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PREFACE 

Nanoparticle-Cored Dendrimers (NCDs) are inorganic-organic 

hybrid materials possessing nanometer size metal clusters at the core 

surrounded by a shell of dendrons of different generations that are 

radially attached to the core. The sterically induced assembly of cone 

shaped dendron shells around the metal core makes these core-shell 

materials to enclose large voids close to the nanoparticle surface. This 

sterically restricted assembly envisaged by NCDs enables them to function 

as ‘nanoreactors’ for metal catalyzed organic transformations. Significant 

progress has been achieved during the last decades in the design and 

synthesis of NCDs containing different metals and dendrons of different 

structures. Most of the synthetic approaches for the preparation of NCDs 

involve anchoring of the dendrons on to the metal surface through soft 

atoms like S, N, P or O which makes their stability always challenging. This 

makes the synthesis of NCDs with strong metal-ligand interaction an 

active area of research and our work is an attempt in this direction. Work 

described in this thesis involves the synthesis and characterization of gold 

and palladium NCDs stabilized by direct metal-carbon linkages. The 

synthesis of these core-shell materials are achieved by the simultaneous 

reduction of the metal ion precursor and a diazodendron using a suitable 

reducing agent. The NCDs thus prepared were purified and characterized. 

The ability of these NCDs to catalyze various reactions was also studied. 

A detailed literature review regarding the different approaches for 

the synthesis and characterization of dendrimer stabilized nanoparticles 

is presented in the first chapter of this thesis. The advantages and 

disadvantages of different synthetic strategies adopted for the preparation 

of NCDs are also presented in this chapter along with the potential 

applications of dendrimer stabilized nanoparticles. 

 Second chapter of the thesis describes the synthesis and 

characterization of gold nanoparticle-cored dendrimers of generation 1-4 

(AuGn), stabilized by direct metal-carbon linkage. The synthesis was 

carried out by the simultaneous reduction of different generation diazo 

functionalized dendrons (G1-G4) and Au(III) using sodium borohydride as 

the reducing agent. The diazodendrons and NCDs were characterized 
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using FT-IR, NMR, UV-visible spectroscopies as well as TEM and TG 

analysis. TEM studies confirmed the formation of nearly monodisperse, 

spherical gold nanoparticles with size around 5 nm. In order to confirm 

the direct bonding interaction of the dendrons with the metal 

nanoparticle, different control experiments were also carried out. These 

studies ruled out the possible encapsulation of nanoparticles inside the 

macromolecules. Studies were also carried out to check the stability of the 

NCDs and these details are also discussed in this chapter. 

 Synthesis and characterization details for the preparation of 

palladium nanoparticle-cored dendrimers of generation 1-4 (PdGn), are 

reported in the third chapter. The synthesis was carried out by the 

reduction of Pd(II) in presence of diazo functionalized Fréchet type 

poly(arylether) dendrons of different generations (G1-G4). The isolated 

products were well characterized by different spectroscopic techniques 

like FT-IR, NMR, UV-visible as well as TEM analysis. The formation of 

almost monodisperese spherical particles having 2-4 nm size was 

confirmed by TEM analysis. 

 We have studied the use of PdG1 as catalyst for different organic 

transformations and the results are discussed in the fourth chapter. PdG1 

was used for the catalytic hydrogenation of different multifunctional 

organic molecules and the results show that the present catalytic system 

is effective for the efficient and selective hydrogenation of olefins and 

acetylenes in multifunctional organic molecules possessing functional 

moieties like   -NO2, -CHO and halides which are very sensitive to 

hydrogenation reaction conditions. These chemoselective hydrogenation 

reactions were conducted at room temperature using a hydrogen balloon 

and all these reactions proceeded smoothly to almost completion with 

good yields at short reaction times and the catalyst showed good 

recyclability. The ability of PdG1 to catalyze different C-C bond forming 

reactions such as Suzuki, Stille, Heck and Hiyama couplings was also 

investigated. Our studies showed that PdG1 can act as an efficient catalyst 

for Suzuki and Stille couplings with almost quantitative yields. These 

reactions required only mild conditions and short reaction times and the 

catalyst showed good recyclability. Our results showed that PdG1 is a 

promising catalyst for different C-C bond forming reactions.  



Chapter 1 

Dendrimer Stabilized Metal Nanoparticles: 

An Overview 

1.1 Introduction 

 Nanoparticles or nano-sized particles are of great scientific interest 

because they serve as a bridge between bulk materials and the molecular 

world. Bulk materials exhibit size-independent physical properties 

whereas the properties of nanoparticles are often size dependent. For 

bulk materials larger than one micrometer the percentage of atoms on the 

surface is insignificantly small compared to atoms present in the bulk. In 

the case of nanoparticles, the number of atoms present on the surface is 

significant compared to atoms in the bulk. The interesting and sometimes 

unexpected properties of nanoparticles are therefore mainly due to the 

large surface area of the material, which dominates the contributions 

made by the small bulk of the material [El-Sayed 2001; 2004; Shenhar 

2003]. 

 The electronic and optical properties of nanoparticles depend on 

the size and shape of these materials. Size dependent electronic and 

optical properties arise due to confinement of electrons within the 

dimensions of the small particles and this can be best explained using the 

3D model of particle in a box problem. In the case of bulk metals, for 
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example, the electrons are free to move leading to a merging of the 

valence and conduction band levels (Scheme 1.1). As the size of the metal 

particles decrease the electron movement becomes confined within well 

defined atomic/molecular orbitals with definite energy boundaries. The 

smaller the allowed space for electron motion, the stronger will be the 

confinement leading to larger differences between the allowed energy 

levels. Thus when a metal particle is progressively reduced in size electron 

confinement leads to progressive separation of valence and conduction 

bands [Jain 2008; Cao 2008]. This would lead to a metallic � insulator 

transformation as shown in Scheme 1.1.   

bulk material

size reduction

nano material

unoccupied

state

occupied

state

 

Scheme 1.1 Difference in the arrangement of energy levels in bulk and 

nano metal. 

During the last several years the science dealing with the synthesis 

and study of nanomaterials has seen tremendous advancement. At the 

core of these studies lies the desire to gain a deeper insight into the 

peculiar chemical properties and reactivities of particles comprising of 

only a small number of atoms. Application of nanochemistry to the 

synthesis, modification and stabilization of individual nanoparticles also 

gained considerable importance during this period. Other areas worth 

mentioning include the studies dealing with altering the properties of 
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synthesized nanoparticles by regulating sizes and shapes and directed 

self-assembly of nanoparticles to give more complex structures. In the 

following sections some of these important aspects are reviewed.  

1.2 Synthesis of Metal Nanoparticles 

Nanoparticle synthesis in general is achieved either by a top-down 

approach or by a bottom-up strategy [Pachón 2008]. Chiseling of macro 

objects to nanosize is the core concept of top-down strategy and attrition 

or milling is a typical top-down method to make nanoparticles [Cao 2008]. 

Other methods for the synthesis of nanoparticles include redox surface 

techniques, thermal and photochemical decomposition of metal complex 

precursors, sonochemical methods and laser ablation [Micheaud 1998; 

Angel 2000; Navaladian 2007; Allmond 2007; Song 2007].  

Among others, the biggest problem with top-down approach is the 

imperfection of the surface structure. It is well known that the 

conventional top-down techniques such as lithography can cause 

significant crystallographic damage to the processed patterns [Temperley 

1952] and additional defects may be introduced even during the etching 

steps [Burton 1949]. Such imperfections would have a significant impact 

on physical properties and surface chemistry of nanostructures and 

nanomaterials, since the surface to volume ratio in nanostructures and 

nanomaterials is very large.   

The bottom-up approach involves building the nanoparticles 

through an atom by atom approach. Chemical reduction of metal ions to 

give metal nanoparticles is one of the most frequently used techniques in 
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this category. The commonly used wet chemical reduction method for the 

synthesis of nanoparticles was discovered by Michael Faraday about 150 

years ago [Faraday 1857]. Later, Turkevich et al. [Turkevich 1951; 

Turkevich 1970] reported the first reproducible synthesis of gold 

nanoparticles by the citrate reduction of Au(III) ions and proposed a 3 

step mechanism consisting of nucleation, growth and agglomeration for 

nanoparticle formation [Gröschel 2004]. In the chemical reduction 

method, the precursor metal ion is reduced to form the zero-valent metal 

atoms. These atoms, owing to their high surface energy, will undergo 

aggregation leading to the formation of nano clusters. But, if the growth of 

the particles is not arrested at this stage the growth process will continue 

which would eventually lead to the precipitation of the metal. In order to 

arrest the growth of nanoparticles, stabilizers are added during the 

synthesis. Stabilizers used for this purpose can provide protection for 

nanoparticles against aggregation in three ways.  

1.2.1 Electrostatic Stabilization  

 When a nanoparticle is formed in a polar solvent or in an electrolyte 

solution, a surface charge will be developed due to reasons such as (1) 

preferential adsorption of ions, (2) dissociation of surface charged species, 

(3) isomorphic substitution of ions, (4) accumulation or depletion of 

electrons at the surface and (5) physical adsorption of charged species on 

to the surface. Since all the particles are having the same type of charges 

the electrostatic repulsion between the charges on different nano clusters 

will protect them against aggregation as shown in Figure 1.1. This type of 
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stabilization is weak and mostly present in liquid phase only. The advent 

of ionic liquids for stabilizing nanoparticles increased the scope of this 

approach [Dupont 2002].  

 

Figure 1.1 Electrostatic stabilization of nanoparticles. 

1.2.2 Steric Stabilization  

 Steric stabilization involves the protection of nanoparticles against 

aggregation by way of protecting their surfaces using polymers or 

sterically crowded molecules like dendrimers [Astruc 2005]. The steric 

hindrance provided by the surface covered polymer prevents the 

aggregation of nanoparticles into bigger particles as shown in Figure 1.2, 

which illustrate the stabilization of Pd nanoparticles by a block copolymer 

[Fink 1998]. As the stabilizing ligand covers the nanoparticle surface 

almost completely, effective use of surface properties of the nanoparticle 

will become difficult in these types of assemblies. For example, if the 

nanoparticle is intended for use as catalyst, then the nanoparticle surface 

should be accessible to the reactants. Protection of the surface with 

polymers would restrict the approach of reactants to the surface. 
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Figure 1.2 Stabilization of nanoparticles using sterically crowded ligands. 

1.2.3 Electrosteric Stabilization 

 This mode of stabilization involves wrapping the surface of 

nanoparticles with polymer stabilizers bearing charged groups. The 

polymer support will provide a steric hindrance where as the charged 

functional groups like sulphonate present on the polymer chain will form 

an electrical barrier against aggregation. Different polyelectrolyte block 

copolymers like poly(alkylmethacrylate-b-sulfonated 

glycidylmethacrylate), poly(ethylethylene-b-styrenesulfonate) are 

examples of ligands which provide stabilization for the nanoparticles 

through electrosteric passivation [Leemans 1991]. A schematic 

representation of electrosteric stabilization is shown in Figure 1.3. 

 

Figure 1.3 Nanoparticles stabilized through electrosteric stabilization. 

 Even though the use of stabilizers cannot be avoided in 

nanoparticle synthesis, their presence on the metal surface can hinder the 
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effective use of surface properties of nanoparticles. For example, large 

number of metal nanoparticles is prepared for catalytic applications. The 

catalytic activity of nanoparticles would depend on the free area available 

on the surface which is inversely related to the number of stabilizing 

ligands attached on to the surface. Thus it is essential to find a balance 

between the number of ligands attached on to the particle surface and the 

free surface area available for catalytic activity. There has been extensive 

research in this area to identify the best suited ligand which provides 

maximum protection against particle aggregation with minimum 

occupancy on the nanoparticle surface. Dendrimers are a class of 

molecules that has been extensively investigated in this context. The three 

dimensional topologies attained by dendrimer stabilizers are expected to 

prevent the nanoparticles from possible aggregation and also provide 

ample free metal surface enabling their use as catalyst for several 

applications. A brief description of dendrimers and their use as protecting 

ligands is provided in the following section. 

1.3 Dendrimers  

The word dendrimer, first used by Tomalia et al. in 1980s, came 

from the Greek words dendri (tree-branch-like) and meros (part-of). 

Dendrimers are large, complex, nearly perfect monodisperse 

macromolecules with a regular and highly branching three dimensional 

architecture [Tomalia 1990; Fréchet 2001; Grayson 2001]. A schematic 

representation of the structure of a dendrimer is given in Figure 1.4. 
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Figure 1.4 Schematic representation of a dendrimer.  

The structure of a typical dendrimer is featured by three distinct 

parts namely, (i) the core unit or focal point, which controls the 

directionality of the dendrimer, (ii) the branching units, which determines 

the generation number and size of the molecule, and (iii) the peripheral 

groups upon which the solubility of the unit as a whole depends. The 

peripheral crowding also controls the access of guest molecules towards 

the interior of the dendrimer [Tomalia 2005]. Pictorial representation of a 

dendrimer showing the different parts is given in Figure 1.5. 

Core

Branching units

Peripheral units

 

Figure 1.5 Different parts of a dendritic structure.  

1.3.1 Synthesis of Dendrimers 

 The synthesis of dendrimers can be done either starting from the 

core towards the periphery or vice versa. Depending upon the direction of 

building up of these macromolecules, two synthetic approaches are 

generally observed. 



Chapter 1: Dendrimer Stabilized Metal Nanoparticles 9 

1.3.1.1 Divergent synthesis  

 The divergent approach of dendrimer synthesis was reported by 

the groups of Tomalia [Tomalia 1985; Fréchet 2001] and Newkome 

[1985]. In this approach, growth will start from the structural unit which 

will become the core of the dendrimer, and the growth will repeat 

outwards to the periphery. Reaction of a multifunctional core with 

monomer units leads to the formation of the next higher generation 

dendrimer with increased number of peripheral functionalities. These 

new surface groups upon activation (usually by the conversion to a 

reactive functionality) followed by coupling with monomers result in the 

progression of the dendrimer generation as shown in Scheme 1.2.  

coupling activation coupling

 

Scheme 1.2 Divergent synthesis of dendrimers.  

Examples of dendrimers synthesized by the divergent route include 

poly(amidoamine) and poly(propyleneimine) dendrimers [Fréchet 2001]. 

As we go from one generation to the next higher generation, the number 

of terminal groups doubles. When the number of terminal groups is very 

large, chances of complete coupling of monomers with the terminal 

reactive groups become less, leading to the formation of defective 

dendrimers.   
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1.3.1.2 Convergent synthesis  

This method was introduced by Hawker and Fréchet in 1990 

[Hawker 1990 (a)] and in this methodology, the synthesis will start from 

the periphery and move towards the core. The molecule which will 

become the terminal group of the dendrimer will react with a 

multifunctional spacer molecule. This will then undergo activation 

followed by coupling sequentially to result in the formation of the 

dendrimer structure [Hawker 1990]. A schematic representation of the 

convergent synthetic sequence is given in Scheme 1.3.   

coupling activation coupling
 

Scheme 1.3 Convergent approach for dendrimer synthesis. 

As the number of reaction at each coupling stage is limited, the 

dendrimers synthesized through this approach will be free from defects 

arising due to incomplete reactions as with the case of divergent 

approach. But, the presence of the reactive functionality at the focal point 

of the growing dendron makes it difficult for preparing higher generation 

dendrons due to steric reasons. Most important examples of dendrimers 

synthesized through this approach are the poly(arylether) dendrimers.   

1.3.2 Dendrimers as Nanoparticle-Protecting Agents 

 Dendrimer-protected nanoparticles are of two types, (1) Dendrimer 

encapsulated nanoparticles (DEN) and (2) Nanoparticle-cored dendrimers 
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(NCD). Detailed description of these systems is given in the following 

sections. 

1.3.2.1 Dendrimer Encapsulated Nanoparticles (DEN) 

 Dendrimer encapsulated nanoparticles are nanocomposites of 

dendrimer and metal nanoparticles where the passivation of metal 

particles against aggregation is achieved through encapsulation of the 

nanoparticles by a higher generation dendrimer. This encapsulation need 

not involve a direct bonding interaction between the nanoparticle and 

dendrimer. After the pioneering efforts by the groups of Crooks [Zhao 

1998], Tomalia [Balogh 1998], and Esumi [Esumi 1998], the field of 

dendrimer encapsulated nanoparticles has been well established 

especially in the field of catalysis. 

 Synthesis of DENs makes use of the ability of metal ions to form 

localized domains inside a dendrimer which can be subsequently reduced 

to zero valent metal nanostructures. Typical synthesis of DEN involves 2 

steps, via, sorption of the metal ions into the interior of the dendrimer 

followed by the reduction of the encapsulated metal ions into metal 

nanoparticles. The PAMAM or PPI dendrimers (Figure 1.6) are most suited 

for these applications mainly because of the presence of amino groups 

which can assist the initial sorption of metal ions and also because of their 

commercial availability.   
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Figure 1.6 First generation poly(propyleneimine) (PPI) and 

poly(amidoamine) (PAMAM) dendrimers.  

Initial uptake of the metal ions into the dendrimer is mainly 

achieved through the electrostatic gradient presented by electroactive 

groups such as amino or amide, present in the dendrimer back bone. For 

instance, in the case of PAMAM dendrimers, two types of amino groups 

are present, the more basic surface primary amines and the less basic 

interior tertiary amines. Hence, tuning the pH of the solution will 

selectively protonate the labile surface amines thereby making the metal 

ions to flow towards the interior tertiary amines which will remain 

unprotonated under the used set of conditions. A general scheme for the 

formation of DEN is shown in Scheme 1.4 [Crooks 2001; Niu 2003; Scott 

2005]   

 

Scheme 1.4 Scheme for the synthesis of dendrimer encapsulated metal 

nanoparticles. 
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Copper (II) was the first metal ion used for the synthesis of DEN, 

because of the easiness of following the reaction through UV-visible and 

ESR spectroscopy. Figure 1.7 shows the absorption spectrum of Cu(II) in 

the absence of PAMAM dendrimer which is featured by the presence of a 

weak broad absorption around 800 nm, corresponding to the d-d 

transition (spectrum 1 in Figure 1.7). Upon addition of the dendrimer, 

absorption maximum of the d-d transition shifts towards 605 nm 

(spectrum 2 in Figure 1.7) and a new peak emerges at 300 nm, 

corresponding to the ligand-to-metal charge-transfer transition (LMCT). 

 

Figure 1.7 UV-Visible absorption spectra of aqueous solution of Cu(II) 

before (1) and after (2) the addition of G4 PAMAM dendrimer.  

Reduction of Cu(II)-dendrimer complex using NaBH4 resulted in the 

formation of copper nano clusters, evidenced by the disappearance of the 

absorption bands at 605 and 300 nm with the simultaneous formation of a 

monotonically increasing absorption profile with an exponential shape 

towards shorter wavelength (Figure 1.8). This was associated with a 

visible change in the colour of the solution from blue to golden brown. The 

metal cluster so formed was found to be stable for one week under oxygen 
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free conditions, but in presence of oxygen, Cu(0) was immediately 

oxidized to Cu(II).   

 

Figure 1.8 Absorption changes during the reduction of PAMAM-entrapped 

Cu(II) at different time intervals (1-3).  

 The most important condition for the formation of dendrimer 

encapsulated nanoparticles by direct reduction method is the initial 

extraction of metal ions into the dendrimer interior and hence this 

method is limited to metal ions capable of direct interaction with the 

dendrimer frame work. For those metal ions which have weak or no 

interaction with the dendrimer, the metal-displacement method is 

preferred.  Crooks and co-workers [Zhao 1999 (b)] have used this method 

to synthesize silver nanoparticles inside G6-PAMAM dendrimers. Ag(I) did 

not exhibit strong interaction with the PAMAM dendrimer. The authors 

observed that G6-PAMAM dendrimer encapsulated Cu nanoparticles 

(Cu@PAMAM) can react with Ag(I) ions according to equation 1.1. 

         nCu@PAMAM + 2nAg(I) ↔ nCu(II) + 2nAg@PAMAM                      (1.1) 

The silver nanoparticles thus formed are encapsulated inside the PAMAM 

dendrimer. Spectral evidence for the exchange process was obtained by 

UV-Vis spectroscopy and this is shown in Figure 1.9. Spectrum 1 

corresponds to the absorption of Cu@PAMAM.  Upon adding Ag(I), a new 
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peak centered around 400 nm emerges, which corresponds to the 

plasmon resonance of silver nanoparticles. Intensity of the Ag plasmon 

absorption was found to increase with time (spectra 2-4) indicating the 

progressive formation of Ag nanoparticles at the expense of Cu 

nanoparticles. 

 

Figure 1.9 Absorption changes during the addition of Ag(I) into a solution 

of G6-PAMAM dendrimer encapsulated copper nanoparticles. 

The metal-displacement method was found to be effective for the 

synthesis of other noble metal nanoparticles such as Au, Pt and Pd inside 

PAMAM dendrimers as the standard potential (E°) of the corresponding 

half reactions for these metals are more positive than that of Cu(II)/Cu 

couple. This is shown in Scheme 1.5. 

 

Scheme 1.5 Synthesis of DENs of noble metals through metal-displacement 

reactions.  
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 Dendrimer encapsulated bi-metallic nanoparticles (alloy 

nanoparticles) were also synthesized by Crooks and co-workers [Scott 

2003]. The different approaches employed are shown in scheme 1.6. In 

the co-complexation approach, both metal ions are simultaneously loaded 

inside the dendrimer and reduced, whereas in the sequential method a 

step-wise loading and reduction approach is used. In the partial 

displacement method which is a modification of the complete 

displacement approach, an initially formed DEN is allowed to react with 

less than stoichiometric amounts of the more reducible metal ion [Chung 

2003 (a); Scott 2003; Li 2008; Myers 2009]. 

 

Scheme 1.6 Different approaches for the synthesis of bimetallic DENs. 
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The most important application of DENs is in the field of catalysis, 

owing to the following reasons. Besides controlling the solubility of the 

DEN for homogenous catalysis, the dendrimer back bone can act as handle 

for immobilization of the metal nanoparticle for heterogeneous catalysis. 

Since the nanoparticle surface is not completely passivated, the vacant 

metal surface can act as active site for catalysis.  Also, the dendrimer 

frame work can provide substrate/product selectivity in the reaction 

owing to steric crowding. The use of DEN for hydrogenation and C-C bond 

forming reactions under different conditions has been extensively studied 

[Zhao 1999 (a); Rahim 2001]. DENs also found application as 

heterogeneous electrocatalysts for the reduction of oxygen [Chung 2003 

(b)]. The metal nanoparticle in DEN can be effectively transferred onto 

solid supports and the resulting supported catalysts, which do not contain 

dendrimer also finds application as hydrogenation catalysts [Huang 

2008].  

