples de preparar, estables y se pueden aplicar a una gran variedad de azidas y alquinos 

funcionalizados. También se analiza la cuestión de si los clusters de Cu son los auténticos 

catalizadores o si son meras fuentes de especies catalizadoras de Cu. Se examina la cinética de 

reacción y la función de los clusters de Cu, comparando su actividad con diferentes 

catalizadores de Cu. La superior actividad de los clusters de Cu en las reacciones de 

cicloadicción nos condujo a plantear la posibilidad de que la catálisis ocurra en la superficie 

de los clusters. El mecanismo es complejo pero hay evidencias de que un intermedio [CuI-

alquino] está implicado. 
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Controlando la estructura de los clusters al combinar dos metales se puede modificar su 

actividad catalítica y mejorar su "economía de átomos" como catalizadores. Ésta fue la 

motivación principal detrás del capítulo 3. En este capítulo nanoclusters metálicos con 

estructura “core/shell” son sintetizados con un novedoso método que combina química y 

electroquímica. El núcleo de Ni se prepara electroquímicamente y, después, la cubierta de 

paladio crece sobre los clusters de Ni mediante reducción química. Los clusters resultantes se 

usan como catalizadores en la reacción de acoplamiento cruzado de Hiyama. El catalizador 

de Ni/Pd se aplica a una variedad de substratos aromáticos iodados y bromados, dando altas 

conversiones y selectividad. Para la misma cantidad de paladio, la actividad de los clusters 

“core/shell” de Ni/Pd es más alta que la de los clusters de Pd puro o los clusters de Ni, y los 

clusters bimetálicos de Ni/Pd con estructura homogénea. Esto indica un uso eficiente de los 

átomos de paladio en la superficie. 

En el capítulo 4 presentamos una alternativa, a temperatura ambiente y electro-reductora, a la 

reacción de Ullmann. El catalizador de clusters de Pd es preparado in situ 

electroquímicamente. El catalizador da buenas conversiones en la reacción de homo-

acoplamiento de substratos aromáticos iodados y bromados. Solamente son necesarias  

electricidad y agua para cerrar el ciclo catalítico y regenerar el Pd0. Los estudios cinéticos nos 

llevaron a proponer un mecanismo de dos-electrones que implica la formación de un anión 

radical que se coordina en la superficie de las nanopartículas de Pd. También se describen las 

ventajas del uso de líquidos iónicos como disolvente y estabilizador de los clusters. El 

disolvente es reutilizable para al menos cinco reacciones  consecutivas. 

En el capítulo 5, además del proyecto principal sobre catálisis con clusters, estudiamos la 

síntesis de nuevos materiales. Mostramos un método simple y general para atrapar moléculas 

quirales dentro de una matriz porosa de Pd. La estructura cristalina del sistema también se 

estudia detalladamente. Los experimentos con espectroscopía UV-visible y foto emisión de 

electrones demuestran que el Pd "dopado" y el Pd "impreso" pueden distinguir 

selectivamente entre los enantiómeros. Estos materiales son empleados como catalizadores 

en reacciones de hidrogenación asimétrica. 
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Conclusión y perspectiva futura 

Hemos demostrado que los nanoclusters metálicos son catalizadores altamente eficaces para 

diversas reacciones, desde reacciones de homo-acoplamiento y acoplamiento cruzado a “click 

chemistry”. Exhiben características catalíticas únicas diferentes a las de los catalizadores 

homogéneos y heterogéneos tradicionales. Esto es principalmente debido al gran número de 

átomos coordinantes no saturados en la superficie, lo que conlleva una alta actividad 

catalítica mediante reacción de superficie. Además hemos presentado nuevos métodos que 

hacen su síntesis simple, eficiente y “verde” y con la posibilidad de modificar fácilmente su 

estructura y composición. 

En este momento el diseño y las aplicaciones de las nanopartículas metálicas se hallan en un 

alto grado de desarrollo. Una gran variedad de métodos y materiales para la preparación de 

nanopartículas y modernas técnicas de caracterización se encuentran disponibles. Estos 

avances han mejorado considerablemente la selectividad de las reacciones catalizadas por 

nanopartículas. Además,  existe una creciente atención hacia estudio mecanísticos que ayuden 

a comprender la verdadera naturaleza de la catálisis con clusters. El reciclaje y eficiente re-

utilización de los clusters, sin pérdida de actividad catalítica, permanece como desafío y debe 

ser tema de alta prioridad en la investigación futura. 
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