The substrate size selectivity of DEN for hydrogenation reactions 

has been established by Crooks and coworkers [Niu 2001]. According to 

them lower generation dendrimers are open structures and allow smaller 

and larger substrates to penetrate into the interior of the dendrimer and 

have contact with the encapsulated nanoparticles. As the dendrimer 

generation increases the steric congestion at the surface increases and 

hence only smaller substrates would be allowed to access the 

nanoparticles. When the generation number is very high even smaller 

substrates are not able to penetrate the surface layer (Scheme 1.7). Since 

the catalytic activity depends on the interaction between the substrate 
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and nanoparticles, no catalytic activity would be observed if the substrate 

fails to penetrate into the dendritic interior where the nanoparticles 

reside. This suggests that nanoparticles encapsulated in smaller 

generation dendrimers would exhibit more catalytic activity. This 

conclusion is also supported by the fact that the statistical average of the 

number of encounters between the substrate and catalyst will be more for 

smaller substrates and lower generation dendrimers when compared to a 

nanoparticle enclosed in a bigger dendrimer. Ooe et al. [2002] also 

reported similar selectivities based on substrate size for PPI dendrimer 

encapsulated Pd nanoparticles. 

G4(OH)Pd(0)

G6(OH)Pd(0)

G8(OH)Pd(0)

Reactants Products

 

Scheme 1.7 Size selective catalysis using DEN.  

The use of Pd DENs for Heck reaction was first reported by Crooks 

and co-workers [Yeung 2001]. Even though the reaction yield was low, 

this was the first attempt towards the use of DEN for catalyzing C-C bond 

forming reactions. Yamamoto and co-workers described the synthesis of 

dendrimer encapsulated Rh nanoparticles and demonstrated their use as 

hydrogenation catalysts for substituted alkenes and aromatic nitro 



Chapter 1: Dendrimer Stabilized Metal Nanoparticles 19 

compounds [Nakamula 2008].  Astruc and co-workers reported the 

synthesis of dendrimer stabilized palladium nanoparticles through click 

chemistry and demonstrated its use as catalyst for Suzuki reaction under 

ambient conditions with as little as 1 ppm of the nanoparticle [Diallo 

2007]. 

The ease of separation of catalyst from products and reactants 

makes heterogeneous catalysis always attractive, especially in industrial 

processes. But the common heterogeneous catalysts supported on 

alumina, silica or highly cross linked polymer supports are not very highly 

active, owing to the extensive surface passivation of the metal 

nanoparticle by the supports. Heterogeneous catalysts can be prepared 

using DENs by immobilizing the dendrimer template onto a solid support. 

Surface modification can be made out either by direct adsorption of DENs 

or by the initial adsorption of an empty dendrimer followed by the 

encapsulation of nanoparticles. Removal of the dendrimer after 

immobilization is also possible, but sometimes this may lead to the 

aggregation of nanoparticles.  Crooks and co-workers have reported the 

grafting of Pt/Pd DEN on a gold surface, where the amine terminated DEN 

was reacted with mercaptoundecanoic acid self-assembled monolayer on 

gold surfaces and studied their electrocatalytic activity for oxygen 

reduction [Ye 2004].   

1.3.2.2 Nanoparticle-Cored Dendrimers (NCDs) 

 Nanoparticle-cored dendrimers are organic-inorganic hybrid core-

shell nanostructures, where a metal particle core is surrounded by 
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dendrons connected radially to the core. Even though both NCD and DEN 

are dendrimer-metal nanocomposites, the major difference between them 

is that in the former, the metal nanoparticle is stabilized against 

aggregation through weak, indirect encapsulating interactions whereas 

for the latter stabilization is through direct bonding interactions between 

the metal nanoparticle and the dendrons. This direct bonding between the 

metal nanoparticle and the dendrons makes NCDs superior to DENs in 

terms of stability. This thesis deals with the synthesis, characterization 

and application oriented studies of a new class of NCD. In order to put our 

work in the proper perspective a detailed description of the work done in 

this area is provided herein [Shon 2007]. 

 The two-phase synthesis of monolayer protected clusters (MPC) of 

gold reported by Brust and co-workers [1994] was a breakthrough in the 

synthesis of metal nanoparticles. In the first step of the synthesis, a Au(III) 

salt is phase transferred from aqueous to organic layer with the aid of a 

phase transfer catalyst such as tetra-n-octylammonium bromide (TOAB). 

The phase transferred Au(III) was then reduced using NaBH4 in the 

presence of an alkanethiol. During the reaction Au(III) ions are reduced to 

gold atoms which undergo nucleation and growth leading to the formation 

of clusters of gold atoms. The alkanethiols get attached to the growing 

gold clusters leading to formation of SAM as shown in Scheme 1.8.  

 

Scheme 1.8 
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 Kim and co-workers [2001] reported the synthesis of thiol 

terminated Fréchet type dendron capped gold nanoparticles by adopting 

the Brust procedure. Structure of the thiol capped G3 poly(arylether) 

dendron used in the study is given in Figure 1.10.  

 

Figure 1.10  

The NCDs formed were characterized by absorption spectroscopy as well 

as TEM analysis and they found that the ‘dendronized nanoparticles’ are 

more stable than the corresponding alkyl chain protected nanoparticles. 

The authors claimed formation of nearly monodisperse gold nanoparticles 

especially when G2 dendron was employed as the ligand.   

 Torigoe and co-workers [Nakao 2002] reported the synthesis of 

gold-dendron nanocomposites by reacting first four generations of 

poly(oxymethylphenylene) (PPD) dendrons with a thiol group at the focal 

point with gold using the Brust method of MPC synthesis.  Figure 1.11 

shows the structure of the third generation dendron used as the capping 

ligand. The nanocomposites obtained did not show any characteristic 

surface plasmon absorption band. The TEM analysis, however, indicated 

the formation of one dimensional array of Au nanoparticles. The authors 
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projected potential use of this one dimensional array in nanoelectronic 

applications. It is to be mentioned that the reports of Kim et al. and 

Torigoe et al. did not attempt detailed structural characterization of the 

synthesized materials.  

 

Figure 1.11 Structure of the third generation dendron thiol used in 

Torigoe’s work. 

 The first systematic investigation of the synthesis and 

characterization of NCDs has been carried out by Fox and co-workers in 

2003 [Gopidas 2003 (a)]. Instead of the alkanethiol used in the Brust 

synthesis, the authors employed dendron disulfides, prepared by the 

reaction of hexamethyldisilathiane and tetrabutylammonium fluoride 

with different generation Fréchet type dendritic bromides. Reduction of 

the phase transferred Au(III) in presence of the corresponding dendritic 

thiol yielded different generation gold nanoparticle-cored Fréchet 

dendrimers. Schematic representation of the formation of NCDs is given in 

Scheme 1.9. 
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Scheme 1.9 Synthesis of Au-NCDs using modified Brust procedure. 

Structure of the fourth generation dendron disulfide employed in the 

study is shown in Figure 1.12.   

 

Figure 1.12 Structure of the fourth generation dendron disulfide used for 

the synthesis of Au-NCDs. 

 The authors have carried out several control experiments to show 

that the dendrons are chemically bonded to the gold cluster. For example, 

the Brust reaction was performed using G1-G5 dendritic bromides instead 

of the disulfides. The nanoparticles obtained in these experiments were 

unstable which agglomerated within 5 – 10 minutes, clearly indicating the 
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absence of a direct bonding interaction with the metal particle in the 

control experiments. 

 Formation of unstable nanoparticles in the control experiments 

enabled the authors to draw some conclusions regarding the course of the 

reaction. For larger dendritic disulfides, the sulfide group is a very small 

functionality when compared to the bulky arylether part and these groups 

are expected to react slowly with the growing metal nanoparticles. The 

authors explained the absence of any precipitation of the metal in terms of 

an initial encapsulation of the growing gold cluster within the cavities of 

the dendritic disulfide. The initially formed, small, TOAB stabilized gold 

cluster migrates into the cavities formed by the dendrons and there it 

finds the disulfide group with which it reacts in a very slow process. In 

this respect the disulfides are expected to function better than the thiols 

as the disulfide contains two dendritic wedges, it can form a better cavity 

for encapsulation along with the formation of two Au-S bonds 

simultaneously. During the control experiments, the encapsulation might 

have assisted the initial formation of nanoparticles, but further 

stabilization cannot be provided as the disulfide groups were absent, 

leading to the precipitation of the metal particles. Based on these results, 

the authors have formulated a four step mechanism for the formation of 

NCDs which include nucleation, growth, encapsulation and passivation 

rather than the three step Brust protocol where the encapsulation process 

is absent. Assuming a spherical geometry for the metal particles, the 

authors have calculated the number of dendrons attached to unit surface 

area of the gold core and it was found that the number of dendrons per 
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square nanometer decreases steadily with increase in dendron 

generation. For all NCDs reported, the occupancy per square nanometer is 

much lower (0.2 – 2.0 nm-2) than those reported for alkanethiolate (4.7 

nm-2) and arenethiolate (5 – 9 nm-2) protected MPCs. This proves the 

presence of large vacant metal surface available in the case of NCDs when 

compared to other MPCs. Later the same group has successfully 

synthesized water soluble NCDs, where the Fréchet type dendron wedges 

were decorated with peripheral carboxylate moieties as shown in Scheme 

1.10 [Gopidas 2003 (b)]. Catalytically active Pd-NCDs were also 

synthesized in a similar manner by reducing Pd(II) in presence of thiol 

functionalized third generation Fréchet dendron [Gopidas 2003 (c)]. 

 

Scheme 1.10 Synthesis of Au-NCDs with peripheral ester groups. 

Smith and co-workers reported the synthesis, characterization and 

thermal studies of gold nanoparticle-cored L-lysine based dendrimer 

[Love 2004]. They employed G1-G3 L-lysine based dendritic disulfides 

(structure of G3 disulfide is shown in Figure 1.13). Their studies showed a 

decrease in the size of the metal core with increase in dendron generation. 
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They observed a growth of the metal core upon heating the NCD in DMF, 

as evidenced from the increase in intensity of the surface plasmon band 

upon heating. Their studies showed a lower rate of particle growth for the 

G3 Au whereas G1 Au has the maximum growth rate but was lower than 

that of the butane thiol capped gold nanoparticles.  This was explained on 

the basis of thick packing provided by the extensive branching present in 

higher generation dendrons leading to lower ripening rate. 

 

Figure 1.13 L-Lysine based G3 dendritic disulfide. 

NCDs with peripheral phenothiazine units were reported by 

Fujihara and co-workers [Komine 2006]. Synthesis of the NCDs involved 

the Brust reaction, where the phenothiazine appended dendrons (Figure 

1.14) with a thiol terminated long alkyl chain self-assembled on gold 

surface.   



Chapter 1: Dendrimer Stabilized Metal Nanoparticles 27 

 

Figure 1.14 Structure of phenothiazine-terminated dendron used by 

Fujihara et al.  

 Zheng and co-workers reported the synthesis of gold NCDs with 4-

pyridone functionalized dendrons as capping ligands (Figure 1.15) [Wang 

2001]. In this case the dendrons are attached to the metal core through 

the weak metal-pyridone interaction. Consequently the higher generation 

NCDs of this group were unstable.  

 

Figure 1.15 Structure of 4-pyridone functionalized dendron used by Zheng 

et al.  
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Jiang et al. [2004] reported the synthesis of catalytically active 

palladium NCDs using ester terminated dendrons.  Yang and co-workers 

[2006] reported the synthesis of platinum NCDs with Fréchet type 

dendrons having trisacetic acid ammonium chloride units at the focal 

point (Scheme 1.11). The C=O stretching frequency of the carboxylic acid 

group shifts to lower wave numbers in the NCD, indicating formation of 

weak bonds between the dendron C=O groups and the metal core which 

stabilizes the NCD. The synthetic scheme is given in Scheme 1.11.   

 

Scheme 1.11 Synthesis of Pt-NCDs using ester terminated dendrons. 

 NCDs can also be synthesized by ligand exchange reactions of 

alkanethiol protected metal nanoparticles with thiol terminated dendrons, 

where the incoming dendron ligands replace the alkanethiols on the metal 

surface. For example, Astruc and co-workers reported the ligand exchange 
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reaction of dodecanethiolate-protected gold nanoparticles with 

triferrocenyl thiol dendrons as shown in Scheme 1.12 [Daniel 2003]. 

 

Scheme 1.12 NCD synthesis through ligand exchange. 

 Complete exchange of the initially adsorbed alkanethiol is not 

possible by this method. In the above reaction the percentage of ligand 

exchange was less than 5 even in the presence of excess thiolated 

dendrons. In the case of higher generation dendrons, there was practically 

no exchange. This can be due to the lower rate of ligand exchange which in 

turn depends upon the chain length and steric bulk of the initial 

monolayer present on the nanoparticle surface. Hence this way of NCD 

synthesis is limited to lower generation dendrons only. Peng and co-

workers showed that citrate capped gold nanoparticles can undergo 

ligand-exchange reaction with hydroxyl functionalized thiol dendrons to 

form hydrophilic gold NCDs [Wang 2002]. They were also successful in the 

ligand exchange of trioctylphosphine oxide (TOPO) capped CdSe 
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nanoparticles with the hydroxyl functionalized thiol dendrons as shown in 

Scheme 1.13 [Guo 2003]. The NCDs obtained in this way were found to be 

exceptionally stable compared to the corresponding alkanethiol protected 

nanoparticles. 

 

Scheme 1.13 Synthesis of dendritic thiol capped CdSe through ligand 

exchange.  

 One major disadvantage of NCD synthesis through direct method is 

that it has little control over the nanoparticle size. One recent method, 

which is expected to overcome this difficulty, involves the synthesis of 

monolayer-protected nanoparticles followed by building the dendrimer 

architecture on the nanoparticle surface using either convergent or 

divergent approach. Scheme 1.14 shows the convergent synthesis of NCDs 

reported by Shon and co-workers accomplished by the ester coupling 

reaction of 11-mercaptoundecanoic acid functionalized gold nanoparticles 

with third generation poly(arylether) dendritic alcohol in the presence of 

1,3-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine 
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(DMAP). The resulting NCDs were characterized using FT-IR, NMR and TG 

studies which supported the presence of dendritic wedges on the 

nanoparticle surface [Choi 2005; Shon 2006; Cuttler 2007].   

 

Scheme 1.14 NCD synthesis through secondary reaction on a self-

assembled monolayer. 

Shon et al. incorporated redox labels in the above NCDs through the 

coupling of ferrocene methanol molecules with the unreacted carboxylic 

acid groups present on the surface of the nanoparticle as shown in Scheme 

1.15. Cyclic voltammetric studies of both ferrocene methanol and 

ferrocene incorporated NCDs exhibited well defined voltammetric peaks 

corresponding to the ferrocenyl groups.  The peak splitting voltage of 
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ferrocene incorporated NCD was found to be half of that of ferrocene 

methanol which can be due to either multi-electron transfer or adsorption 

of the particle to the electrode. 

 

Scheme 1.15 Reaction of ferrocene methanol with the unreacted carboxylic 

acid groups attached to the metal core. 

  Jordan et al. [2001] described the synthesis of NCDs through a 

divergent route as shown in Scheme 1.16. Here the NCD was grown in a 

stepwise manner from a central nanoparticle involving the amide coupling 

reaction (with 1,2-diaminoethane in presence of 1,3-

dicyclohexylcarbodiimide) and the Michael addition reaction of the 

terminal amines with methyl acrylate. All disadvantages associated with 
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the divergent dendrimer synthesis such as incomplete reactions at higher 

generations, long reaction times, poor selectivity along with need for 

excess reagents to force the reaction to completion etc. are also present in 

this NCD synthesis. 

 

Scheme 1.16 Divergent synthesis of NCDs. 
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 Almost all known applications of NCDs are in the area of catalysis 

and this requires unpassivated area of the metal surface. Alkanethiolate 

protected metal clusters are not catalytically active because almost all 

atoms on the metal cluster are passivated by metal-S bonds. NCDs 

prepared through place exchange or secondary reactions also would have 

all their surface atoms passivated by the thiolate. Hence these NCDs also 

would not exhibit any catalytic activity.   

 Metal nanoparticles are effective catalysts for several chemical 

transformations because of their large surface areas [Hayat 1991; Schmidt 

1994; Feldheim 2002]. Since metal nanoparticles tend to lose their 

catalytic activity as they precipitate or aggregate, stabilizers such as 

polymers, ligands or surfactants are used in these preparations to prevent 

agglomeration and to control the particle size. This process may result, 

however, in strong adsorption of the stabilizers on the active sites of the 

metal nanoparticles leading to loss of catalytic activity. Hence there is a 

need for new nanoparticle technologies that provide the improved 

protection with minimal surface passivation. In this context, NCDs 

prepared through the direct route appear to be ideal candidates as metal 

catalysts.     

 Figure 1.16 is a schematic representation of an NCD prepared 

through the direct route. The metal cluster at the core has diameters in the 

range of 2 - 5 nm and hence these particles exhibit large surface area/unit 

volume. The number of dendrons attached to the metal core is decided by 

a sterically induced stoichiometry and depend upon the size of the 

dendron and diameter of the metal core. As we can see in Figure 1.16, only 
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a few atoms on the nanoparticle surface are attached to dendrons leaving 

most of the surface atoms unpassivated. Thus the NCD would have most of 

the atoms on the metal surface exposed to substrates capable of 

penetrating the dendritic shell. The free space or voids present on the 

metal surface can act as guest cavities and can function as “reaction 

vessels’’ for catalytic reactions. These features make NCDs ideally suited 

as nanoreactors for metal-catalyzed reactions.   

 

Figure 1.16 

 Synthesis and characterization of catalytically active NCD was first 

reported by Fox and co-workers [Gopidas 2003 (c)]. They synthesized a 

Pd-NCD by the Brust reaction as shown in Scheme 1.17. The palladium 

NCDs thus prepared were found to be good catalysts for different C-C 

bond forming reactions like Heck and Suzuki couplings. The values of the 
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turn-over number (TON) and turn-over frequency (TOF) obtained for the 

NCD catalysis was found to be higher than those obtained for DEN 

catalysts. However, the palladium NCD reported by Fox et al. was found to 

undergo hydrogenolysis at the CH2-S bond under hydrogenation 

conditions leading to decomposition of the NCD and precipitation of the 

Pd metal, which limits its use as a hydrogenation catalyst.  

 

Scheme 1.17 Synthesis of Pd-NCDs stabilized by dendron thiols. 

  Fan and co-workers reported the synthesis of catalytically active 

palladium NCDs through the reduction of Pd(II) salt by hydrogen under 

pressure in the presence of phosphine terminated Fréchet dendrons as 

shown in Scheme 1.18 [Wu 2006]. These NCDs were found to be efficient 

catalysts for Suzuki and Stille coupling reactions. The catalyst also showed 

good recyclability. The authors were also successful in demonstrating the 

ability of this NCD as a hydrogenation catalyst, but the reaction required 
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high temperature and pressure. Also, the catalyst was found to be non-

recyclable for hydrogenation reactions. 

 

Scheme 1.18 Synthesis of dendritic phosphine stabilized Pd-NCDs.  

 NCDs can be considered as dendrimers with a metal core. A 

comparison of NCDs with conventional dendrimers, however, shows that 

there exist several differences between these two classes of compounds. 

During the convergent synthesis of dendrimers, the number of covalent 

bonds formed in the final step is known and hence the molecular weight 

can be calculated accurately. But in NCDs, as the final step involves the 

self-assembly of dendrons on the surface, which in turn depends on the 

available surface area, usually a distribution of molecular weights can be 

anticipated.  In a convergent dendrimer synthesis, the number of 

dendrons reacting in the final step rarely exceeds four, whereas this 

number will be very high for NCDs depending upon the sterically induced 
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stoichiometry. Up to generation three, the conventional dendrimer 

synthesis results in the formation of open structured molecules without 

the so called ‘dendritic properties’ and a globular shape will be achieved 

only for higher generation dendrimers.  For NCDs, assembly of the 

dendrons is on an almost spherical core and hence dendritic properties 

can be extracted from first generation itself.  Also the accessibility of the 

guest molecules towards the interior of a conventional dendrimer 

decreases with increase in dendritic generation. But this trend is reversed 

in the case of NCDs [Gopidas 2003 (a)] mostly due to the irregularities in 

the self assembly of the dendron wedges on the nanoparticle surface.   

 NCDs can also be considered as MPCs wherein the monolayer is 

formed from dendrons. A comparison, however, shows several differences 

between NCDs and MPCs. In the case of MPCs, packing of the ligands is 

assumed to be uniform with the methylene groups closely packed near to 

the core but are free to move at the periphery. In the case of NCDs, an 

opposite trend is expected.  Also, the number of dendritic wedges on the 

surface of the nanoparticle decreases as the dendron generation increases, 

enabling NCDs to enclose large interior void spaces, which is absent in the 

case of MPCs. As stated earlier, MPCs would have no catalytic activity 

whereas NCDs can be good catalysts [Gopidas 2003 (a)].  

1.4 Origin of the Present Work  

 Although the Au-S bond in diatomic Au-S is very strong (100 kcal M-

1) [Lynch 1974], the Au-S bond in R-S-Au systems such as alkanethiolate 

self-assembled monolayers (SAM) of gold and Au NCDs are much weaker 
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(~40 kcal M-1) [Nuzzo 1990]. In the case of alkanethiolate SAMs on gold, it 

has been shown that prolonged exposure to air leads to oxidation of the 

gold-thiolate bond, leading to formation of sulfinates and sulfonates 

[Schoenfisch 1998]. Annealing of the SAMs at 100 °C or above for long 

periods also lead to oxidation of thiolate species to sulfonates 

[Delamarche 1994]. Irradiation by UV light leads to photo-oxidation of 

alkanethiolates which provides yet another pathway for the formation of 

sulfonates [Huang 1993; Rieley 1996]. The sulfinates and sulfonates thus 

formed have lower affinity to the gold surface and exhibit a tendency to 

desorb from the metal surface. It is also reported that oxidized SAMs can 

undergo rapid exchange reactions with thiols present in solution [Tarlov 

1992; Tarlov 1993]. The gold-thiolate bond in NCDs is also expected to 

behave similarly, casting doubt on the long time stability of metal-thiolate 

NCDs. In addition, the C-S bonds in NCDs are also not very strong if the 

carbon is benzylic type (~53 kcal M-1) [Lynch 1974] and hence NCDs with 

Metal-S-Dendron type structure may undergo cleavage at the C-S bond 

under certain conditions. For example, Fox and co-workers have reported 

that Pd-NCDs are unstable under hydrogenation reaction conditions, most 

probably due to hydrogenolysis of the C-S bond, which leads to 

precipitation of the Pd metal [Gopidas 2003 (c)]. It is, therefore, of great 

practical interest to develop methodologies for SAM, MPC or NCD 

synthesis, that avoids chemisorption of thiolate-capped ligands on the 

metal surface.   

 The primary objective of this thesis is to synthesize and study NCDs 

where the dendrons are linked to the metal clusters through Carbon-Metal 
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bonds. Our synthetic approach is based on the propensity of the aryl 

radical generated by the one electron reduction of diazonium salts to form 

covalent bonds with metal/solid surfaces [Canning 2002; Pinson 2005; 

Jiang 2006]. The reactions of aryl radicals, generated through the 

reduction of aryl diazonium salts, with different substrates is well 

documented in the literature [Pinson 2005] and this aspect is briefly 

reviewed in the following section.  

1.5 Electrochemical Grafting of Aryl Groups on Electrode 

Surfaces 

   Grafting of aryl groups on to electrode surfaces through the 

electrochemical reduction of aryldiazonium salts was reviewed recently 

by Pinson and co-workers [2005].  Due to the strong electron withdrawing 

nature of the N2
+ group, aryl diazonium salts can be easily reduced. Upon 

receiving an electron, the diazonium salt decomposes almost 

spontaneously to give aryl radicals and dinitrogen as shown in equation 

1.2.   

 

The aryl radical thus formed is very reactive and undergoes usual radical 

reactions. When the reduction of diazonium salt is carried out 

electrochemically, the concentration of the aryl radicals formed is very 

high at the electrode surface leading to grafting of these radicals on to the 

electrode surface. This reaction has been exploited for the modification of 

solid surfaces with mono or multi layers of organic materials. Surfaces 
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modified in this way include carbon (carbon fibers [Delamar 1997], 

carbon black [Allongue 1997], carbon nanotubes [Dyke 2003], HOPG [Liu 

1995; Kariuki 2001],  diamond [Wang 2004]), semiconductors (Si [de 

Villeneuve 1997; Allongue 2003], GaAs [Stewart 2004]) and metals (Au 

[Paulik 2007; Liu 2007], Pt [Bernard 2003], Fe [Shimura 2006], Zn 

[Bernard 2003], Cu [Hurley 2004], Pd [Stewart 2004] etc). 

 The nature of bonding between the solid (metal, electrode or 

semiconductor) surface and aryl residues was also discussed. Pinson et al. 

[2005] projected the ability of the organic coated surfaces to withstand 

ultrasonic treatment as a major evidence for the presence of a strong 

covalent bond between the substrate and aryl residues. The authors found 

that the grafted organic layer resists ultrasonic cleaning in a variety of 

solvents like acetonitrile, dimethylformamide, dimethyl sulfoxide, 

benzene, benzonitrile, acetone, methanol, ethanol, dichloromethane and 

chloroform for 15 minutes and it was stable for one month under ambient 

conditions [de Villeneuve 1997]. 4-Bromophenyl layers on Si surface were 

found to resist 40% HF for two minutes and 10 M NH4F for one minute 

[Kariuki 2001; Stewart 2004; Hurley 2004; Combellas 2005]. Auger 

signals for aromatic layer could be obtained from 4-nitrophenyl modified 

carbon surfaces at 700 K under ultra high vacuum [Combellas 2008]. The 

fact that the organic layer could be removed only by mechanical polishing 

or by scratching with an AFM tip further excludes the possibility of any 

weak interaction (such as van der Waals or hydrogen bonding) being 

responsible for stabilizing the organic layer on these solid surfaces. 
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 The reaction of the in situ generated aryl radicals with surfaces 

results in the overcoating of the surface with an organic layer, the 

thickness of which increases with time owing to multiple layer formation. 

This is shown in Scheme 1.19. The concerted electron transfer reaction 

and dinitrogen elimination results in the formation of the aryl radical as 

shown in Scheme 1.19, which can get grafted on to the electrode surface.  

Now, when a second aryl radical is generated it can attack either the 

electrode surface or the already attached phenyl ring. This latter reaction 

results in the formation of a cyclohexadienyl radical. The cyclohexadienyl 

radical thus formed can get aromatized by the elimination of a proton and 

an electron, and this is possible either through an electron transfer to the 

electrode followed by the loss of a proton or by the oxidation of the dienyl 

radical by the diazonium cation. If excess diazonium salt is present, the 

same reaction sequence can continue resulting ultimately in the formation 

of thick polyphenylene structures [Pinson 2005]. 

 

Scheme 1.19 Mechanism of multilayer formation. 
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 Podvorica and co-workers [Combellas 2005] carried out detailed 

studies on the multilayering process during the reduction of diazonium 

salts and they observed that the position of substituents in the aryl ring is 

having a remarkable effect in the multilayering process (Scheme 1.20). 

The authors found out that if the 2 and 6 positions of the diazophenyl 

group are occupied by methyl groups, then grafting of the aryl group will 

not occur.  This shows that the ortho positions of the initially grafted aryl 

ring will be sterically protected by the surface of the material upon which 

the ring is attached. Absence of substituents at the meta and para 

positions of the grafted ring can lead to multilayer formation. If the para 

position of the grafted phenyl ring is protected by a substituent, then the 

newly formed aryl radicals can target the meta position, which is free, 

resulting in multilayer formation. But, blocking the meta positions of the 

grafted phenyl ring with bulky substituents such as tert-butyl groups can 

lead to the formation of monolayer. In this case, even though the para 

position of the initially attached phenyl ring is free, the steric crowding 

provided by the bulky meta substituents hinders the attack of aryl radical 

at the para position, thereby leading to the formation of monolayers.   
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Scheme 1.20 Effect of substituent position on the surface grafting by 

diazonium salts. 

McDermott and co-workers [Shewchuk 2009] carried out 

comparative studies for assessing the stabilities of diazonium and thiol 

derived gold surfaces. They fabricated the surface using 4-

nitrobenzenethiol and 4-nitrobenzene diazonium salt to get the thiol and 

diazonium stabilized surfaces and these surfaces were subjected to 

various treatments like vigorous sonication, refluxing in different solvents 

and chemical displacement reaction with octanethiol. They observed a 

partial ligand desorption from both surfaces under the conditions of 

sonication and refluxing. However, the thiol modified surface was found to 
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undergo complete ligand displacement in presence of octanethiol, 

whereas for the diazo derived surface, the extent of ligand displacement 

was much less, showing a direct evidence for the enhanced stability of 

diazonium derived films over thiol monolayer analogues.  

1.6 Outline of the Thesis 

 Work described in the present thesis involves the synthesis and 

characterization of gold and palladium nanoparticle-cored Fréchet type 

dendrimers of different generation, in which the dendrons make a direct 

carbon-metal linkage with the nanoparticle. Chapter 2 of the thesis 

describes the synthesis of gold NCDs, carried out by the reduction of G1 – 

G4 Fréchet type dendritic diazonium salts in presence of Au(III). The 

diazonium salts and NCDs thus formed were thoroughly characterized by 

different spectroscopic techniques like FT-IR, NMR and UV-Vis as well as 

TEM and TG analysis. This chapter also deals with the different control 

experiments carried out in order to confirm a direct interaction of the 

dendron with the metal nanoparticle and also to assess the stability of the 

NCD. 

 The synthetic protocols towards the preparation of Pd-NCDs is 

given in chapter 3, where the reduction of diazodendrons were carried out 

in presence of Pd(II). FT-IR, NMR, UV-Vis spectroscopies as well as TEM 

analysis were used to characterize the Pd-NCDs formed and the details of 

these studies are presented in this chapter.   

The fourth chapter of the thesis deals with studies of catalytic 

applications of a selected Pd-NCD. Pd-NCD is found to be a highly efficient 
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catalyst for C-C bond forming reactions such as Suzuki, Stille, Heck, and 

Hiyama couplings. The catalyst also exhibited good recovery and 

recyclability in some of these reactions. We also observed that Pd-NCD 

efficiently catalyzed the chemoselective room temperature hydrogenation 

reactions of alkenes and alkynes. Details of these studies are presented in 

chapter 4 of this thesis. 
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2.1 Abstract  

Synthesis and characterization of gold nanoparticle-cored 

dendrimers (AuGn), where the dendrons are attached to the gold core 

through gold-carbon bonds, are described. Synthesis of these materials 

involved the simultaneous reduction of Au(III) and a Fréchet-type dendron 

with a diazonium group at the focal point, in an organic solvent such as 

toluene. The proposed reaction mechanism involves formation of an 

intermediate dendron radical by the reduction of diazodendron, which gets 

grafted onto the growing metal cluster thereby arresting its growth and 

leading to the formation of the NCD. Thus a physical structure of these 

materials can be envisaged as a nanometer-sized gold cluster at the core 

surrounded by a shell of poly(arylether) dendrons which are connected 

radially to the core. The NCDs and diazodendrons were characterized by IR, 

UV and NMR techniques. TEM studies indicated the presence of almost 

spherical, polydisperse metal particles with an average core diameter of 4.7 

to 5.5 nm for the different generations. All NCDs exhibited the characteristic 

plasmon absorption of gold nanoparticles at 520 nm.  Average number of 

dendrons per NCD in AuGn was calculated using results from TGA and TEM 

studies. The results indicated a decrease in the number of attached dendrons 

around the NCD with increase in dendrimer generation.  Multiple layering of 

the dendrons was proposed as possible reason for the high dendron/NCD 

value.   
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2.2 Introduction  

 Nanoparticle-cored dendrimers (NCDs) are organic-inorganic 

hybrid molecular systems consisting of a nanometer sized metal cluster at 

the core to which dendrons of different generations are attached through 

their focal point. The past decade has witnessed the emergence of various 

attempts towards the synthesis of these core-shell hybrid materials and 

most of these approaches have relied on the interaction of the metal core 

with dendrons functionalized with a heteroatom at their focal point [Shon 

2007]. Examples in this regard include the thiol stabilized NCDs reported 

by Fox and co-workers [Gopidas 2003 (a,b,c)] and the pyridone stabilized 

NCDs synthesized by Zheng and co-workers [Wang 2001.] A detailed 

description of the various approaches for NCD synthesis and applications 

of NCDs is presented in chapter 1 of this thesis. In most of the NCDs the 

metal-heteroatom bond is not very strong and as a result decomposition 

of the NCD occurs under certain reaction conditions. For example, the Pd-

NCD synthesized by Fox et al. decomposed in the presence of hydrogen 

[Gopidas 2003 (c)]. These studies showed the need for developing new 

synthetic strategies for the preparation of NCDs with a stable core-shell 

stabilization which should avoid the conventional metal-heteroatom 

interactions. One way of achieving this goal is by making use of the 

reaction of phenyl radicals with surfaces to form a direct linkage with 

carbon. A detailed account of these reactions is presented in chapter 1. 

Recently Mirkalaf et al. [2006] made use of this reaction to synthesize 

monolayer protected clusters (MPC) of gold where the organic moieties 

are linked to the gold cluster through metal-carbon bonds. They achieved 
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this direct metal-carbon bonding by the simultaneous reduction of p-

decylbenzene diazoniumfluoroborate and Au(III) using NaBH4 as shown in 

Scheme 2.1.  

 

Scheme 2.1 Synthesis of gold nanoparticles with metal-carbon bond. 

A similar reaction with Pt(II) resulted in the formation of carbon-metal 

bond stabilized Pt MPCs. Later Chen and co-workers reported the first 

synthesis of titanium nanoparticles stabilized by carbon-metal bonding 

through the same synthetic approach [Ghosh 2008 (a)]. Chen et al. were 

successful in extending this methodology for the synthesis of palladium 

and ruthenium nanoparticles possessing direct metal-carbon linkages 

[Ghosh 2008 (b,c)]. In all these reports, the characterization techniques 

used were IR, NMR, UV-visible absorption spectroscopies and TEM 

analysis.  

 In this chapter we report the synthesis and characterization of Au-

NCDs of generations 1-4 (abbreviated as AuGn where ‘n’ stands for the 

generation number), wherein the dendrons are linked to the gold surface 

through metal-carbon bonds. The synthesis is based on the propensity of 

the aryl radical generated by the one electron reduction of diazonium salts 
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to form covalent bonds with metal/solid surfaces. Here we show that 

reduction of HAuCl4, phase-transferred into toluene in the presence of 

diazonium salt-capped Fréchet-type dendrons (G1-G4) results in the 

formation of AuGn with carbon-gold covalent bonds. Idealized structures 

of the third and fourth generation NCDs are shown in Figure 2.1.  

 

 

Figure 2.1 Idealized structures of AuG3 (top) and AuG4 (bottom). 
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2.3 Results and Discussions 

2.3.1 Syntheses  

Structures of the G1–G4 poly(arylether) dendritic bromides used as 

starting materials for the synthesis of diazodendrons are shown in Figure 

2.2. The dendritic bromides were reported previously by Fréchet and co-

workers and we adopted the reported procedures for synthesizing these 

bromides [Hawker 1990; Wooley 1991; Kwock 1991; Percec 2006]. The 

synthesized compounds were thoroughly characterized and their NMR 

spectra were compared with those reported by Fréchet and co-workers to 

establish identity of the compounds.  

O O

Br

 

 

 

 

 

 
 

Figure 2.2 Structures of G1 – G4 dendritic bromides. 
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The dendritic bromides (Gn-Br) were converted to corresponding 

diazodendrons (GnN2
+) by the three-step reactions shown in Scheme 2.2. 

The synthetic scheme involves reaction of Gn-Br with p-nitrophenol to get 

the nitrodendrons (Gn-NO2) followed by their reduction to the 

aminodendrons (GnNH2), which upon diazotization gave the 

corresponding diazodendrons (GnN2
+) as shown in Scheme 2.2. 

 

Scheme 2.2 Synthesis of diazodendrons (GnN2
+) (balloon represents the 

dendron).  

2.3.1.a Synthesis and characterization of nitrodendrons (GnNO2) 

The nitrodendrons were prepared through reaction of the 

corresponding diazodendrons with p-nitrophenol in dry acetone in the 

presence of anhydrous potassium carbonate as base. Progress of the 
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reaction was monitored by TLC. After completion of the reaction the 

mixture was filtered and the residue was washed several times with 

dichloromethane (DCM). The combined organic layer was washed with 

water to remove any unreacted p-nitrophenol present in the reaction 

mixture. The organic layer upon concentration gave the crude 

nitrodendron. For lower generations (G1 and G2) further purification was 

carried out by crystallization from dichloromethane-hexane mixture. For 

higher generation dendrons (G3 and G4), purification was achieved by 

repeated dissolution in DCM and reprecipitation by addition of ether. 

Finally the solids were collected and dried under vacuum. The structures 

of G2 and G3 nitrodendrons are given in Figure 2.3. 

 

 

Figure 2.3 Structures of G2 (left) and G3 (right) nitrodendrons. 

G1 and G2 nitrodendrons were pale yellow crystals whereas the 

higher generation nitrodendrons were white glassy solids. All the 

nitrodendrons were characterized by 1H and 13C NMR spectroscopy as 

well as high resolution mass (HRMS) analysis. The 1H NMR spectra of the 

nitrodendrons, for example, were featured by the characteristic doublets 

corresponding to the ring protons of the p-nitrophenoxy group resonating 
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at 6.9 (2H) and 8 (2H) ppm as shown in Figure 2.4. As the dendron 

generation increases the relative contribution of these protons to the total 

number of protons in the dendron decreases leading to a decrease in the 

intensity of these protons. The 13C NMR spectra of the nitrodendrons 

showed the signal due to the nitro group-bearing carbon at 163 ppm, the 

intensity of which also decreased with increase in the dendrimer 

generation. HRMS analysis of G1 and G2 gave good results whereas HRMS 

could not be obtained for G3 and G4 nitrodendrons.  

 

Figure 2.4 1H NMR spectra of G1 (top) and G2 (bottom) nitrodendrons.  
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2.3.1.b Synthesis and characterization of aminodendrons (GnNH2) 

 G1-G4 aminodendrons were prepared by the reduction of 

corresponding nitrodendrons using zinc and conc. HCl. After removing the 

metal residue the reaction mixture was neutralized and the 

aminodendron was extracted into DCM and purified by precipitation using 

ether. G1 and G2 aminodendrons were pale red solids whereas G3 and G4 

derivatives were glassy solids.  Figure 2.5 shows the structures of second 

and third generation aminodendrons and all these molecules were 

characterized by usual spectroscopic techniques. In the 1H NMR spectra of 

aminodendrons protons of p-aminophenoxy ring appeared as merged 

with the dendritic proton signals which makes these spectra distinctly 

different from those of nitrodendrons. Similar changes were observed in 

the 13C NMR spectra also. For the nitrodendrons, the ring carbon atom 

attached to the nitro group resonated at a high δ value (163 ppm). 13C 

NMR spectra of the aminodendrons did not show this peak, indicating that 

the conversion of nitro to amine increased the electron density around the 

adjacent carbon making it to resonate at a lower δ value. The 

aminodendrons were also characterized by FT-IR studies and all of them 

were featured by the characteristic -NH2 stretching bands at ~ 3440 and 

3360 cm-1. The intensities of these bands were also found to decrease with 

increase in dendron generation owing to the proportional increase in the 

dendron mass.  
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Figure 2.5 Structures of G2 (left) and G3 (right) aminodendrons. 

2.3.1.c Synthesis and characterization of diazodendrons (GnN2
+) 

 The aminodendrons were diazotized to obtain the diazodendrons. 

For diazotization of G1 and G2 aminodendrons, the amines were 

suspended in a 1:1 mixture of acetic acid and propionic acid followed by 

the slow addition of sodium nitrite at -10 °C. In order to isolate the 

diazodendrons as the corresponding fluoroborates, aqueous fluoroboric 

acid was added and the diazodendrons were precipitated by the addition 

of water. This synthetic approach, however, failed in the case of G3 and G4 

diazodendrons, probably due to the poor dispersing nature of the starting 

aminodendrons in the aqueous solvent mixture used. In order to 

overcome this difficulty, the syntheses of G3 and G4 diazodendrons were 

performed in an organic medium (dichloromethane-tetrahydrofuran 

mixture) using t-butylnitrite and fluoroboric acid at -10 °C. After the 

reaction, excess diethyl ether was added to precipitate the product, which 

was further washed with ether and dried.  The structures of G2 and G3 

diazodendrons are shown in Figure 2.6. 
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Figure 2.6 Structures of G2 (left) and G3 (right) diazodendrons. 

The G1 and G2 diazodendrons were dark red powders, freely soluble 

in DCM and THF. G3 and G4 salts were dark red glassy solids, slightly 

soluble in toluene but freely soluble in DCM and THF. The diazodendrons 

were stable for about a week at room temperature. These were 

characterized by FT-IR, 1H and 13C NMR. For example, IR spectra of the 

diazodendrons exhibited the characteristic diazonium stretching peak at 

2245 cm-1 [Mirkhalaf 2006; Ghosh 2008 (a,b,c)]. 1H NMR spectra of these 

salts exhibited proton signals at δ 8.2 and 7.0 (2H each), attributable to 

protons of the phenyl group attached to the diazo moiety. The 13C NMR 

spectra exhibited a peak at δ 168 ppm for the phenyl carbon to which the 

diazo group is attached. The contribution due to the diazophenyl group to 

the total mass of the diazodendron decreases with dendron generation 

and as a result the intensities of the FT-IR, 1H and 13C NMR signals due to 

the diazophenyl group decreases with increase in dendron generation. A 

detailed discussion regarding the comparison of the IR and NMR signals of 
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the diazodendrons with that of the NCDs is presented later in section 

2.3.2. 

2.3.1.d Synthesis of AuGn 

Gold NCDs with carbon-metal bonds (AuG1 – AuG4) were prepared 

by reducing HAuCl4 phase-transferred into toluene in the presence of the 

diazodendrons. The diazonium salt (0.25 mmol) solution (in 20 mL 

toluene:DCM (9:1)) was stirred for 1.5 h with aq. HAuCl4 (0.125 mmol in 5 

mL water). TOAB (0.18 mmol) was added and stirring continued for 1 h. 

For G1 and G2 diazonium salts, the reduction was carried out using aq. 

NaBH4 (1.9 mmol in 15 mL water) under ice-cold conditions, whereas for 

G3 and G4 diazonium salts the reduction was carried out by methanolic 

NaBH4 (1.9 mmol in 15 mL methanol) at -30 °C. For G1 and G2, reaction 

mixture was stirred for 24 h and for G3 and G4 stirring was done for 48 h. 

After the reaction time, the mixture was extracted twice with 0.5 M H2SO4, 

0.5 M Na2CO3 and finally with water. The organic layer was dried and the 

solid was taken in ethanol (50 mL) and sonicated for 30 min. It was 

allowed to settle and ethanol was decanted. Sonication with ethanol and 

decantation were continued till the ethanol layer was colorless. The 

ethanol was decanted and product dried in air and then in vacuum for 2 

days. 

Based on literature reports [Mirkhalaf 2006; Ghosh 2008 (a,b,c)], 

the following mechanism is proposed for formation of AuGn. Au(III) is 

reduced to give Au atoms, which undergo nucleation and growth to form 

small clusters. The dendritic diazonium salt upon receiving an electron 

from the reducing agent decomposes into nitrogen and dendron with 
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phenyl radical [Canning 2002; Dyke 2003; Allongue 2003; Bernard 2003; 

Wang 2004; Pinson 2005] at the focal point. At some stage of the Au 

cluster growth, the dendron radicals get attached to the gold surface, 

thereby arresting their growth and leading to formation of the Au-NCDs. A 

plausible mechanism for the formation of Au-NCD is shown in Scheme 2.3. 

 

Scheme 2.3 Mechanism of AuGn formation.  

AuGn thus prepared were black powders, stable in the solid form 

and in solution, freely soluble in DCM, chloroform, THF and toluene and 

insoluble in methanol, ethanol and ether. For example, a solution of AuG2 

in toluene was observed for nearly one year and no decomposition or 

precipitation was observed. Dilute solutions of all the NCDs exhibited a 

deep wine-red color. We observed that the NCDs incorporate a small 

percentage of TOAB (used as the phase-transfer agent). NCDs can be 

chromatographed over silica gel without undergoing decomposition and 

this procedure also could not remove the TOAB. Soxhlet extraction using 

ethanol also could not remove the residual TOAB.   

The NCDs synthesized were analyzed by IR, UV and NMR 

spectroscopy. Information about the size of the Au core is obtained using 
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transmission electron microscopy (TEM). Information about the organic 

contents in the NCD samples is obtained by thermo gravimetric analysis 

(TGA).   

2.3.2 Characterization of Diazodendrons and AuGn  

2.3.2.1 FT-IR Spectra 

In the case of NCDs reported previously, FT-IR spectra of the NCDs 

and precursor disulfide dendrons were nearly identical [Gopidas 2003 

(a,b,c)]. In the present case IR spectra of the precursor diazodendrons 

were different from those of NCDs and hence the IR spectra could be used 

to check the completion of the reaction. In Figure 2.7, the FT-IR spectra of 

the diazodendrons are compared with those of corresponding NCDs. FT-IR 

spectra of the diazodendrons clearly showed the vibrational stretching of 

diazo group at 2245 cm-1 [Mirkhalaf 2006; Ghosh  2008 (a,b,c)]. The 

intensity of this peak was found to decrease with increase in the dendron 

generation owing to a decrease in the contribution of this group to the 

total size of the dendron with an increase in the dendron generation. 

  

Figure 2.7 FT-IR spectra of diazo dendrons (left panel) and AuGn (right 

panel). 
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The diazo group decomposes during the reaction and hence this 

peak is absent in the IR spectra of NCDs. This shows the absence of any 

diazo precursor in the NCDs as well as the possible formation of any azo 

functionality during the reduction of the diazo group. IR spectra of the 

diazodendrons and NCDs were featured by methylene C-H stretching 

modes at νs = 2870, νas = 2927 cm-1 and aromatic C-H vibration modes at νs 

= 3030 and νas = 3061 cm-1.  

2.3.2.2 1H and 13C NMR Spectra 

In Figure 2.8 1H NMR spectra of diazodendrons and the 

corresponding NCDs are compared. Signals at δ 8.2 and 7.0 (shown by 

arrows) characterize the protons of the diazophenyl group (in G3 and G4 

diazodendrons, the peak at δ 7.0 is very small and merged with the bigger 

peak at δ 7.3). The intensities of these peaks were found to decrease with 

the increase in the dendron generation. In the 1H NMR of AuGn the 

diazophenyl proton signals have vanished. In AuG1 and AuG2, the 1H NMR 

signals exhibited considerable broadening. For higher generation NCDs 

line broadening was found to be negligible.  Broadening of the NMR peaks 

due to fast spin-spin relaxation of atoms close to a metal core or size-

dependent spin-spin relaxation clearly supports the metal core-organic 

shell type structure of AuGn [Terrill 1995; Badia 1996; Hostetler 1998; 

Mirkhalaf  2006; Ghosh 2008 (a,b,c)]. The signals seen at δ < 3 ppm in the 

1H NMR of AuGn are assigned to protons of TOAB, which is present as an 

impurity (vide supra).  
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Figure 2.8 1H NMR spectra of G1-G4 diazodendrons (left) and AuG1-G4 (right) 

in CDCl3. 

Figure 2.9 compares the 13C NMR of G1-G4 diazodendrons and the 

corresponding NCDs. In the case of the diazodendrons, signals at δ 168, 

135 and 118 ppm are identified as belonging to the diazo-bearing phenyl.  
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Figure 2.9 13C NMR spectra of G1-G4 diazodendrons (left) and AuG1-G4 

(right) in CDCl3. 
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For the higher generation dendrons the diazophenyl group 

constitutes only a small fraction of the total dendron size and hence the 

signals corresponding to this group are very small. In the 13C NMR of AuGn 

the above peaks are not seen. Similar observations were made previously 

for MPCs and it was suggested that the signals due to the carbon atoms on 

the phenyl ring linked directly to the metal have broadened so much that 

they are indistinguishable from the background [Mirkhalaf 2006; Ghosh 

2008 (a,b,c)]. Absence of these peaks also suggests complete removal of 

the diazo group during the reduction reaction. It can be concluded that 1H 

and 13C NMR spectra provide strong evidence that the dendron is directly 

linked to the metal core through the phenyl ring at its focal point.    

2.3.2.3 Absorption Spectroscopy 

When light wave strikes a nanocrystal with a size lower than the 

wavelength of the incident beam, there will be a coherent excitation of the 

free electrons in the conduction band of the particle leading to an in phase 

oscillation termed as surface plasmon resonance (SPR). The electric field 

of the incident light beam induces a polarization of free electrons with 

respect to the cationic lattice of the nanoparticle resulting in the formation 

of a net charge difference at the nanoparticle surface, which in turn acts as 

the restoring force. In this way, a dipolar oscillation of electrons is created 

with a certain frequency. The surface plasmon resonance is a dipolar 

excitation of the entire particle between the negatively charged free 

electrons and its positively charged lattice. The energy of the surface 

plasmon resonance depends on both the free electron density and the 
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dielectric medium surrounding the nanoparticle. For noble metal 

nanoparticles, the plasmon resonance frequency lies in the visible region 

of the electromagnetic spectrum imparting characteristic colors. Hence, 

UV-visible spectroscopy is very useful tool for characterizing noble metal 

nanoparticles. The first explanation for the characteristic red color of 

colloidal gold nanoparticles was proposed by Mie by solving Maxwell’s 

equation for an electromagnetic light wave interacting with small metallic 

spheres. According to Mie theory, the plasmon band of spherical particles 

can be attributed to the dipole oscillations of free electrons of the 

conduction band [Mulvaney 1996; Alvarez 1997; Ghosh 2007; Cao 2008].  

The absorption spectra of the present gold NCDs AuG1 – AuG4 

recorded in DCM are shown in Figure 2.10, and all of them are featured by 

the characteristic gold SPR band centered on 520 nm. The SPR band 

maximum and width are dependent on the metal and also on the particle 

size, shape, medium dielectric constant and temperature. In the present 

case, the presence of SPR band around 520 nm indicates the formation of 

nanoparticles having diameter in the 3-6 nm range. The intensity of the 

SPR band did not show any regular dependence on generation.  Also the 

band maxima and intensity did not exhibit any solvent dependence. 
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Figure 2.10 UV-Visible spectra of AuG1-G4 in CH2Cl2. 

2.3.2.4 Transmission Electron Microscopic (TEM) Studies  

 TEM is a microscopic technique whereby a beam of electrons is 

transmitted through an ultra thin specimen. An image is formed from the 

interaction of the electrons transmitted through the specimen. The image 

is magnified and focused on to an imaging device such a fluorescent 

screen or a photographic film or detected by a sensor device such as CCD 

camera. TEMs are capable of imaging at a significantly higher resolution 

than optical microscopes owing to the small de Broglie wavelength of 

electrons. This enables the user to examine fine details even as small as a 

single column of atoms, which is tens of thousand times smaller than the 

smallest available object in a light microscope [Niemantsverdriet 2000; 

Cao, 2008]. 

TEM images of AuG1 – AuG4 are shown in Figure 2.8. The images 

were taken by drop casting the NCD solution in DCM. Corresponding core 
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size histograms are also given in Figure 2.11. The TEM images show 

dispersed metal particles, with non-uniform size of about 4-6 nm. There is 

no regular change in the size of the particle with increase in the dendron 

generation. TEM shows only the image of the gold core. In the case of 

several alkanethiolate MPCs, the core-core separation corresponds to the 

length of the alkyl chain [Hostetler 1998]. In the present case, occurrences 

of relatively identical core-core separations were rare in the TEM images 

and hence thickness of the dendritic shell could not be estimated. 
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Figure 2.11 TEM images and core size histograms of AuG1-G4 drop casted 

from CH2Cl2. 



Chapter 2: Synthesis of Metal-Carbon Bond Stabilized Au-NCDs 69 

2.3.2.5 Energy Dispersive X-ray Analysis (EDX) 

Interaction of an electron beam with an atom can give rise to its 

characteristic X-ray emission when the incident electron ejects a bound 

electron from an atomic orbital. The core-ionized atom thus formed is 

highly unstable and one mode of its decay occurs when the initial core 

hole is filled with an electron from a higher shell.  The energy gain in this 

process is used to emit an X-ray photon characteristic of the emitting 

atom. The most convenient way to analyze the emitted X-rays is with an 

energy dispersive X-ray detector which is a solid state device with a 

semiconductor material.  Through photoelectric effect, an incident X-ray 

photon is converted into an electron with kinetic energy EX-ray-EBE, where 

EBE is the binding energy of the photoelectron.  The photoelectron 

dissipates its kinetic energy by creating electron-hole pairs in the 

semiconductor. Application of a voltage over the detector results in a 

current, the pulse height (measured in counts) of which will depend upon 

the number of electron-hole pairs. Thus the pulse height is a measure of 

the kinetic energy of the photoelectron and hence the energy of the 

incident X-ray photon. A plot of pulse height against the electron energy 

gives the spectrum which is characteristic of the elemental composition of 

the sample [Niemantsverdriet 2000]. 

In order to get a clear picture about the elemental composition of 

the NCDs, we obtained the energy dispersive X-ray (EDX) spectrum of 

AuGn, which allows us to determine the elemental composition of these 
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nanoclusters. The EDX spectrum obtained is given in Figure 2.12, which 

shows the presence of elements C, O, Au and Cu (from the grid).  
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Figure 2.12 EDX spectrum of AuG3 (inset shows the expanded low energy 

region). 

 The NMR studies of AuGn indicated that they contained small 

amounts of TOAB as an impurity. There are reports which suggested that 

phase transfer catalysts such as TOAB are capable of stabilizing metal 

nanoparticles [Fink 1998; He 1999]. Hence it may be argued that the 

nanoparticles are stabilized by TOAB and not by the metal-carbon bonds 

in the present case. This argument can be rejected on two counts.  The 

amount of TOAB present is very small as is evident from the 1H NMR 

spectra of AuGn (Figures 2.8 and 2.9) and at these low concentrations 

TOAB will not be able to protect the metal nanoclusters from aggregation. 

If TOAB were present in considerable quantity close to the metal surface, 

the EDX spectrum would show peaks corresponding to N and Br.  The EDX 

spectrum of AuG3, (Figure 2.12) did not show any peaks corresponding to 

these atoms. The N peak at 0.392 keV may not be observable in the 

present case because of the very strong carbon signal, which could 

obscure any small peaks in this region. The signals due to Br, if present, 
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should be observed at 1.48, 11.36 and 11.90 keV [Fink 1998]. Since no 

peaks are observed in these regions, we believe that TOAB is not present 

on the surface of the Au cluster. We propose that the small amount of 

TOAB present in the NCDs is not present on the metal surface and is 

entrapped in cavities in the dendritic shell. 

We have carried out an additional experiment to show that Au 

nanoparticles in the present case are not stabilized by TOAB. Gittins and 

Caruso [2001] have shown that gold nanoparticles, if protected by TOAB 

in an organic solvent such as toluene, can be phase-transferred into 

aqueous solutions using a 0.1 M aqueous solution of 4-

dimethylaminopyridine (DMAP). Solutions of AuGn in toluene were stirred 

with aqueous solutions of DMAP for several hours and we did not observe 

partitioning of gold into the aqueous phase, which confirms that the gold 

nanoparticles are present as covalently linked to dendrons and not as 

TOAB protected particles.    

2.3.2.6 Thermal Studies 

Progressive heating of NCDs led to the volatilization of the organic 

shell leaving a residue of gold. TGA is therefore a very useful technique to 

estimate the organic content of organic-inorganic hybrid materials. Figure 

2.13 shows the thermograms of AuG2 and AuG3. For AuGn, the 

volatilization started around 250 °C and occurred in a single step. The high 

decomposition temperatures suggested that the thermal stabilities of 

these materials are similar to C16-coated MPCs [Terrill 1995; Badia 1996; 

Hostetler 1998]. 
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Figure 2.13 Thermograms of AuG2 and AuG3. 

2.3.3 Control Experiments 

IR spectra of AuGn did not show the peak due to the diazo group 

and NMR spectra of AuGn did not exhibit peaks due to the phenyl group 

that was attached to the diazo moiety and these aspects are projected as 

major evidence for the formation of metal-carbon bonds in AuGn. It may 

be argued that the dendron radical produced can undergo radical-radical 

coupling leading to dimeric products or addition to other dendrons 

leading to formation of polymeric products, and the Au nanoparticles 

formed are stabilized by encapsulation within these structures. We have 

carried out control experiments as shown in Scheme 2.4 to rule out this 

possibility.   

The diazodendrons were first reduced using NaBH4 in the absence 

of HAuCl4.  After stirring the reaction mixture overnight, the products 

were isolated. In the case of G1 and G2 diazodendrons, dimers (Gn)2 arising 

out of radical-radical coupling (Scheme 2.4) were identified as major 

products using 1H NMR, 13C NMR and FAB mass spectra. In the case of 

higher generation dendrons, products could not be identified clearly. 

Products of the above reaction, along with TOAB was then used to phase-
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transfer Au(III) into toluene. The mixture was then reduced using NaBH4 

to obtain the gold nanoparticles, which we designate here as Au@(Gn)2.  

 

Scheme 2.4 Mechanism of formation of dendritic dimers (Gn)2 and synthesis 

of Au nanoparticles in presence of dendritic dimers Au@(Gn)2. 

Figures 2.14 and 2.15 are the 1H and 13C NMR spectra of (Gn)2 and 

Au@(Gn)2. The nanoparticles thus obtained exhibited absorption spectra 

and color similar to AuGn, but they exhibited several differences. 
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Figure 2.14 1H spectra of (Gn)2 (left) and Au@(Gn)2 (right) in CDCl3. 
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NMR spectra of (G1)2 and (G2)2 exhibited sharp peaks and the peaks 

due to the biphenyl group (1H and 13C) are identified by arrows. NMR 

spectra of Au@(G1)2 and Au@(G2)2  also exhibited these sharp peaks in 

addition to the peaks due to TOAB. Since all the NMR peaks in (Gn)2 are 

also present in Au@(Gn)2 we can safely suggest that the Au nanoparticle 

in this case is encapsulated in the dendrimer and not chemically attached 

to it. These NMR spectra are in sharp contrast to the NMR spectra of AuGn 

shown in Figures 2.8 and 2.9, where we see considerable broadening of 

the 1H NMR signals and absence of 13C signals due to the phenyl group at 

the focal point which is covalently linked to the gold cluster. 

(G1)2

 

 

Au@(G1)2

TOAB

 

(G2)2

 

 

Au@(G2)2
TOAB

 

Figure 2.15 13C NMR spectra of (G1)2 (left) and Au@(Gn)2 (right) in CDCl3. 
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The Au@(Gn)2 thus prepared were not very stable. Solutions of 

these materials in toluene or DCM when kept for long time periods 

became colourless with precipitation of the metal. Precipitation occurred 

within a few minutes in the case of Au@(G1)2, but other systems were 

stable for 1-2 days. We also observed that the gold nanoparticles in 

Au@(Gn)2 could be extracted into aqueous phase using DMAP. These 

control experiments clearly show that the dendrons are attached 

covalently to the Au clusters in AuGn whereas in Au@(Gn)2, the Au 

clusters are physically entrapped in the dendritic structure. 

2.3.4 Stability of AuGn 

There are several studies dealing with the labile nature of metal-

sulfur bonds in MPCs [Tarlov 1992; Huang 1993; Tarlov 1993; 

Delamarche 1994; Rieley 1996; Schoenfisch 1998]. Scott et al. has recently 

studied the decomposition of dithiolate-protected MPCs by oxygen using 

1H NMR [Hou 2009]. They observed that bubbling oxygen for 2 h resulted 

in the development of 1H NMR signals corresponding to free ligands. This 

was attributed to oxidation of the dithiolate ligand and its subsequent 

removal from the metal surface. The AuGn we report here are not oxidized 

under similar conditions. 1H NMR of AuGn did not exhibit any change even 

after bubbling oxygen for 4 h.  

2.3.5 Structure of AuGn 

Table 2.1 summarizes the TEM, TGA and absorption spectral data 

for AuGn. Information from the TGA and TEM can be combined to obtain 

useful information about the actual structure of AuGn. From the TEM size 
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distributions one can obtain the average core diameter (D) of the 

nanoparticles. The average number of gold atoms in a cluster can then be 

calculated using the following equation [Gopidas 2003 (a); Yang 2002]. 

 NAu = d (π/6) D3                                                         (2.1)                                                                                                                    

In equation (2.1) d is the density of gold (59 atoms/nm3). Since the 

atomic weight of Au is 197, the weight of the gold core is given by 

WAu = NAu × 197                                                             (2.2)    

The value thus obtained can be equated to the percentage weight of 

Au obtained from TGA, to obtain the total weight of the NCD. Weight due 

to the organic core in the NCD can be calculated and since we know the 

molecular weight of the dendron, we can calculate the average number of 

dendrons per NCD for each AuGn. The values obtained are shown in Table 

2.1 and also plotted in Figure 2.16. The results show that as the dendrimer 

generation increases, the number of dendrons attached to the gold core 

decreases. This is a generally expected trend and arises due to steric 

factors. The number of dendron units that can be attached to a metal core 

is decided by the steric requirements of the dendron unit and this is 

termed sterically induced stoichiometry (SIS) [Tomalia 1990; Swanson 

2007]. As we proceed from one generation to the next higher generation, 

the molecular mass and size of dendron nearly doubles. Because of this 

size increase the number of dendrons that can be accommodated on the 

metal core decrease drastically as we go from AuG1 to AuG4. If the metal 

cluster size remains same, the number of G1 dendron units present in 

AuG1 will be approximately twice the number of G2 dendrons present in 
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AuG2. This logic seems to work in the case of AuG2 � AuG4, but the 

number of dendrons/NCD is much higher in the case of AuG1 (Table 2.1). 

Also, a comparison of the present results with previous literature reports 

shows that the number of dendrons attached to the gold core in the 

present NCDs is very high [Gopidas 2003 (a,b)].  

Table 2.1 Optical and structural parameters of AuGn.  

NCD 

λmax 

(nm) 

Particle size 

(nm) % Au 

No. of 

dendrons/NCD 

AuG1 518 5.5 45 3161 

AuG2 520 4.7 48 845 

AuG3 523 5.4 54 475 

AuG4 522 4.9 48 229 
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Figure 2.16 Plot of average number of dendrons against NCD generation.  
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We attribute the large dendron/NCD ratio to multiple layering of 

dendrons on NCD surface. It has been shown that multiple organic layers 

can form on metal surfaces during electrografting of aryl diazonium salts 

[Pinson 2005]. The aryl radical formed in the decomposition of the 

diazodendron is expected to be highly reactive and these can attack the 

first grafted dendron as shown in Scheme 2.5. In Scheme 2.5, we have 

shown the addition of two dendrons to a dendron in the first layer, but 

actual number depends on the availability of dendron radicals and steric 

factors.  
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Scheme 2.5 Schematic of possible dendron layering in AuGn. 

Because of the very high reactivity of aryl radicals, grafting of aryl 

groups through the diazonium route generally do not yield monolayers as 

against self-assembly of thiols on Au surfaces. The mechanism responsible 

for the multiple layering has been established by the groups of Podvorica 

and McDermott [Kariuki 1999; 2001; Anariba 2003; Combellas 2005; 

2008; 2009; Adenier 2006; Shewchuk 2009]. The reaction involves the 

addition of the aryl radical on to a phenyl group of the first layer to get a 

cyclohexadienyl-type adduct which is rearomatized by electron exchange 
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with another diazonium salt (see chapter 1 for details). We expect the 

same mechanism to operate here as well. In the case of NCDs in general, 

SIS would lead to a reduction in the number of dendrons attached onto the 

gold cluster and a corresponding increase in the volume of the void space 

available on the metal surface.  For the AuGn reported here all the 

dendrons in the NCD are not connected to the metal core. As a result the 

void space available on the metal surface cannot be correlated directly to 

the dendron number.  

2.4 Conclusion 

We have shown that simultaneous reduction of diazo-functionalized 

Fréchet-type dendron and HAuCl4, taken in an organic medium, leads to 

the formation of Au nanoparticle-cored dendrimers. Au-NCDs of 

generations 1-4 were thus prepared and characterized. Our studies 

showed that the Au-NCDs consisted of a gold core of ~ 5 nm diameter to 

which the dendrons of generations 1-4 are connected radially using gold-

carbon bonds. These materials were stable almost indefinitely indicating 

the stabilization of the gold cluster through covalent bonds and not by 

encapsulation in dendron cavities. The NCDs exhibited a wine-red color 

and characterized by the plasmon absorption band of gold clusters around 

520 nm. IR, 1H and 13C NMR spectra suggested that the dendrons are 

linked to the Au core through the phenyl ring at the focal point of the 

dendron. Using the information from TGA and TEM studies we calculated 

the average number of dendrons attached to the metal core. The results 

suggested that the number of dendrons/NCD decreased with increase in 
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the dendron generation. The large dendron/NCD value could be due to 

multiple layering of dendrons. 

2.5 Experimental  

2.5.1 Materials and Methods  

3,5-dihydroxybenzoic acid, benzyl bromide, carbon tetrabromide, 

triphenylphosphine, 18-crown-6, tetraoctylammonium bromide (TOAB), 

K2CO3,  HAuCl4, LiAlH4, NaBH4, HBF4 and t-butyl nitrite were purchased 

from Aldrich and used as received. Solvents such as acetone, toluene and 

dichloromethane (DCM) were obtained from MERCK and used as received. 

Dry tetrahydrofuran (THF) used for the synthesis was freshly distilled 

from sodium benzophenone ketyl. For the UV-Vis spectra, spectroscopic 

solvents from MERCK were used.  

Melting points were determined on a Mel-Temp II melting point 

apparatus and are uncorrected.  1H NMR data were obtained from a 300 

MHz Bruker Avance DPX spectrometer. 13C NMR spectra were recorded 

using a 500 MHz Bruker Avance DPX spectrometer. FT-IR spectra were 

recorded on a Shimadzu IR Prestige 21 spectrometer. High-resolution 

mass spectra were obtained by using a JOEL JMS600 mass spectrometer. 

Absorption spectra were obtained using a Shimadzu 3101PC UV/Vis-NIR 

scanning spectrophotometer. TGA experiments were performed using a 

Perkin Elmer Pyris Diamond TG/DTA analyzer. TEM images of the 

particles were obtained with a 100 kV FEI-Tecnai 30G2S-Twin 

transmission electron microscope equipped with an EDAX energy-

dispersive X-ray analysis system. Samples of TEM were prepared by drop-
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casting one drop of a ~1 mg/mL AuGn solution in DCM onto standard 

carbon-coated copper grids (300 mesh) and drying in air for 30 min. 

2.5.2 Synthesis of AuG1 

2.5.2.a Synthesis of G1NO2 

 4-Nitrophenol (2.2 g, 16 mmol) and G1Br (5.0 g, 13 mmol) were 

dissolved in dry acetone (30 mL) taken in a 100 mL 2-neck RB flask 

containing anhydrous K2CO3 (3.6 g, 26 mmol) and the reaction mixture 

was refluxed overnight under dry conditions.  Acetone was evaporated 

and the residue was partitioned between water and DCM.  Organic layer 

was collected and concentrated. Pale yellow crystals, yield = 5.65 g (98%), 

mp = 94 – 96 °C. IR (KBr) νmax (cm-1) = 3063.56, 3030.71, 2963.36, 

2904.47, 1595.12, 1510.45, 1448.52, 1376.25, 1336.54, 1289.25, 1261.25, 

1161.15, 1053.13, 802.32, 736.28, 696.32, 632.21, 465.07. 1H NMR (300 

MHz, TMS, CDCl3, δ):  5.05 – 5.09 (m, 6H), 6.62 – 6.67 (m, 3H), 6.98 – 7.0 

(d, 2H), 7.32 – 7.44 (m, 10H), 8.17 – 8.19 (d, 2H) ppm. 13C NMR (75 MHz, 

TMS, CDCl3, δ):  70.08, 70.39, 101.76, 106.27, 114.31, 114.81, 125.81, 

127.42, 128.0, 128.54, 136.55, 137.87, 141.61, 160.24, 163.46 ppm. HRMS 

(FAB, m/z): Calcd for C27H23NO5, 441.48; found, 442. 

2.5.2.b Synthesis of G1NH2 

 G1NO2 (2.0 g, 4.5 mmol) was dissolved in THF (5 mL) and made into 

a suspension with zinc powder. Conc. HCl (10 mL) was added to it drop 

wise and the reaction mixture was heated at 60 °C, for 4 h. It was then 

neutralized and extracted with water.  Organic layer was collected and 



Chapter 2: Synthesis of Metal-Carbon Bond Stabilized Au-NCDs 82 

concentrated. Yield = 1.5 g (80%). IR (KBr) νmax (cm-1) = 3445.21, 3366.26, 

3060.27, 3030.48, 2901.16, 1595.32, 1510.23, 1498.56, 1450.22, 1376.34, 

1294.28, 1163.26, 908.48, 822.29, 736.85, 694.21, 521.10. 1H NMR (300 

MHz, TMS, CDCl3, δ): 4.79 – 4.90 (m, 8H), 6.44 – 6.57 (m, 5H), 7.20 – 7.28 

(m, 12H) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 70.79, 101.23, 101.53, 

106.31, 115.98, 116.64, 127.10, 127.85, 128.52, 136.62, 139.22, 139.57, 

139.96, 152.08, 160.02 ppm. HRMS (FAB, m/z): Calcd for C27H25NO3, 

411.49; found, 412.32. 

2.5.2.c Synthesis of G1N2
+BF4

- 

 G1NH2 (500.0 mg, 1.22 mmol) was dissolved in acetic acid-propionic 

acid mixture (1:1, 10 mL) and HBF4 (10 mL) was added to it. The reaction 

mixture was stirred at -10 °C followed by the addition of NaNO2 (420.0 mg, 

6 mmol). Temperature was allowed to rise to 10 °C and distilled water 

was added to precipitate the product, which was filtered, washed with 

water and dried. Yield = 400.0 mg (65%). IR (KBr) νmax (cm-1) = 3084.18, 

3062.21, 3030.87, 2885.23, 2237.43, 1595.13, 1577.77, 1493.26, 1450.47, 

1382.26, 1338.60, 1282.66, 1217.08, 1149.57, 1083.99, 1062.78, 1026.13, 

910.40, 839.03, 804.32, 742.39, 698.23, 648.08, 607.58, 518.85, 487.99, 

460.99, 408.91. 1H NMR (300 MHz, TMS, CDCl3, δ): 4.92 – 5.09 (m, 6H), 

6.51 – 6.69 (m, 3H), 7.26 – 7.4 (m, 12H), 8.33 (s, 2H) ppm. 13C NMR (125 

MHz, TMS, CDCl3, δ): 70.0, 101.68, 102.31, 106.62, 118.08, 127.47, 127.96, 

128.51, 135.73, 136.36, 136.52, 160.13, 168.49 ppm. 
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2.5.2.d Synthesis of AuG1 

 To a stirred solution of G1N2
+BF4

- (132.0 mg, 0.26 mmol) in toluene, 

an aqueous solution of HAuCl4 (44.0 mg, 0.13 mmol) was added followed 

by tetra-n-octylammonium bromide (106.0 mg, 0.19 mmol). Stirring was 

continued until the aqueous phase became colorless. Organic phase was 

separated and washed twice with water. Simultaneous reduction of 

diazonium salt and Au(III) was effected by the addition of 15 mL aqueous 

NaBH4 (74 mg, 2 mmol) while the reaction mixture was stirred for 5 h at 

room temperature. Organic phase was separated and washed twice with 

0.5 M H2SO4, 0.5 M Na2CO3 and finally with water. Toluene was evaporated 

and the residue obtained was sonicated several times with ethanol until 

the alcohol layer become colorless. Further purification was carried out by 

column chromatography (silica gel). AuG1 nanoparticle band was eluted 

using methanol. IR (KBr) νmax (cm-1) = 3084.18, 3061.03, 3030.17, 

2872.01, 1597.06, 1506.41, 1452.40, 1375.25, 1294.24, 1242.16, 1219.01, 

1157.29, 1058.92, 1026.13, 908.47, 831.32, 736.81, 698.23, 632.65, 

522.71, 459.06.  1H NMR (500 MHz, TMS, CDCl3, δ): 4.997 (broad), 6.37 – 

6.57 (broad), 7.25 – 7.35 (broad) ppm.  13C NMR (125 MHz, TMS, CDCl3, δ): 

70.09, 101.56, 106.13, 127.53, 127.99, 128.56, 136.71, 160.15 ppm. 

2.5.3 Synthesis of AuG2 

2.5.3.a Synthesis of G2NO2  

 4-Nitrophenol (216.0 mg, 1.6 mmol) and G2Br (1.0 g, 1.2 mmol) 

were dissolved in dry acetone (10 mL) taken in a 100 mL 2-neck RB flask 

containing anhydrous K2CO3 (350.0 mg, 2.5 mmol) and the reaction 
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mixture was refluxed overnight under dry conditions. Acetone was 

evaporated and the residue was partitioned between water and DCM. 

Organic layer was collected and concentrated. White powder, yield = 1.05 

g (98%), mp = 120 – 125 °C.  IR (KBr) νmax (cm-1) = 3062.96, 3030.17, 

2962.66, 2906.73, 2866.22, 1595.13, 1510.26, 1448.54, 1375.26, 1336.67, 

1296.16, 1261.45, 1161.15, 1053.13, 802.39, 736.81, 696.30, 632.65, 

499.56, 464.84.  1H NMR (300 MHz, TMS, CDCl3, δ): 4.86 – 4.94 (m, 14H), 

6.47 – 6.56 (m, 9H), 6.83 – 6.86 (d, 2H), 7.21 – 7.31 (m, 20H), 8.02 – 8.05 

(d, 2H) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 69.91, 70.35, 101.40, 

101.77, 106.31, 114.79, 125.82, 127.98, 128.54, 136.64, 137.85, 139, 

141.59, 160.12, 163.43 ppm.  HRMS (FAB, m/z) Calcd for C55H47NO9, 

865.96; found, 866.58. 

2.5.3.b Synthesis of G2NH2  

 G2NO2 (2.0 g, 2.3 mmol) was dissolved in THF (10 mL) and made 

into a suspension with zinc powder (8.0 g). Conc. HCl (30 mL) was added 

to it drop wise and the reaction mixture was heated at 60 °C, for 4 h. It was 

then neutralized and extracted with water. Organic layer was collected 

and concentrated. Yield = 1.6 g (85%). IR (KBr) νmax (cm-1) = 3446.79, 

3367.71, 3086.11, 3061.03, 3030.17, 2904.80, 2864.29, 1595.13, 1510.26, 

1498.69, 1450.47, 1375.25, 1323.17, 1294.24, 1230.58, 1163.08, 1058.99, 

908.47, 827.46, 736.81, 696.30, 634.58, 514.99, 482.20. 1H NMR (300 

MHz, CDCl3): δ = 4.82 – 4.93 (m, 14H), 6.49 – 6.71 (m, 12H), 7.22 – 7.31 (m, 

21H). 13C NMR (125 MHz, CDCl3): δ = 69.89, 70.56, 101.23, 101.53, 106.31, 

115.98, 116.64, 127.10, 127.94, 128.52, 136.72, 139.22, 139.57, 139.96, 
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152.07, 160.09. HRMS (FAB, m/z) Calcd for C55H49NO7, 835.98; found, 

836.79. 

2.5.3.c Synthesis of G2N2
+BF4

-  

 G2NH2 (500.0 mg, 0.6 mmol) was dissolved in acetic acid-propionic 

acid mixture (1:1, 10 mL) and HBF4 (10 mL) was added to it. The reaction 

mixture was stirred at -10 °C followed by the addition of NaNO2 (200.0 mg, 

2.9 mmol). Temperature was allowed to rise to 10 °C and distilled water 

was added to precipitate the product, which was filtered, washed with 

water and dried. Yield = 300.0 mg (54%). IR (KBr) νmax (cm-1) = 3030.15, 

2931.80, 2873.94, 2245.14, 1595.13, 1494.83, 1450.47, 1375.25, 1340.53, 

1290.28, 1215.15, 1157.29, 1056.29, 910.40, 835.18, 738.74, 698.23, 

632.65, 522.71, 459.06. 1H NMR (300 MHz, TMS, CDCl3, δ): 4.76 – 4.93 (m, 

14H), 6.23 – 6.58 (m, 9H), 7.14 – 7.3 (m, 22H), 8.2 (s, 2H) ppm. 13C NMR 

(75 MHz, TMS, CDCl3, δ): 69.64, 70.04, 101.52, 102.42, 106.37, 118.06, 

127.45, 127.88, 128.46, 135.68, 136.69, 139.05, 160.03, 168.48 ppm. 

2.5.3.d Synthesis of AuG2 

To a stirred solution of G2N2
+BF4

- (100.0 mg, 0.1 mmol) in toluene, 

an aqueous solution of HAuCl4 (20.0 mg, 0.05 mmol) was added followed 

by tetraoctylammonium bromide (44.0 mg, 0.08 mmol). Stirring was 

continued until the aqueous phase became colorless. Organic phase was 

separated and washed twice with water. 10mL aqueous NaBH4 (28 mg, 

0.75 mmol) was added to it and the reaction mixture was stirred for 5 h at 

room temperature. Organic phase was separated and washed twice with 

0.5 M H2SO4, 0.5 M Na2CO3 and finally with water. Toluene was evaporated 
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and the residue obtained was sonicated several times with ethanol until 

the alcohol layer become colorless. Further purification was carried out by 

column chromatography (silica gel). Nanoparticle band was eluted using 

methanol.  IR (KBr) νmax (cm-1) = 3030.17, 2932.21, 2245.36, 1595.13, 

1506.41, 1450.47, 1373.32, 1319.31, 1296.16, 1244.09, 1217.08, 1157.29, 

1055.06, 833.25, 736.81, 698.21, 418.55.  1H NMR (500 MHz, TMS, CDCl3, 

δ): 4.97 – 5.02 (broad), 6.57 – 6.65 (broad), 7.26 (broad) ppm. 13C NMR 

(125 MHz, TMS, CDCl3, δ): 69.93, 70.04, 101.55, 106.30, 127.48, 127.94, 

128.19, 128.52, 136.73, 139.19, 160.02 ppm. 

2.5.4 Synthesis of AuG3 

2.5.4.a Synthesis of G3NO2  

 4-Nitrophenol (302.0 mg, 2.2 mmol) and G3Br (3.0 g, 1.8 mmol) 

were dissolved in dry acetone (30 mL) taken in a 100 mL 2-neck RB flask 

containing anhydrous K2CO3 (400.0 mg, 2.8 mmol) and the reaction 

mixture was refluxed overnight under dry conditions. Acetone was 

evaporated and the residue was partitioned between water and DCM. 

Organic layer was collected and concentrated to yield G3NO2 as a glassy 

solid. Yield = 3.05 g (97%). IR (KBr) νmax (cm-1) = 3061.46, 3030.57, 

2952.66, 2866.22, 1596.13, 1510.26, 1448.54, 1375.26, 1336.67, 1296.16, 

1261.45, 1161.15, 1053.13, 910.23, 802.39, 736.81, 685.30, 476.84. 1H 

NMR (300 MHz, TMS, CDCl3, δ): 4.84 – 4.90 (m, 30H), 6.46 – 6.56 (m, 20H), 

6.80 – 6.83 (d, 2H), 7.20 – 7.28 (m, 41H), 8.0 – 8.03 (d, 2H) ppm. 13C NMR 

(125 MHz, TMS, CDCl3, δ): 69.88, 70.0, 70.30, 101.42, 101.47, 106.31, 
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114.75, 125.77, 127.47, 127.93, 128.50, 136.67, 137.85, 139.00, 139.10, 

141.54, 159.99, 160.08, 163.39 ppm. 

2.5.4.b Synthesis of G3NH2  

G3NO2 (2.0 g, 1.2 mmol) was dissolved in THF (10 mL) and made 

into a suspension with zinc powder (2.0 g). Conc. HCl (12 mL) was added 

to it drop wise and the reaction mixture was heated at 60 °C, for 4 h. It was 

then neutralized and extracted with water. Organic layer was collected 

and concentrated to get G3NH2 as a glassy solid. Yield = 1.6 g (82 %). IR 

(KBr) νmax (cm-1) = 3442.17, 3362.32, 3062.96, 3030.17, 2929.87, 2912.51, 

2872.01, 1595.13, 1510.26, 1496.76, 1450.47, 1373.32, 1342.46, 1321.24, 

1296.16, 1230.58, 1157.29, 1055.06, 910.40, 831.32, 736.80, 696.30, 

682.80, 532.65. 1H NMR (300 MHz, TMS, CDCl3, δ): 4.79 – 4.90 (m, 30H), 

6.47 – 6.65 (m, 22H), 7.23 – 7.29 (m, 43H) ppm. 13C NMR (125 MHz, TMS, 

CDCl3, δ): 69.90, 70.02, 101.53, 106.32, 114.33, 115.59, 115.99, 116.31, 

127.50, 127.94, 128.52, 136.70, 139.15, 139.21, 140.16, 151.79, 159.98, 

160.08 ppm. 

2.5.4.c Synthesis of G3N2
+BF4

-  

 To a solution of G3NH2 (210.0 mg, 0.125 mmol) in THF-DCM (1:3, 6 

mL), HBF4 (2 mL) was added and the reaction mixture was cooled to -10 

°C. t-Butyl nitrite (25.0 mg, 0.25 mmol) was added and the reaction 

mixture stirred for 30 min followed by the addition of excess diethyl ether 

to precipitate the product, which was filtered, washed with diethyl ether 

and dried. Yield = 185.0 mg (83%).  IR (KBr) νmax (cm-1) = 3062.96, 

3030.17, 2995.01, 2910.58, 2872.01, 2243.21, 1593.23, 1496.76, 1444.68, 
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1371.39, 1342.46, 1321.26, 1294.24, 1215.15, 1157.29, 1055.06, 908.47, 

833.25, 736.81, 696.30, 522.71. 1H NMR (300 MHz, TMS, CDCl3, δ): 4.84 – 

4.99 (m, 30H), 6.5 – 6.66 (m, 20H), 7.27 – 7.37 (m, 43H), 8.21 (s, 2H) ppm. 

13C NMR (125 MHz, TMS, CDCl3, δ): 70.01, 101.53, 105.77, 106.39, 114.87, 

118.07, 126.96, 127.50, 127.94, 128.20, 128.52, 129.34, 135.50, 136.73, 

139.21, 140.83, 157.92, 160.09, 168.50 ppm. 

2.5.4.d Synthesis of AuG3 

To a stirred solution of G3N2
+BF4

- (400.0 mg, 0.22 mmol) in toluene, 

an aqueous solution of HAuCl4 (38.0 mg, 0.11 mmol) was added followed 

by tetraoctylammonium bromide (92.0 mg, 0.17 mmol). Stirring was 

continued until the aqueous phase became colorless. Organic phase was 

separated and washed twice with water. Simultaneous reduction of 

diazonium salt and Au(III) was effected by the addition of NaBH4 (64.0 mg, 

1.7 mmol) in methanol (15 mL) at -20 °C and the reaction mixture was 

stirred for 48 h at room temperature. Organic phase was separated and 

washed twice with 0.5 M H2SO4, 0.5 M Na2CO3 and finally with water. 

Toluene was evaporated and the residue obtained was sonicated several 

times with ethanol until the alcohol layer become colorless. Further 

purification was carried out by column chromatography (silica gel).  

Nanoparticle band was eluted using acetone. IR (KBr) νmax (cm-1) = 

3030.17, 2929.87, 2914.44, 2872.01, 1595.13, 1498.69, 1448.54, 1373.32, 

1321.24, 1296.16, 1215.15, 1157.29, 1055.06, 910.40, 833.25, 738.74, 

698.23, 632.65, 460.99.  1H NMR (300 MHz, TMS, CDCl3, δ): 4.92 – 4.97 

(m), 6.54 – 6.65 (m), 7.18 – 7.36 (m) ppm. 13C NMR (125 MHz, TMS, CDCl3, 
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δ): 69.93, 70.05, 101.53, 106.33, 127.52, 128.54, 136.70, 139.17, 143.47, 

159.99, 160.10 ppm.  

2.5.5 Synthesis of AuG4 

2.5.5.a Synthesis of G4NO2  

 4-Nitrophenol (50.0 mg, 0.36 mmol) and G4Br (1.0 g, 0.3 mmol) 

were dissolved in dry acetone (10 mL) taken in a 100 mL 2-neck RB flask 

containing anhydrous K2CO3 (103.0 mg, 0.75 mmol) and the reaction 

mixture was refluxed overnight under dry conditions. Acetone was 

evaporated and the residue was partitioned between water and DCM. 

Organic layer was collected and concentrated to get G4NO2 as a glassy 

solid. Yield = 963.0 mg (95%). IR (KBr) νmax (cm-1) = 3061.46, 3030.57, 

2952.66, 2866.22, 1596.13, 1510.26, 1448.54, 1375.26, 1336.67, 1296.16, 

1261.45, 1161.15, 1053.13, 910.23, 802.39, 736.81, 685.30, 476.84. 1H 

NMR (300 MHz, TMS, CDCl3, δ): 4.62 – 4.86 (m, 62H), 6.33 – 6.54 (m, 45H), 

6.73 – 6.76 (d, 2H), 7.11 – 7.25 (m, 80H), 7.94 – 7.97 (d, 2H) ppm. 13C NMR 

(125 MHz, TMS, CDCl3, δ): 69.83, 69.94, 101.46, 106.29, 114.68, 125.72, 

127.45, 127.88, 128.46, 136.66, 137.81, 139.10, 141.48, 159.96, 160.04, 

163.33. 

2.5.5.b Synthesis of G4NH2  

 G4NO2 (750.0 mg, 0.22 mmol) was dissolved in THF (5 mL) and 

made into a suspension with zinc powder (1.4 g). Conc. HCl (3 mL) was 

added to it drop wise and the reaction mixture was heated at 60 °C, for 4 h. 

It was then neutralized and extracted with water. Organic layer was 
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collected and concentrated to get a glassy solid. Yield = 595.0 mg (80%). 

IR (KBr) νmax (cm-1) = 3445.29, 3365.89, 3062.96, 3030.17, 2929.87, 

2872.01, 1595.13, 1510.26, 1496.76, 1450.47, 1373.32, 1340.53, 1321.24, 

1296.16, 1215.15, 1157.29, 1053.13, 910.40, 831.32, 736.81, 696.30. 1H 

NMR (300 MHz, TMS, CDCl3, δ): 4.9 – 4.96 (m, 62H), 6.5 – 6.63 (m, 47H), 

7.09 – 7.35 (m, 82H) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 69.85, 

69.95, 101.49, 106.29, 115.91, 127.07, 127.23, 127.64, 127.90, 128.17, 

128.35, 128.49, 136.69, 136.81, 139.14, 139.27, 159.95, 160.04 ppm. 

2.5.5.c  Synthesis of G4N2
+BF4

-  

To a solution of G4NH2 (250.0 mg, 0.074 mmol) in THF-DCM (1:3, 6 

mL), HBF4 (2 mL) was added and the reaction mixture was cooled to -10 

°C.  t-Butyl nitrite (25.0 mg, 0.25 mmol) was added and the reaction 

mixture stirred for 30 min followed by the addition of excess diethyl ether 

to precipitate the product, which was filtered, washed with diethyl ether 

and dried. Yield = 213.0 mg (83%). IR (KBr) νmax (cm-1) = 3086.11, 

3030.17, 2872.01, 2235.50, 1662.64, 1595.13, 1537.27, 1496.76, 1450.47, 

1373.32, 1321.24, 1296.16, 115.36, 1053.13, 910.40, 835.18, 746.45, 

698.23, 632.65, 520.78, 484.13, 460.99. 1H NMR (300 MHz, TMS, CDCl3, δ): 

4.86 – 4.96 (m, 62H), 6.50 – 6.61 (m, 45H), 7.23 – 7.32 (m, 82H), 8.08 (b, 

2H) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 67.31, 69.62, 69.34, 100.55, 

107.29, 107.67, 124.60, 126.11, 126.50, 126.93, 127.19, 127.51, 127.96, 

128.43, 128.71, 133.44, 135.72, 138.18, 139.93, 159.09 ppm. 
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2.5.5.d Synthesis of AuG4 

To a stirred solution of G4N2
+BF4

- (200.0 mg, 0.057 mmol) in 

toluene, an aqueous solution of HAuCl4 (10.0 mg, 0.029 mmol) was added 

followed by tetraoctylammonium bromide (24.0 mg, 0.044 mmol). Stirring 

was continued until the aqueous phase became colorless. Organic phase 

was separated and washed twice with water.  It was cooled to -20 °C and a 

solution of NaBH4 (16.0 mg 0.42 mmol) in methanol (5 mL) was added 

and the reaction mixture was stirred for 48 h at room temperature. 

Organic phase was separated and washed twice with 0.5 M H2SO4, 0.5 M 

Na2CO3 and finally with water. Toluene was evaporated and the residue 

obtained was sonicated several times with ethanol until the alcohol layer 

become colorless. Further purification was carried out by column 

chromatography (silica gel). Nanoparticle band was eluted using acetone. 

IR (KBr) νmax (cm-1) = 3061.03, 3030.17, 2927.94, 2870.08, 1595.13, 

1496.76, 1452.40, 1373.32, 1321.20, 1296.16, 1263.37, 1155.36, 1053.13, 

833.25, 736.81, 696.30. 1H NMR (500 MHz, TMS, CDCl3, δ): 4.82 - 4.92 (m), 

6.42 – 6.55 (m), 7.15 – 7.22 (m) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 

70.0, 101.54, 106.31, 127.49, 127.92, 128.51, 136.72, 139.17, 160.0, 

160.08 ppm. 

2.5.6 Control Experiments 

2.5.6.a Reduction of G1 diazodendron in the absence of Au(III) 

G1 diazodendron (0.25 mmol) was dissolved in DCM and reduced 

using an aqueous solution of NaBH4 (1.9 mmol) under ice cold conditions. 

After the reaction, organic layer was extracted and washed with water, 
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dried and concentrated. The residue obtained was further purified by 

column chromatography. 1H NMR (500 MHz, TMS, CDCl3, δ): 5.08 – 5.13 

(m, 12H), 6.68 (s, 2H), 6.79 – 6.8 (m, 3H), 7.05 – 7.07 (m, 5H), 7.37 – 7.52 

(m, 24H) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 69.88, 70.18, 101.61, 

106.43, 114.97, 121.1, 127.68, 128.11, 128.69, 129.6, 136.89, 139.67, 

158.79, 160.26 ppm. HRMS (FAB, m/z) Calcd for C54H46O6, 790.94; found, 

814.23 (M+Na). 

2.5.6.b Reduction of Au(III) in presence of (G1)2 

(G1)2 (0.06 mmol) was dissolved in DCM and stirred with an 

aqueous solution of HAuCl4 (0.12 mmol) followed by the addition of TOAB. 

After stirring for 1 h at room temperature, the organic layer was separated 

and reduced using NaBH4 (1.9 mmol) under ice cold conditions. The 

reaction mixture was then stirred at room temperature for 24 h. After the 

reaction time, the reaction mixture was extracted with 0.5 M H2SO4, 0.5 M 

Na2CO3 and finally with water. Organic layer was collected and 

concentrated.  The residue obtained was dried and analyzed. 1H NMR (500 

MHz, TMS, CDCl3, δ): 4.93 – 4.96 (m, 12H), 6.54 (s, 2H), 6.54 – 6.68 (m, 

3H), 6.9 – 6.93 (m, 5H), 7.21 – 7.45 (m, 24H) ppm. 13C NMR (125 MHz, 

TMS, CDCl3, δ): 13.32, 21.82, 25.49, 28.25, 28.31, 28.9, 30.89, 69.04, 69.17, 

100.61, 105.44, 113.99, 120.14, 126.71, 127.15, 127.73, 128.66, 135.92, 

138.72, 157.82, 159.29 ppm. 

2.5.6.c Reduction of G2 diazodendron in the absence of Au(III) 

G2 diazodendron (0.25 mmol) was reduced using NaBH4 (1.9 mmol) 

under the same conditions used for the synthesis of Au NCDs. Organic 
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layer was separated and product isolated and purified as in 2.5.6.a. 1H 

NMR (500 MHz, TMS, CDCl3, δ): 4.9 – 4.95 (m, 28H), 6.5 (s, 6H), 6.54 – 6.66 

(m, 10H), 6.91 – 6.93 (m, 4H), 7.21 – 7.36 (m, 46H) ppm. 13C NMR (125 

MHz, TMS, CDCl3, δ): 69.9, 70.2, 101.72, 106.52, 115.01, 121.15, 127.72, 

128.4, 128.73, 129.65, 136.93, 139.74, 160.2, 160.31 ppm.  

2.5.6.d Reduction of Au(III) in presence of (G2)2 

Reduction of HAuCl4 (0.12 mmol) was carried out using NaBH4 (1.9 

mmol) in presence of (G2)2 (0.06 mmol) under the same conditions 

mentioned in 2.5.6.b. 1H NMR (500 MHz, TMS, CDCl3, δ): 4.94 – 4.99 (m, 

28H), 6.58 (s, 6H), 6.69 – 6.71 (m, 10H), 6.94 – 6.96 (m, 4H), 7.21 – 7.40 

(m, 46H) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 13.32, 20.32, 21.59, 

28.31, 28.06, 28.69, 30.64, 68.79, 68.88, 100.46, 105.25, 113.76, 119.87, 

126.84, 127.05, 127.34, 127.86, 135.75, 138.23, 159, 159.09 ppm.  
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3.1 Abstract 

The synthesis and characterization of palladium NCDs of generation 

1-4, where the dendron ligands are linked to the metal cluster at the core 

through Pd-C bonds are reported in this chapter. Synthesis of these NCDs 

was accomplished by the reduction of the corresponding diazodendrons in 

the presence of Pd(II). NCDs thus prepared were black powders freely 

soluble in common organic solvents and stable for several months both in 

solid as well as solution state. All the NCDs and precursor diazodendrons 

were characterized using IR, NMR and UV-visible spectroscopies. In the IR 

spectra of diazodendrons the characteristic diazo stretching vibration band 

was observed around 2230 cm-1 whereas this band was absent in the IR 

spectra of NCDs. 1H NMR of lower generation Pd-NCDs were broadened 

significantly due to the presence of the metal cluster. In the 13C NMR spectra 

signals due to the carbon atoms of the phenyl ring directly attached to the 

Pd cluster were absent. UV-visible spectra of NCDs did not exhibit a plasmon 

absorption band and consisted of a continuously decreasing absorption 

profile with decrease in energy. TEM analysis of the NCDs indicated the 

presence of nearly spherical, polydisperse metal particles with a core 

diameter of 2-4 nm.   
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3.2 Introduction  

 The vital position of palladium in organic synthesis makes the 

chemistry of palladium nanoparticles very attractive leading to extensive 

research which resulted in the discovery of large number of reactions 

catalyzed by Pd(0) complexes [Beletskaya 2000]. In several reactions 

catalyzed by Pd(0) complexes, formation of Pd nanoparticles during the 

reaction were reported [Reetz 1995; Li 2000]. Pd metal deposited on 

various support materials were used as catalysts for the last several 

decades [Yin 2007; Bergbreiter 2009]. In recent times the emphasis has 

shifted to the synthesis and study of Pd nanoparticles stabilized by 

different ligands such as polymers, dendrimers, surfactants etc for 

catalytic applications [Reetz 2004; Phan 2006]. Synthesis of palladium 

nanoparticle-cored dendrimers (Pd-NCD) for catalytic applications was 

first reported by Fox and co-workers [Gopidas 2003 (c)]. The synthesis, 

which made use of the strong affinity of thiol groups for transition metal 

surfaces, involved the reduction of Pd(II) in presence of thiol 

functionalized third generation Fréchet dendrons. The NCDs formed were 

thoroughly characterized by different spectroscopic techniques such as IR, 

NMR, and UV-visible and also by TEM. The formation of metal 

nanoparticles with an average core diameter of 2 nm was confirmed from 

TEM studies and detailed thermogravimetric analysis suggested that on 

the average 14 dendron ligands are linked to each palladium metal cluster.  

 The pioneering effort by Fox and co-workers [Gopidas 2003 (c)] 

was followed by the study of Fan and co-workers [Wu 2006] who reported 

the synthesis of palladium NCDs stabilized by dendron ligands possessing 
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phosphine groups at the focal point. The synthetic sequence involved the 

reaction of different generation Fréchet type dendritic bromides with 

KPPh2 to get the respective phosphine terminated dendrons. Reduction of 

Pd(acac)2 in an autoclave using 25 atm hydrogen pressure at 60 °C for 18 h 

in presence of the phosphine-terminated dendrons resulted in the 

formation of dendron stabilized palladium nanoparticles as a black 

powder. Later the same group conducted detailed 31P NMR studies and 

arrived at the conclusion that the phosphine dendrons might have 

undergone oxidation and the resulting dendron oxide may be stabilizing 

the palladium nanoparticles [Wu 2008]. However, a clear mechanism for 

the formation of the oxide could not be identified and the authors 

attributed trace amount of water present in the reaction medium as the 

possible source of oxygen. Kläui and co-workers [Glöckler 2007] earlier 

reported a similar oxidation of phosphine ligands during the synthesis of 

rhodium nanoparticles using hydrogen. The core-shell structures formed 

were further confirmed by TEM studies and size distribution analysis 

indicated that the mean particle diameter decreased with increase in the 

dendrimer generation. A similar trend has been reported earlier by Love 

et al. [2004] with dendrimer-stabilized metal nanoparticles.  

 As discussed in chapter 1, NCDs are expected to have applications in 

the area of catalysis. In the reports mentioned above, the authors also 

conducted studies to investigate the use of palladium NCDs as catalysts in 

different organic transformations. The thiol stabilized palladium NCDs 

reported by Fox and co-workers [Gopidas 2003 (c)] exhibited good 

catalytic activity in carbon-carbon bond forming reactions such as Heck 
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and Suzuki couplings under homogenous and heterogenous conditions. 

However, attempts to use this NCD as catalyst for hydrogenation reactions 

were unsuccessful. Upon exposure to hydrogen, the NCD underwent 

decomposition owing to the rapid hydrogenolysis of C-S bond, leading to 

precipitation of Pd metal. The NCDs reported by Fan and co-workers [Wu 

2006; 2008] also catalyzed Suzuki and Stille coupling reactions efficiently. 

The stability of these nanocomposites has been further evidenced by 

recyclability of the NCD in the catalytic reactions. Unlike the thiol 

stabilized NCDs of Fox et al., the palladium systems reported by Fan and 

co-workers was capable of catalyzing hydrogenation reactions of simple 

organic molecules but these reactions required elevated temperature and 

high hydrogen pressure. The non-recyclable nature of these catalysts for 

hydrogenation reactions cast doubts regarding their stability in presence 

of hydrogen. These reports suggest that new synthetic strategies for 

preparing Pd-NCDs with strong metal-ligand interactions are required for 

efficient catalysis. Other synthetic approaches developed for preparing 

palladium nanoparticles include vapour condensation, sonochemical 

reduction, electrochemical deposition etc. [Devenish 1996; Mizukoshi 

1997; Mayer 1997; Nunomura 1998; Nemamcha 2006; Xiong 2007; 

Taratula 2007]. The covalent grafting of ligands on to the palladium 

nanoparticle surface is a recent addition to this classification [Ghosh 2008 

(a)]. 

 Chen and co-workers [Ghosh 2008 (a)] reported the first synthesis 

of palladium nanoparticles stabilized through a direct palladium-carbon 

bonding interaction. The authors achieved the desired palladium-ligand 
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interaction by adopting the synthetic strategy employed by Mirkhalaf et al. 

[2006] for the preparation of Au and Pt nanoparticles stabilized by metal-

carbon linkages which involved the simultaneous reduction of the metal 

salt and 4-alkylbenzenediazonium fluoroborate. The authors synthesized 

the diazonium fluoroborates of 4-ethyaniline, 4-decylaniline and 4-

aminobiphenyl and these were characterized by IR and NMR studies. 

Synthesis of nanoparticles involved the aqueous to organic phase transfer 

of Pd(II) using the diazonium salt followed by reduction of the organic 

phase with super hydride. The metal clusters thus obtained were 

characterized using IR and NMR spectroscopies as well as TEM analysis. A 

schematic illustration of the formation of biphenyl stabilized palladium 

nanoparticles is shown in Scheme 3.1.  

 

Scheme 3.1 Formation of palladium nanoparticles stabilized by carbon-

palladium bond. 

 Bond energy of Pd-S bond in thiol-stabilized Pd nanoparticles is 380 

kJmol-1, where as bond energy of Pd-C bond is 436 kJmol-1 in similar 

systems [Ghosh 2008 (a)]. Thus Pd nanoparticles stabilized by Pd-C bonds 

are expected to be much more stable compared to nanoparticles stabilized 

through Pd-S bonds. Based on this we anticipated that Pd nanoparticle-

cored dendrimers would be ideal candidates as catalysts both in terms of 
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stability and efficiency. This has prompted us to synthesize Pd-NCDs of 

different generations and undertake a detailed study of the catalytic 

ability of these materials in various organic reactions. 

 In this chapter we describe the synthesis and characterization of 

Pd-NCDs of different generations stabilized by Pd-C bonds. Synthesis of 

the NCD was carried out by the reduction of G1-G4 Fréchet type 

diazodendrons using NaBH4 in the presence of Pd(II). The as prepared 

NCDs were further purified and characterized by FT-IR, NMR and UV-

Visible spectroscopic techniques as well as TEM analysis. TEM images 

confirmed the formation of almost spherical particles with a core diameter 

around 2-4 nm.   

3.3 Results and Discussions 

3.3.1 Syntheses  

Fréchet-type dendritic bromides (GnBr) were prepared using 

reported procedures [Hawker 1990; Wooley 1991; Kwock 1991; Percec 

2006] and these were converted to corresponding diazonium salts as 

described in chapter 2 of this thesis. The bromides were treated with p-

nitrophenol to get the respective nitrodendrons, which were reduced to 

get the amino derivatives. For diazotization reaction fluoroboric acid 

(HBF4)/sodium nitrite was used. Diazodendrons were dark red powder, 

freely soluble in toluene and THF and insoluble in ethanol, methanol and 

diethyl ether. The diazodendrons were stable for about a week at room 

temperature and these were characterized by FT-IR, 1H and 13C NMR. For 

example, IR spectra of the diazodendron exhibited the characteristic 



Chapter 3: Synthesis of Metal-Carbon Bond Stabilized Pd-NCDs 101 

diazonium peak at 2241 cm-1 [Mirkhalaf 2006; Ghosh 2008 (a,b,c)]. 

Detailed characterization of the diazodendron is given in section 2.3.1.c 

(Chapter 2). 

Synthesis of Pd-NCDs of generation 1-4 (abbreviated in this chapter 

as PdGn, where n varies from 1-4) was carried out as shown in Scheme 

3.2. Aqueous solution of K2PdCl4 was stirred with a toluene solution of 

diazodendron followed by the addition of tetra-n-octylammonium 

bromide. After the complete transfer of Pd(II) from aqueous to organic 

phase, the latter was separated and reacted with sodium borohydride. 

Pd(II) is reduced by electron transfer from BH4
Ө to give Pd atoms, which 

undergo nucleation and growth to form small clusters. The dendritic 

diazonium salt upon receiving an electron from the reducing agent 

decomposes into nitrogen and dendron with phenyl radical [Pinson 2005; 

Ghosh 2008 (a)] at the focal point. At some stage of the Pd cluster growth, 

the dendron radicals get attached to the Pd surface, thereby arresting its 

growth and leading to the formation of PdGn. 
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Scheme 3.2 Synthetic scheme for PdG1.  

 The PdGn thus prepared were black powder, stable in the solid form 

and in solution for several months, freely soluble in DCM, chloroform, THF 
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and toluene and insoluble in methanol, ethanol and ether. Dilute solutions 

of PdGn exhibited a deep brown color. We observed that the NCDs 

incorporate a small percentage of TOAB (used as the phase-transfer 

agent) in the dendritic shell. Pd-NCDs can be chromatographed over silica 

gel without undergoing decomposition.  

 The NCDs synthesized were analyzed by IR, UV and NMR spectroscopy. 

Information about the size of the Pd core is obtained using transmission 

electron microscopy (TEM).  Idealized structure of PdG4 is shown in 

Figure 3.1.  

 

Figure 3.1 Idealized structure of PdG4. 

3.3.2 Characterization of PdGn  

3.3.2.1 FT-IR Spectra  

In the case of Pd-NCD stabilized by Pd-S bonds, FT-IR spectra of the 

NCD and precursor disulfide dendron were nearly identical [Gopidas 2003 

(c)]. In the present case IR spectra of the precursor diazodendrons were 



Chapter 3: Synthesis of Metal-Carbon Bond Stabilized Pd-NCDs 103 

different from those of the NCDs. FT-IR spectra of diazodendrons shown in 

Figure 3.2 clearly indicates the vibrational stretching of diazo group at ≈ 

2245 cm-1 [Mirkhalaf 2006; Ghosh 2008 (a,b,c)].  

 

 

 

 

Figure 3.2 FT-IR spectra of diazodendrons and PdGn. 

FT-IR spectrum of PdGn is also given in Figure 3.2. The diazo group 

decomposes during the reaction and hence this peak is absent in the IR 

spectrum of NCD. This also shows the absence of any diazo precursor in 

the NCD. IR spectra of the diazodendron and NCD were featured by 

methylene C-H stretching modes at νs = 2870, νas = 2927 cm-1 and 

aromatic C-H vibration modes at νs = 3030 and νas = 3061 cm-1.  

3.3.2.2 1H and 13C NMR Spectra  

  Figures 3.3 compare the 1H NMR spectra of diazodendrons with 

that of the PdGn. Signals at δ 8.2 and 7.0 (indicated by arrows) 

characterize the protons of the diazophenyl group. In the 1H NMR 

spectrum of PdGn, the diazophenyl proton signals have vanished and all 
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signals exhibited considerable broadening. The complete disappearance of 

these signals corresponding to the diazophenyl ring protons indicate the 

absence any diazodendron precursor in the Pd-NCDs. Broadening of the 

NMR peaks due to fast spin-spin relaxation of atoms close to a metal core 

or size-dependent spin-spin relaxation clearly supports the metal core-

organic shell type structure of the NCD [Terrill 1995; Badia 1996; 

Hostetler 1998; Mirkhalaf 2006; Ghosh 2008 (a,b,c)]. The observed NMR 

signal broadening further confirms the presence of dendron ligands close 

to palladium surface [Ghosh 2008 (b)]. The signals seen at δ < 3 ppm in 

the 1H NMR of NCD are assigned to protons of TOAB, which is present as 

an impurity.   

Figure 3.4 is a comparison of the 13C NMR spectrum of 

diazodendrons and the corresponding PdGn. In the case of the 

diazodendrons, signals at δ 168, 135, 118 and 71 ppm are identified as 

belonging to the diazo-bearing phenyl ring and its nearest benzyl carbon 

(marked by arrows in Figure 3.3).  In the 13C NMR spectrum of PdGn the 

above peaks are not seen. Similar observations were made previously for 

MPCs and it was suggested that the signals due to the carbon atoms on the 

phenyl ring linked directly to the metal have broadened so much that they 

are indistinguishable from the background [Mirkhalaf 2006; Ghosh 2008 

(a,b,c)]. Absence of these peaks also suggests complete removal of the 

diazo group during the reduction reaction. It can be concluded that 1H and 

13C NMR spectra provide strong evidence that the dendron is directly 

linked to the metal core through the phenyl ring at its focal point.   



Chapter 3: Synthesis of Metal-Carbon Bond Stabilized Pd-NCDs 105 

8.288.288.288.28 7.07.07.07.0

 

8.18.18.18.1 7.017.017.017.01

 

8.068.068.068.06 7.07.07.07.0

Figure 3.3 1H NMR spectra of diazodendrons and PdGn in CDCl3. 
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Figure 3.4 13C NMR spectra of diazodendrons and PdGn in CDCl3. 
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3.3.2.3 Absorption Spectroscopy  

UV-vis spectroscopy is very useful in characterizing metal 

nanoparticles. The absorption spectra of PdG1 and PdG2 in DCM are 

shown in Figure 3.5. The spectra show a smoothly increasing absorption 

at increasing energy with no characteristic surface plasmon absorption 

which is in accordance with the literature reports [Gopidas 2003 (c); 

Ghosh 2008 (a)].  
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Figure 3.5 Absorption spectra of PdG1 and PdG2 in dichloromethane.  

3.3.2.4 Transmission Electron Microscopic (TEM) Studies  

TEM images of PdG1
 – PdG4 are shown in Figure 3.6. The TEM 

image, taken by drop casting the NCD solution in toluene, show dispersed 

metal particles, with non-uniform size. TEM shows only the image of the 

metal core. In the case of several alkanethiolate MPCs, the core-core 

separation corresponds to the length of the alkyl chain. In the present 

case, occurrences of relatively identical core-core separations were rare in 

the TEM images and hence thickness of the dendritic shell could not be 

estimated. The core-size histograms of PdGn is shown in Figure 3.6, and it 

indicates the formation of nearly monodisperse particles with an average 



Chapter 3: Synthesis of Metal-Carbon Bond Stabilized Pd-NCDs 108 

core diameter of about 2-4 nm. Unlike the earlier reports [Wu 2006; 

2008], our present studies did not give any indication regarding the size 

dependency of the palladium metal nanocluster formation with a change 

in the dendrimer generation.  
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Figure 3.6 TEM images (top) and core-size histograms (bottom) for PdGn. 
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3.3.3 Control Experiments 

 As discussed in chapter 2, we have carried out control experiments 

to confirm the formation of NCDs with palladium-carbon bond. The 

experiments described in section 2.3.3 (chapter 2) clearly show that the 

dendron dimers formed during the reduction of diazodendron cannot 

stabilize the metal nanoparticles effectively. We have attempted the 

reduction of Pd(II) in the absence of diazodendrons employing the same 

experimental conditions used for the synthesis of PdGn. It has been 

observed that upon increasing the reaction temperature from -30 °C to 

room temperature, the particles aggregated rapidly to form palladium 

black which settled down and the solution became clear. These 

experiments further confirm that the stabilization of nanosized palladium 

can happen only through the grafting of dendron radicals under the used 

set of reaction conditions. 

3.4 Conclusion 

Our studies showed that the reduction of diazo functionalized 

poly(arylether) dendrons in presence of Pd(II) leads to the formation of 

core-shell structured palladium nanoparticle-cored dendrimers 

possessing nanosized Pd metal cluster as the core. These highly stable 

hybrid materials have been characterized by different spectroscopic as 

well as microscopic techniques such as NMR, FT-IR and TEM. Signal line 

broadening observed in NMR studies confirmed the presence of dendrons 

near to the metal core while TEM studies indicated the presence of nearly 

monodisperse metal particles with an average core diameter of 2–4 nm. 
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We have not observed any size change for the metal nanoclusters with 

increase in dendrimer generation. Unlike the previous literature reports, 

the better stabilization provided by the metal-carbon bonding in these 

NCDs are expected to increase their stability and efficiency as catalysts in 

organic reactions. This aspect is explored in the next chapter of this thesis. 

3.5 Experimental 

3.5.1 Materials and Methods 

3,5-dihydroxybenzoic acid, benzyl bromide, carbon tetrabromide, 

triphenylphosphine, tetra-n-octylammonium bromide (TOAB), NaNO2, 

K2CO3,  K2PdCl4, LiAlH4, NaBH4, HBF4, were purchased from Aldrich and 

used as received. Solvents such as acetone, toluene and dichloromethane 

(DCM) were obtained from MERCK and used as received. Dry 

tetrahydrofuran (THF) used for the synthesis was freshly distilled from 

sodium benzophenone ketyl. For the UV-vis spectra, spectroscopic 

solvents from MERCK were used.  

Melting points were determined on a Mel-Temp II melting point 

apparatus and are uncorrected. 1H NMR data were obtained from a 300 

MHz Bruker Avance DPX spectrometer. 13C NMR spectra were recorded 

using a 500 MHz Bruker Avance DPX spectrometer. FTIR spectra were 

recorded on a Shimadzu IR Prestige 21 spectrometer. High-resolution 

mass spectra were obtained by using a JOEL JMS600 mass spectrometer. 

Absorption spectra were obtained using a Shimadzu 3101PC UV/Vis-NIR 

scanning spectrophotometer. TEM images of PdGn were obtained with a 

200 kV FEI-Tecnai 30G2S-Twin transmission electron microscope. Sample 
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for TEM was prepared by drop-casting one drop of a ~1 mg/mL solution 

in toluene onto standard carbon-coated copper grids (300 mesh) and 

drying in air for 2 days. 

3.5.2 Synthesis of PdG1 

 An aqueous solution of K2PdCl4 (448.0 mg, 1.4 mmol) was stirred 

with G1N2
+BF4

- (700.0 mg, 1.4 mmol) taken in 1:1 toluene – 

dichloromethane mixture (50 mL). Tetra-n-octylammonium bromide 

(1.12 g, 2.1 mmol) was added to it and stirring was continued until the 

aqueous phase become colorless. Organic phase was separated, washed 

twice with water and cooled to -30 °C. NaBH4 (519.0 mg, 14 mmol) in 

methanol (20 mL) was added dropwise to the reaction mixture kept at –

30 °C. The reaction mixture was stirred for 4 h at –30 °C temperature and 

20 h at room temperature. Organic phase was separated and washed 

twice with 0.5 M H2SO4, 0.5 M Na2CO3 and finally with water. Organic layer 

was concentrated and the residue obtained was dried. The black powder 

was then dissolved in dichloromethane and stirred overnight with an 

aqueous solution of sodium citrate (5.0 g in 60 mL water). Further 

purification was carried out by column chromatography (silica gel – 

dichloromethane – ethylacetate – tetrahydrofuran).   Nanoparticle band 

was eluted using tetrahydrofuran. IR (KBr) νmax (cm-1) = 3084.18, 3061.03, 

3030.17, 2872.01, 1597.06, 1506.41, 1452.40, 1375.25, 1294.24, 1242.16, 

1219.01, 1157.29, 1058.92, 1026.13, 908.47, 831.32, 736.81, 698.23, 

632.65, 522.71, 459.06. 1H NMR (500 MHz, TMS, CDCl3, δ):  5.06 (broad, s), 
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6.63 (broad, s), 7.35 (broad, s) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 

70.17, 101.56, 106.53, 127.53, 128.05, 128.58, 136.68, 160.20 ppm. 

3.5.3 Synthesis of PdG2 

An aqueous solution of K2PdCl4 (105.0 mg, 0.32 mmol) was stirred 

with G2N2
+BF4

- (300.0 mg, 0.32 mmol) taken in 1:1 toluene – 

dichloromethane mixture (30 mL). Tetra-n-octylammonium bromide 

(264.0 mg, 0.48 mmol) was added to it and stirring was continued until 

the aqueous phase become colorless. Organic phase was separated, 

washed twice with water and cooled to -30 °C. NaBH4 (183.0 mg, 4.8 

mmol) in methanol (15 mL) was added dropwise to the reaction mixture 

kept at – 30 °C. The reaction mixture was stirred for 4 h at –30 °C 

temperature and 20 h at room temperature. Organic phase was separated 

and washed twice with 0.5 M H2SO4, 0.5 M Na2CO3 and finally with water. 

Organic layer was concentrated and the residue obtained was dried. The 

black powder was then dissolved in dichloromethane and stirred 

overnight with an aqueous solution of sodium citrate (2.0 g in 30 mL 

water).  Further purification was carried out by column chromatography 

(silica gel- dichloromethane-ethyl acetate). IR (KBr) νmax (cm-1) = 3030.17, 

2932.21, 2245.36, 1595.13, 1506.41, 1450.47, 1373.32, 1319.31, 1296.16, 

1244.09, 1217.08, 1157.29, 1055.06, 833.25, 736.81, 698.21, 418.55. 1H 

NMR (500 MHz, TMS, CDCl3, δ): 4.97 – 5.02 (m, 14H), 6.57 – 6.65 (m, 10H), 

7.26 (s, 23H) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 69.93, 70.04, 

101.55, 106.30, 127.48, 127.94, 128.19, 128.52, 136.73, 139.19, 160.02 

ppm. 
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3.5.4 Synthesis of PdG3 

An aqueous solution of K2PdCl4 (110.0 mg, 0.34 mmol) was stirred 

with G3N2
+BF4

- (600.0 mg, 0.34 mmol) taken in 1:1 toluene – 

dichloromethane mixture (40 mL). Tetra-n-octylammonium bromide 

(276.0 mg, 0.5 mmol) was added to it and stirring was continued until the 

aqueous phase become colorless. Organic phase was separated, washed 

twice with water and cooled to -30 °C. NaBH4 (129.0 mg, 3.4 mmol) in 

methanol (10 mL) was added dropwise to the reaction mixture kept at – 

30 °C. The reaction mixture was stirred for 4 h at –30 °C temperature and 

20 h at room temperature. Organic phase was separated and washed 

twice with 0.5 M H2SO4, 0.5 M Na2CO3 and finally with water. Organic layer 

was concentrated and the residue obtained was dried. The black powder 

was then dissolved in dichloromethane and stirred overnight with an 

aqueous solution of sodium citrate (2.0 g in 30 mL water). Further 

purification was carried out by column chromatography (silica gel – 

dichloromethane - ethylacetate). Nanoparticle band was eluted using ethyl 

acetate. IR (KBr) νmax (cm-1) = 3030.17, 2929.87, 2914.44, 2872.01, 

1595.13, 1498.69, 1448.54, 1373.32, 1321.24, 1296.16, 1215.15, 1157.29, 

1055.06, 910.40, 833.25, 738.74, 698.23, 632.65, 460.99. 1H NMR (300 

MHz, TMS, CDCl3, δ): 4.951 – 5.003 (broad), 6.532 – 6.639 (broad), 7.247 – 

7.311 (broad) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 69.93, 70.05, 

101.53, 106.33, 127.52, 128.54, 136.70, 139.17, 143.47, 159.99, 160.10 

ppm. 
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3.5.5 Synthesis of PdG4 

An aqueous solution of K2PdCl4 (34.0 mg, 0.1 mmol) was stirred 

with G4N2
+BF4

- (360.0 mg, 0.1 mmol) taken in 1:1 toluene – 

dichloromethane mixture (20 mL). Tetra-n-octylammonium bromide 

(85.0 mg, 0.15 mmol) was added to it and stirring was continued until the 

aqueous phase become colorless. Organic phase was separated, washed 

twice with water and cooled to -30 °C. NaBH4 (37.8 mg, 1.0 mmol) in 

methanol (5 mL) was added dropwise to the reaction mixture kept at – 30 

°C. The reaction mixture was stirred for 4 h at –30 °C temperature and 20 h 

at room temperature. Organic phase was separated and washed twice 

with 0.5 M H2SO4, 0.5 M Na2CO3 and finally with water. Organic layer was 

concentrated and the residue obtained was dried. The black powder was 

then dissolved in dichloromethane and stirred overnight with an aqueous 

solution of sodium citrate (1.0 g in 20 mL water).  Further purification was 

carried out by column chromatography (silica gel – dichloromethane – 

ethylacetate). Nanoparticle band was eluted using ethyl acetate. IR (KBr) 

νmax (cm-1) = 3061.03, 3030.17, 2927.94, 2870.08, 1595.13, 1496.76, 

1452.40, 1373.32, 1321.20, 1296.16, 1263.37, 1155.36, 1053.13, 833.25, 

736.81, 696.30. 1H NMR (500 MHz, TMS, CDCl3, δ): 4.902 – 4.61 (broad), 

6.506 – 6.634 (broad), 7.232 – 7.355 (broad) ppm. 13C NMR (125 MHz, 

TMS, CDCl3, δ): 70.13, 70.66, 71.23, 101.38, 101.91, 102.10, 106.55, 

106.82, 127.61, 128.58, 129.46, 136.84, 139.29, 160.19 ppm. 
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4.1 Abstract 

In this chapter an attempt is made to assess the efficiency of 

palladium nanoparticle-cored G1 dendrimer (PdG1) in catalyzing different 

organic reactions. We observed that PdG1 can act as a highly efficient, 

chemoselective room temperature catalyst for the hydrogenation of 

multifunctional olefins and acetylenes. Reducible functionalities like, -CHO, -

CN, -NO2 and halogen functional groups were unaffected under the reaction 

conditions employed. Hydrogenations catalyzed by PdG1 proceeded with 

turn-over numbers (TON) in excess of 50,000 and turn-over frequencies 

(TOF) as large as 14,000 h-1. The catalyst also exhibited good recyclability. 

C-C bond forming reactions such as Suzuki, Stille, Heck and Hiyama 

couplings were also efficiently catalyzed by PdG1. Aryl iodides and bromides 

were the active substrates for Suzuki reactions while aryl chlorides were 

unreactive. The recyclability of PdG1 was studied for Suzuki reaction and the 

recovered catalyst exhibited excellent catalytic activity in subsequent runs. 

PdG1 catalyzed Stille couplings were efficient under mild, aqueous 

conditions and required only short reaction times. Yields for PdG1 catalyzed 

Heck couplings, however, were low. 
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4.2 Introduction 

 The ability of metal nanoparticles to act as the link between bulk 

and molecular state makes them highly applicable tools in different fields 

of nanoscience and nanotechnology. While the emergence of novel optical 

and electronic properties is responsible for the wide spread interest in 

noble metal nanoparticles, research in transition metal nanoparticles is 

driven by the need to develop active nanoparticle catalysts for various 

reactions. The use of metal nanoparticles for catalysis has been explored 

by different groups during the past decades [Aiken 1999; Shenhar 2003; 

Pachón 2008; Jain 2008]. In the mid 19th century, Nord and co-workers 

[Rampino 1941 (a,b); Kavanagh 1943]  reported the hydrogenation of 

nitrobenzene using nanoparticle catalysts, which was followed by the 

reports of Parravano and co-workers [Cha 1970] on the hydrogen-atom-

transfer between benzene and cyclohexane and oxygen-atom-transfer 

between CO and CO2 using gold nanoparticles. Haruta et al. [1987; 1989; 

1993] reported the oxidation of CO by O2 at low temperature using oxide-

supported gold nanoparticles which was followed by the observation of 

Hirai et al. [1978; 1979] that gold nanoparticles can catalyze 

hydrogenation of olefins. These reports were followed by extensive use of 

the catalytic activity nanoparticle in different fields. At present the main 

focus in this area is to improve selectivity of reactions and also to obtain a 

deep understanding of reaction mechanisms.  

 In chapter 1 of the thesis we have hypothesized that 

nanoparticle-cored dendrimers can be good catalysts. The metal cluster at 

the core has diameters in the range of 2 - 5 nm and hence these particles 
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exhibit large surface area/unit volume. The number of dendrons attached 

to the metal core is decided by a sterically induced stoichiometry as well 

as size of the dendron and diameter of the metal core. As we can see in 

Figure 1.16, only a few atoms on the nanoparticle surface are attached to 

dendrons leaving most of the surface atoms unpassivated. Thus the NCD 

would have most of the atoms on the metal surface exposed to substrates 

capable of penetrating the dendritic shell. The free space or voids present 

on the metal surface will act as guest cavities and can function as “reaction 

vessels’’ for catalytic reactions. These features make NCDs ideally suited 

as nanoreactors for metal-catalyzed reactions.  In chapter 3 of the thesis 

we have described the synthesis and characterization of Pd nanoparticle-

cored dendrimers PdG1–PdG4. In this chapter we have explored the 

catalytic activity of PdG1 in few reactions which are known to be catalyzed 

by Pd(0). The reactions studied include catalytic hydrogenations, Suzuki 

reactions, Stille coupling, Hiyama coupling and Heck reaction. 

 Catalytic hydrogenation is one of the most convenient methods 

for the reduction of organic compounds. It involves the addition of 

hydrogen to one or more unsaturated groups in the molecule or it may 

involve fission of a bond between atoms. These reactions are effected 

simply by shaking a solution of the substrate in a suitable solvent in the 

presence of a catalyst under an atmosphere of hydrogen. At the end of the 

reaction the catalyst is filtered off and the product is obtained from the 

filtrate, in a state of high purity. Most common unsaturated groups in 

organic chemistry such as >C=C<, -C≡C-, >C=O, -COOR, -C≡N, -NO2, and 

aromatic/heterocyclic nuclei can be reduced catalytically under 
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appropriate conditions. In addition, certain other groups such as allylic 

and benzylic hydroxyl and amino groups, carbon-halogen and carbon-

sulfur single bonds readily undergo hydrogenolysis, resulting in the 

cleavage of the bond between the carbon and the hetero atom.  

 Most commonly employed catalysts for hydrogenation reactions 

are Pt and Pd metals. They are exceptionally active catalysts and promote 

the reduction of most functional groups under mild conditions, with the 

notable exception of –COOH, -COOR and –CONR2. The metals can be used 

as finely divided metals or more commonly, supported on suitable carriers 

such as activated carbon, alumina or barium sulfate. Supported Pt and Pd 

metal catalysts are very stable and can be kept for many years without 

appreciable loss of activity, but they are easily deactivated by many 

substances, particularly by compounds of divalent sulfur. Because of this 

reason it is necessary to use pure materials and pure solvents for 

hydrogenation reactions using these catalysts.  

 All functional groups are not hydrogenated with equal ease. 

Table 4.1 shows the approximate order of decreasing ease of catalytic 

hydrogenation of a number of common functional groups. The groups 

near the top of the table can be selectively reduced in the presence of 

groups near the bottom, but preferential reduction of groups at the 

bottom in presence of the more reactive groups at the top is very difficult. 

For example, reduction of a nitro group in the presence of a double bond 

may be achieved by hydrogenation over Pt or Pd, but selective reduction 

of the double bond without affecting the nitro group may be very difficult. 
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 Attempts have been made in the past to modify Pd catalyst so as 

to improve its selectivity. Palladium adsorbed on charcoal (Pd/C) is the 

most widely used catalyst for hydrogenation reactions. But, Pd/C being 

highly active renders poor selectivity. There have been several reports in 

the literature regarding the use of additives with Pd/C to make it selective 

in reduction reactions. Sajiki and co-workers used diphenylsulphide as 

catalyst poison to achieve chemoselective hydrogenation using Pd/C [Mori 

2006; 2008]. This enabled the authors to use the modified Pd catalyst for 

the reduction of olefin and acetylene functionalities without 

hydrogenolysis of aromatic carbonyls and halogens, benzyl esters and N-

Cbz protective groups. It has also been reported that Pd/C poisoned with 

ethylenediamine can selectively hydrogenate alkenes and alkynes in 

presence of aromatic nitriles [Maegawa 2007]. 

Table 4.1 Ease of hydrogenation of different organic functional groups. 
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 In this chapter we have investigated the efficiency of PdG1 as a 

hydrogenation catalyst. Our studies showed that PdG1 can act as highly 

efficient chemoselective catalyst for the hydrogenation of olefins and 

acetylenes under room temperature conditions using a slight positive 

hydrogen pressure. The selectivity of PdG1 for hydrogenation reaction 

was studied using multifunctional substrates and it was found that PdG1 

was highly selective for olefinic and acetylenic bonds in presence of other 

reducible functionalities like –CHO, –NO2, –CN, and labile groups like 

halogens. 

 We have also observed that PdG1 can efficiently catalyze several 

cross coupling reactions that are catalyzed by Pd(0). Palladium catalyzed 

cross-coupling reactions involve assembling of the precursors on the 

metal surface through the formation of metal-carbon bonds. These 

precursors which are placed close to each other on the metal surface will 

undergo coupling to form a new carbon-carbon bond. These reactions 

begin by generating an organopalladium complex (RPdX) which will 

subsequently react with the nucleophile. In 1968, Heck reported the first 

example of these types of reactions which involve formation of styrene by 

the reaction of ethylene with phenylpalladium chloride [Heck 1968 

(a,b,c)]. The arylpalladium precursor required for the reaction was 

prepared by reacting an organomercury compound with a palladium(II) 

salt. During the course of the reaction, the palladium(II) was reduced to 

palladium(0) leading to a slowing down  of the reaction rate. Heck, later 

modified the reaction by using oxidizing additives like CuCl2 which 

reoxidized the palladium(0) back to palladium(II) [Heck 1968 (d)]. In 
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1972, the reaction was further developed and the organopalladium 

complex formation was achieved by the reaction of arylhalide with 

palladium(0) species through an oxidative addition step and this 

important modification resulted in the wide spread use of palladium 

chemistry in organic synthesis [Heck 1972]. 

 Negishi initiated the use of organozirconium and 

organoaluminium compounds in cross coupling reactions and his studies 

showed that organozinc compounds can act as nucleophillic coupling 

partners in palladium catalyzed cross coupling reactions [Negishi 1976; 

1977]. Compared to other organometallic compounds, reactions with 

organozinc precursors are mild, highly selective and superior in terms of 

yield. The use of organoboron compounds in palladium catalyzed cross 

coupling reactions was first reported by Suzuki and co-workers in 1979 

[Suzuki 1979]. The reaction required the presence of an added base, 

which activated the organoboron reagent as boronate intermediate and 

facilitated the transfer of the organic group from boron to palladium 

(transmetallation). The Suzuki reaction is one of the most preferred 

reactions in industry as it involves a more stable organoboronic acid 

which is non-toxic and the reaction conditions required are very mild. 

Other important palladium catalyzed cross coupling reactions includes 

Hiyama and Stille couplings. The former involves the reaction of 

organosilicon compounds while organotin nucleophiles are employed in 

the latter. Scheme 4.1 describes a general mechanism of palladium 

catalyzed cross coupling reactions. 
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Scheme 4.1 Mechanism of palladium catalyzed cross coupling reactions. 

 All these cross coupling reactions have been applied to the 

synthesis of large number of natural products and biologically active 

compounds of complex molecular structure. They have also found 

applications in the fine chemical and pharmaceutical industries. 

Importance of carbon-carbon bond forming reactions is reflected by the 

Nobel Prizes for the Grignard reaction (1912), the Diels-Alder reaction 

(1950), the Wittig reaction (1979) and the olefin metathesis (2005). The 

vital role of palladium catalysis in organic synthesis has now been 

recognized in the form of Nobel Prize in Chemistry (2010), being awarded 

to Professor Ei-ichi Negishi, Professor Arika Suzuki and Professor Richard 

F. Heck.   

 In this chapter we also describe the use of PdG1 as catalyst for C-

C bond forming reactions.  We show that PdG1 can act as an efficient 

catalyst for Suzuki and Stille reactions under mild and aqueous conditions 

with good recyclability of the catalyst. PdG1 could also be employed as 

catalyst for Heck and Hiyama coupling reactions. Results of these studies 

are presented in this chapter. 
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4.3 Results and Discussions 

4.3.1 Catalytic Features of PdG1  

 PdG1 required for the studies was synthesized according to the 

procedure reported in chapter 3. Detailed studies were carried out to 

obtain a clear understanding of the structural aspects of PdG1. Figure 4.1 

shows the TEM image and corresponding core-size histogram of PdG1. 

Figure 4.1 suggests that the palladium clusters are almost spherical with 

an average core diameter of 2.7 nm. The thermogram in Figure 4.1 shows 

that 59 % of the total weight of PdG1 is due to palladium metal and the 

organic shell constitutes the remaining 41% of the weight of PdG1. 

Assuming spherical shape for the particles, average number of Pd atoms in 

a metal cluster (NPd) can be calculated using equation 4.1.  

NPd = d(π/6)D3 (4.1) 

where d is the density of Pd (68 atoms/nm3) and D is the average 

diameter of the cluster.  This calculation gave NPd = 700.45, indicating that 

on an average PdG1 contain 700 Pd atoms.  Atomic weight of Pd is 106.4 

and hence the total weight of Pd in the cluster (WPd) can be given as  

WPd = NPd × 106.4   (4.2) 

This weight of palladium (WPd = 74528) corresponds to 59% of the weight 

of PdG1. Using this value we can calculate the weight of the organic shell 

(WG1), which constitute 41% of the total weight of PdG1. WG1 when divided 

by the molecular weight of the G1 dendron (395) gave the average number 

of dendrons attached to the palladium metal core. The above calculations 
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gave WG1 as 51790, [Gopidas 2003 (c)] which suggested that PdG1 on the 

average contains 131 G1 dendrons attached to the Pd core through Pd-C 

bonds. 
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Figure 4.1 TEM image (left) and thermogram (right) of PdG1. 

It has been reported earlier that in a 1.6 nm spherical Pd cluster 63% of 

palladium atoms are present on the surface of the cluster [Chechik 2000]. 

If we assume that 40% of the palladium atoms in PdG1 are present on the 

surface, then 280 palladium atoms will be present on the surface of the 

cluster. Considering that G1 dendrons are present on the surface of the 

cluster as a monolayer, then 131 palladium atoms on the surface of the 

cluster will be engaged in bonding interaction with the G1 dendrons, 

leaving the remaining 149 binding sites (53% of total surface) on the 

metal surface free. In chapter 2 of this thesis we have indicated the 

possibility of multiple layer formation due to the high reactivity of the aryl 

radical. If multiple layering is actually taking place in the present case, 

then all the 131 G1 ligands will not be bonded to the cluster and the actual 

free sites available on the cluster surface will be more than 53%. These 

results prompted us to propose that at least 53% of surface area on Pd 
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cluster is available for catalytic activity and PdG1 can be a good catalyst if 

the free metal surface is accessible to reactants. In this chapter we have 

investigated the ability of PdG1 to catalyze various reactions which 

include hydrogenation and C-C bond forming reactions and the results are 

presented in the following sections. 

4.3.2 Hydrogenation Reactions Using PdG1 

The unique ability of transition metals to catalyze hydrogenation 

reactions has been exploited efficiently in industrial processes for a long 

time. Hydrogenation of organic functional groups catalyzed by transition 

metals can be achieved using 3 methods. 

(i) Hydrogenation using molecular hydrogen combined with 

homogeneous or heterogeneous catalysts, where the transition 

metal acts as a template on which activated hydrogen and the 

substrate can combine.  

(ii) Transfer hydrogenation using organic molecules to donate 

hydrogen.  In this strategy, the transition metal facilitates the 

transfer of hydrogen from a donor organic molecule to the 

substrate. This method offers an alternative for reducing 

unsaturated substrates without the use of hydrogen gas and the 

typical examples include hydrogenation of unsaturated compounds 

using Pd/C-cyclohexene [Brieger 1974], Pd/C-HCOOH [Entwistle 

1977]. 

(iii) Transition metal – metal hydride reduction using combined 

reagents. Here the transition metal activates a functional group 
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which will undergo reduction by a metal hydride reagent. TiCl4-

LiAlH4 [Chum 1976] and PdCl2-NaBH4 [Russel 1977] are examples 

of transition metal - metal hydride reagents. 

Most commonly used heterogeneous hydrogenation catalysts 

include VIIIth group transition metals like Ru, Co, Rh, Ir, Ni, Pd or Pt. In 

general, heterogeneous catalysts do not favor highly selective 

hydrogenations and the common side reactions include isomerization, 

hydrogenolysis and hydrogen scrambling, especially for palladium 

catalyzed reductions. These short comings of heterogeneous systems 

make a preference to homogeneous catalysts wherever selective 

reduction is needed. Group VIII transition metal complexes like 

[Rh(PPh3)Cl], [HCo(CN)5]3-, [Cr(arene)(CO)3] etc are frequent candidates 

as catalysts in homogeneous hydrogenation reactions. The observed high 

selectivity of homogeneous catalysts results from the fact that they 

contain only one type of active metal center, whereas a heterogeneous 

surface contains a variety of active sites differing in both electronic and 

steric environments [Colquhoun 1984].     

Colloidal transition metal nanoparticles, particularly palladium 

nanoparticles, are frequent candidates as catalysts in hydrogenation 

reactions of organic compounds [Ĉervený 1989; Jiang 2006; Yang 2006; 

Vasylyev 2006; Mori 2008; Ornelas 2008; Bhattacharjee 2009; Jurčík 

2009]. Fox and co-workers [Gopidas 2003 (c)] have synthesized thiol 

stabilized Pd-NCDs and successfully demonstrated their ability to catalyze 

Suzuki and Heck cross coupling reactions. These NCDs, however, failed to 

catalyze hydrogenation reactions. In the presence of hydrogen, 
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hydrogenolysis of the C-S bonds occurred leading to decomposition of the 

NCD and precipitation of Palladium metal. Fan and co-workers [Wu 2006; 

2008] attempted the catalytic hydrogenation of simple monofunctional 

organic molecules like styrene and nitrobenzene using phosphine oxide 

stabilized Pd-NCDs. These NCDs, even though successfully catalyzed the 

hydrogenation of simple organic molecules, required elevated reaction 

temperatures and relatively high hydrogen pressures. The authors also 

observed that the catalyst recovered after the first reaction cycle was 

inactive for further runs thereby limiting its recyclability which is a very 

important parameter in catalysis. In this chapter we show that PdG1 is a 

very effective catalyst for the chemoselective hydrogenation of olefinic 

and acetylenic bonds at room temperature and atmospheric pressure in 

the presence of other reducible groups like -CHO, -NO2 and halogens.  

 All PdG1 catalyzed hydrogenation reactions described in this 

section were carried out at room temperature conditions. In a typical 

experiment the substrate (actual amount of substrate depended on its 

solubility in ethyl acetate and varied from 0.5 to 2.5 mM) to be reduced 

and 5 mg PdG1 were dissolved in ethyl acetate (15 mL) and the mixture 

was stirred under slight positive pressure of hydrogen (maintained using 

a hydrogen filled balloon) for 4 - 7 h. The progress of the reaction was 

monitored using GC-MS analysis. After the reaction, solvent was removed 

and the products were extracted into ether. The ether extract, containing 

insoluble PdG1 was decanted and passed through a small pad of silica to 

remove any suspended impurities. Ether was then removed to get pure 
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products. The efficiencies of catalytic reactions are usually evaluated in 

terms of ‘turn-over numbers’ (TON) and ‘turn-over frequencies’ (TOF).  

 TON = Number of moles of product / Number of moles of catalyst 

  TOF = TON / Reaction time 

For calculating TON, the catalyst PdG1 was considered as a single 

molecular entity consisting of a 700 Pd atom core and a shell of 131 

dendrons [Gopidas 2003 (c)]. In Table 4.2, we present the results of the 

hydrogenation reactions of two arylethylenes and two arylacetylenes. The 

olefinic/acetylenic bonds in these substrates were reduced in high yields 

at relatively short time periods. The aryl groups were unaffected. Yields 

reported in Table 4.2 are isolated yields and the products were well 

characterized by spectroscopic techniques. 

Table 4.2 Hydrogenation reactions of monofunctional substrates catalyzed 

by PdG1.  
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We have also carried out hydrogenation reactions of 

multifunctional organic substrates shown in Table 4.3 using the same 

protocol described earlier. In addition to C=C or C≡C, these substrates 

contained functional groups such as CHO, NO2, CN, COOCH3, or halogens. 

All the products shown in Table 4.3 were isolated and unambiguously 

characterized using spectroscopic methods.  

Table 4.3 Hydrogenation reactions of multifunctional substrates catalyzed 

by PdG1.  
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It can be seen from Table 4.2 and 4.3 that product yields are nearly 

quantitative and reaction times were low compared to hydrogenation 

reactions of similar substrates using other palladium catalysts where the 

complete reduction of substrates including aromatic rings results, though 

under drastic conditions and longer periods [Kogan 2002]. Inspection of 

Table 4.3 also reveals that PdG1 is a very selective catalyst for the 

reduction of C=C and C≡C at room temperature and mild hydrogen 

pressure, even in presence of sensitive groups like nitro. Selective 

reduction of carbon-carbon multiple bonds in multifunctional organic 

molecules is always challenging especially in presence of groups like NO2 

and CHO which can also undergo reduction under the hydrogenation 

conditions [Mori 2006; 2008; Callis 2007; Maegawa 2009]. In PdG1 

catalyzed hydrogenations, these groups remain unaffected. The TON and 

TOF shown in Tables 4.2 and 4.3 are very high. For entries A1 and A2 in 

Table 4.2, TON is > 54,000. It can be noted that even for reduction of 

substrate A13 in Table 4.3, involving simultaneous reduction of four C=C 

bonds, TON/TOF values are very high, suggesting that PdG1 is a very 

efficient hydrogenation catalyst. 

 In Table 4.4 we present structures of few substrates which were 

unaffected under the hydrogenation conditions employed. It can be seen 

that halogens (Cl, Br and I) and endocyclic double bonds are unaffected 

under the reaction conditions. At present we are unable to comment on 

the reasons for the observed chemoselectivity with PdG1 which requires 

reasonable understanding of the reaction mechanism. 
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Table 4.4 Inert functionalities towards hydrogenation catalysed by PdG1.  

 

Designing an efficient hydrogenation catalyst that can perform 

under mild reaction conditions with high chemoselectivity is still an active 

challenge in organic synthesis. The highly active catalytic nature of Pd/C 

systems make them poor in selectivity for the hydrogenation of 

multifunctional substrates. For example, in our control experiments with 

substrates A6 and A12 in Table 4.3, Pd/C (10%) did not exhibit any 

selectivity and gave mixtures of products arising from the reduction of 

nitro and olefinic groups. It is reported that the high catalytic activity of 

Pd/C can be lowered to some extent by the addition of suitable catalyst 

poisons, thereby achieving selectivity [Mori 2006; 2008; Maegawa 2009]. 

Examples include the use of Pd/C-ethylenediamine complex [Hattori 

2001], Pd-polyethyleneimine complex [Sajiki 2008], Pd/C-diphenyl sulfide 
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complex [Mori 2008], Pd-fibroin complex [Kitamura 2007] etc. But, the 

presence of these additives may demand their separation from the final 

products after reaction. Thus, if chemoselective hydrogenation is desired 

PdG1 is a better choice.  

We observed that most of the PdG1 could be recovered and reused 

without loss of catalytic activity. Phenylacetylene was used for the catalyst 

recovery study. In a typical experiment, phenyacetylene (2 mmol) and 

PdG1 (5 mg) were taken in ethyl acetate and stirred in hydrogen 

atmosphere for 6 h. Ethyl acetate was then removed by rotary 

evaporation. Ether (2 × 15 mL) was added, stirred for a few minutes and 

carefully decanted leaving the insoluble PdG1 in the flask. Fresh substrate 

and ethyl acetate were added and reaction repeated. We observed that the 

hydrogenation reactions went to completion for three cycles after which 

product yields decreased, most probably due to incomplete recovery of 

catalyst in the previous cycles. The results are summarized in Table 4.5 

and Figure 4.2. 

Table 4.5 Catalyst recovery studies using PdG1. 
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Figure 4.2 Recyclability of PdG1 for hydrogenation reaction. 

Although the use of DENs as hydrogenation catalyst has been 

established, there are only few reports regarding the use of Pd-NCDs for 

hydrogenation [Jiang 2006; Yang 2006]. In a recent report Fan and co-

workers [Wu 2006; 2008] described the use of a phosphine dendrimer 

stabilized Pd-NCD as hydrogenation catalyst under elevated temperature 

and pressure conditions. This NCD, however, could not be recycled. Our 

observations clearly show that PdG1 is more stable and active than other 

NCDs reported earlier. We have also studied the hydrogenation reactions 

catalyzed by PdG1 at high hydrogen pressures and extended reaction 

times as shown in Table 4.6. The reactions were carried out in a Parr 

Hydrogenation Apparatus using a hydrogen pressure of 40 psi (2.7 atm). 

The results shows that groups like –NO2 and –CHO which were unaffected 

at low hydrogen pressure conditions also could be reduced by increasing 

the hydrogen pressure. Our studies show that it is possible to use PdG1 as 

a selective catalyst wherein the reaction can be controlled to the desired 

product by changing the reaction conditions. 
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Table 4.6 High pressure hydrogenation reactions catalyzed by PdG1. 

 

4.3.3 PdG1 Catalyzed C-C Bond Forming Reactions 

 Among all the transition metal catalysts used for cross-coupling 

reactions in organic synthesis, palladium is the most important one owing 

to its remarkable ability in catalyzing C-C bond forming reactions 

[Köllhofer 2003; Tang 2003; Walker 2004; Kumar 2004; Schutz 2004; 

Shen 2005; Tsuji 1995]. A Pd(0) complex such as [Pd(PPh3)4] is the most 

commonly employed catalyst for this purpose. An alternative strategy is to 

employ a Pd(II) salt as precatalyst in the presence of ligands such as PPh3 

capable of reducing Pd(II) to Pd(0). Since PPh3 is not an environmentally 

green reagent, [Beletskaya 2000] phosphine free conditions such as the 

Jeffery’s protocol [Jeffery 1998; 1996] involving the use of 

tetraalkylammonium halides and palladacycles are also employed and 

these aspects have been recently reviewed by Beletskaya [2000]. 

Important palladium catalyzed C-C bond forming reactions include Heck, 

Sonogashira, Suzuki, Stille, Negishi, Hiyama, Corriu-Kumada, Tsuji-Trost 

and Ullmann reactions. The presence of palladium nanoparticles in some 

of these reactions were first suggested by Reetz et al. and later it has been 

established that nanometer sized colloidal palladium can also efficiently 
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catalyze C-C bond forming reactions [Bradley 1994; Reetz 1994; 1996; 

2000; 2004; Beller 1996; Klingelhoefer 1997; Bars 1999; Ding 2000;  Li 

2000]. These reports led to a tremendous growth in the field of 

nanocatalysis, which resulted in the extensive use of colloidal transition 

metal nanoparticles as catalysts for different cross coupling reactions. 

Detailed studies have also been carried out to obtain a deeper insight into 

the mechanistic aspects of these reactions including the effect of 

nanoparticle size, reaction time, concentration and nature of the capping 

ligand on product formation process [Pathak 2000; Rahim 2001; 

Deshmukh 2001; Narayanan 2003; 2005 (a,b,c); Rocaboy 2002; 

Battistuzzi 2002; Hamill 2002; Kim 2002; Yin 2007; Bergbreiter 2009]. In 

the present work, ability of PdG1 to catalyze different cross coupling 

reactions has been studied and the details are discussed in the following 

sections. 

4.3.4 Suzuki Reaction 

Suzuki reaction involves the coupling of an aryl boronic acid with 

an aryl halide in the presence of a palladium catalyst and an added base 

(Scheme 4.2) [Miyaura 1995; Suzuki 1999; Littke 2002].  

Ar-X ArB(OH)2 Ar-Ar+
Pd catalyst

Base

X = I, Br  

Scheme 4.2 General scheme of Suzuki reaction. 

The advent of versatile synthetic routes for boron compounds 

increased the wide spread use of Suzuki coupling [Astruc 2005; 2007]. We 



Chapter 4: Catalytic Applications of PdG1 137 

observed that PdG1 can efficiently catalyze Suzuki reactions. As the 

reaction involve the use of a base, an attempt was made to find out the 

most suitable base that could be used along with PdG1 for the Suzuki 

coupling reaction. For this purpose we have studied the reaction between 

phenylboronic acid and 4-iodoanisole using PdG1 and the different bases 

shown in Table 4.7.  

Table 4.7 Effect of base on Suzuki coupling catalyzed by PdG1. 

 

It is evident from Table 4.7 that the reaction time and yield varied 

significantly with the type of base employed. For example, with 

triethylamine, the product yield was very poor even after 24 hours. Even 
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though sodium hydroxide appears to be the most suitable base which 

catalyzes the reaction to quantitative yields in short reaction time, 

formation of palladium black was rather high in this reaction. We 

concluded that K3PO4 is the most suitable base for this purpose and hence 

we used this base to carry out all the Suzuki reactions reported here. 

 Tables 4.8 – 4.10 show results of the Suzuki reactions we have 

carried out using PdG1 catalyst. In a typical reaction the arylboronic acid 

(0.8 mmol) and the aryl halide (0.8 mmol) were dissolved in 

tetrahydrofuran (5 mL) taken in a dry RB flask containing 1 mg PdG1 and 

refluxed with an aqueous solution (5 mL) of K3PO4.3H2O (2 mmol) for 6 h.  

Organic layer was separated and purified by column chromatography. In 

all cases the products were unambiguously characterized by 1H NMR 

spectroscopy/GC-MS analysis.  

 Table 4.8 shows the Suzuki reaction of phenylboronic acid with 

different aryl halides. The aryl iodides selected for these studies included 

substrates possessing different electroactive groups like electron 

withdrawing nitro and carboxylic acid groups as well as electron donating 

methoxy and methyl substitutents. It can be seen that regardless of the 

electroactive nature of substituent present on the aryl halide, all the 

reactions proceeded smoothly to give quantitative product yields. Aryl 

bromides were also found to be reactive for the Suzuki reaction using 

PdG1 catalyst.  
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Table 4.8 Suzuki coupling of phenylboronic acid catalyzed by PdG1. 

 

Naphthaleneboronic acid also showed an almost similar reactivity 

as phenylboronic acid in the PdG1 catalyzed Suzuki coupling. Results 

summarized in Table 4.9 show that the electron donating or withdrawing 

nature of the substituents did not influence the product yields.  

 

 

 



Chapter 4: Catalytic Applications of PdG1 140 

Table 4.9 Suzuki coupling of 1-naphthylboronic acid catalyzed by PdG1. 

 

 Table 4.10 comprises the reaction of cyanophenylboronic acid with 

different aryl iodides. It can be seen that the product yields obtained here 

are lower than those with obtained with phenyl and naphthylboronic 

acids. However, when nitro group was present as substituent on the aryl 

iodide, the yield was high. It could be noted that in all these reactions, we 

have not observed any oxygen interference as encountered in usual 

palladium catalyzed Suzuki reactions. 
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Table 4.10 Suzuki coupling of 4-cyanophenylboronic acid catalyzed by 

PdG1. 

 

4.3.4.1 Suzuki reaction using heteroaromatics 

 We have also studied Suzuki reactions between heteroaromatics 

and boronic acids using PdG1 catalyst. We used 3-iodopyridine as the 

heteroaromatic component and the results obtained are shown in Table 

4.11. The general procedure described earlier was adopted here also. It is 

evident from the studies that PdG1 can act as good catalyst for the 

coupling of heteroaryl halides with different boronic acids. However, the 

product yields were found to be lower than those obtained with simple 

aryl halides. Formation of homocoupled products (coupling occurs at the 

position occupied by boronic acid group) was also observed in these 

reactions, which can be a possible reason for the low yield.  
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Table 4.11 Suzuki coupling of 3-iodopyridine catalysed by PdG1. 

 

4.3.4.2 Recyclability of PdG1 for Suzuki reaction 

 The reusability of PdG1 in Suzuki coupling reactions was evaluated 

using phenylboronic acid and 4-iodoanisole as substrates. In a typical 

experiment 0.4 mmol each of phenylboronic acid and 4-iodoanisole were 

refluxed in THF containing PdG1 (5 mg) and K3PO4 (1 mmol) for 6 h. THF 

was removed and product extracted into ether. PdG1 being insoluble in 

ether adheres to the walls of the flask. Ether solution was decanted and 

product isolated. Fresh amounts of reactants were added to the flask 

containing the PdG1 and reaction repeated. Yields of products obtained for 

5 cycles are summarized in Table 4.12 and plotted in Figure 4.3. It can be 

noted from Table 4.12 that PdG1 exhibited good recyclability. 
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Table 4.12 Catalyst recovery study of Suzuki coupling catalyzed by PdG1. 
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Figure 4.3 Recyclability of PdG1 for Suzuki coupling. 

4.3.4.5 Selectivity of halides for PdG1 catalyzed Suzuki reaction 

 The previously reported palladium NCDs [Wu 2006; 2008] were 

capable of efficiently catalyzing Suzuki reaction of aryl chlorides with 

boronic acids. However, we observed that PdG1 did not catalyze Suzuki 

reactions between aryl chlorides and boronic acids even when the halide 

component contained activating substituents such as nitro and carbonyl. 

We observed that when the halogen component contained chloro and iodo 

groups, the PdG1 catalyzed Suzuki reaction occurred only with the iodo 

substituents as shown in Table 4.13.  
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Table 4.13 Substrate selectivity for Suzuki coupling catalyzed by PdG1.  

 

4.3.4.6 Role of capping dendrons in PdG1 catalyzed Suzuki reaction

 As mentioned in the experimental section, we have observed the 

formation of small amounts of palladium black in all these reactions. 

Formation of palladium black in these reactions can be either due to 

decomposition of partially protected NCDs present in the catalyst or due 

to Ostwald ripening. It has been reported in the literature that harsh 

conditions employed in nanocatalysis can induce Ostwald ripening of the 

nanoparticles which ultimately leads to precipitation of the metal 

nanoparticle [Narayanan 2003; 2005 (a,b,c); 2008]. Ostwald ripening is a 

cluster growth mechanism which involves detachment of atoms from 
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small clusters having higher surface energy followed by reattachment of 

these atoms to more stable larger clusters possessing lower surface 

energy. Thus, with time the larger cluster grows in size while the smaller 

ones go into solution [Imre 2000; Howard 2002]. The extend of this 

ripening process depends upon the nature of the capping ligands used. El-

Sayed and co-workers [Li 2001; Narayanan 2003; 2005 (a,b,c); 2008] 

carried out systematic studies in this regard and observed that an increase 

in the number of capping ligands on the nanoparticle surface decreases 

the rate of Ostwald ripening due to the unavailability of free 

surfaces/defective sites on the nanoparticle surface. But, in such cases the 

observed catalytic activity will be less owing to the blocking of active sites 

on the nanoparticle surface. In the present case, the fraction of 

nanoparticle surface occupied by the dendron ligand is less and chances of 

Ostwald ripening taking place is more.  

 A comparative study of the rate of leaching for dendrimer stabilized 

and polymer stabilized palladium nanoparticles has been carried out by 

the groups of El-Sayed [Narayanan 2004] and de Jesús [Bernechea 2009]. 

Their studies indicated that even though the leaching process occurs 

almost equally with both the capping ligands, the possibility of the leached 

out metal atoms to go off from the palladium core is less for dendron 

ligands due to the steric congestion provided by the dendrons. As a result, 

a major fraction of the metal atoms will be preserved inside the dendron 

itself and these atoms can reattach to the parent metal core. This fact is 

reflected in the good recyclability of the dendrimer protected metal 

nanoparticles. On the other hand, polymer ligands will not be able to 
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provide the steric covering thus allowing the leached out atoms to get 

away from the initial palladium core which will reattach to growing 

nanoclusters leading to eventual precipitation of palladium black. The 

leaching followed by precipitation process results in a decrease in the 

amount of colloidal palladium present in the system and this will have 

direct consequences on the product yield for further reaction cycles.  

 The formation of small amounts of palladium black in the present 

system can be mainly due to Ostwald ripening. It was stated previously 

that nearly 50% of surface atoms in PdG1 are not linked to ligands. Pd 

atoms can get detached from these sites as suggested by El-Sayed and co-

workers. Since the G1 ligand is relatively small, the G1 shell surrounding 

the Pd nanoparticle may not provide sufficient protection to the detached 

atoms. These atoms go into solution and later get attached to partially 

protected NCDs and eventually precipitate out. It may be noted that even 

in the fifth cycle, the yield of product is very high (Table 4.12), indicating 

that the extent of Pd black formation is very small. 

4.3.5 Stille Reaction 

Stille reaction involves the palladium catalyzed coupling of 

substituted aryl tin compounds with aryl halides leading to the formation 

of polyaryl compounds as shown in Scheme 4.3. 

Ar'-X ArSnR3 Ar'-Ar+
Pd catalyst

X = I  

Scheme 4.3 General scheme of Stille coupling. 
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Despite the toxicity of organotin compounds, Stille coupling is considered 

as an important tool in organic synthesis mainly due to the availability of 

different organostannanes along with their compatibility with a wide 

variety of functional groups. A large number of unsymmetrical biaryls 

were synthesized using Stille coupling [Stille 1986; Dumartin 1995; 

Pathak  2000; Kogan 2002; Garcia-Martinez 2005; Caló 2005; Li 2006; Wu 

2006; 2008] .  

We observed that PdG1 can catalyze Stille reactions between 

trimethylphenyltin and aryl iodides. In a typical reaction, equimolar 

amounts (≈1 mmol each) of trimethylphenyltin and aryl iodides and PdG1 

(1 mg) were taken in THF (6 mL) and refluxed for 4 h. The reaction 

mixture was then worked up to get the product which was further purified 

by column chromatography. We have attempted the reaction with few aryl 

iodides in this way and the product structures and yields are given in 

Table 4.14. All products in Table 4.14 were well characterized by 1H NMR 

spectroscopy/GC-MS analysis. Yields shown in Table 4.14 are isolated 

product yields.  

Aryl iodide substrates used for the present studies contained both 

electron withdrawing and electron donating groups. It is evident from 

Table 4.14 that the reaction proceeded equally well with different 

substrates and we have not observed any influence due to the 

electroactive nature of the substituents present on the aryl halide 

substrate on PdG1 catalyzed Stille couplings. As with Suzuki coupling, 

there was no observable oxygen interference for these reactions. All the 
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reactions were carried out under ordinary laboratory conditions without 

employing any special precautions like inert or dry reaction conditions. 

Table 4.14 Stille coupling catalysed by PdG1. 

 

4.3.6 Hiyama Reaction 

Palladium catalyzed cross coupling of organosilicon compounds 

with aryl halides is termed Hiyama reaction (Scheme 4.4) and this is also 

an important method for achieving C-C bond formation in organic 

synthesis.  
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Ar-X ArSi(OCH3)2 Ar-Ar+
Pd catalyst

Base

X = I  

Scheme 4.4 General scheme of Hiyama coupling. 

In the original report 1-iodonaphthalene was reacted with 

trimethylvinylsilane to produce 1-vinylnaphthalene with allylpalladium 

chloride dimer as catalyst and HMPA as solvent. A base or fluoride ion 

source is also required. The reaction possess many advantages such as low 

toxicity, high atom efficiency and safe handling compared with coupling 

reactions of organoboron, organozinc and organotin compounds 

[Hatanaka 1989; 1990; 1994; Gouda 1996; Pichler 1996; Hagiwara 1997; 

Homsi 2001; Denmark 2002; 2006; Pachón 2006].  

We observed that PdG1 can catalyze the Hiyama reaction between 

phenyltrimethoxysilane and aryl iodides. In a typical experiment the 

silane (2 mmol), aryl iodide (1 mmol), PdG1 (1 mg) and a solution of 

tetrabutylammonium fluoride (1.0 M, 2 mL) were taken in dry THF (5 mL) 

and refluxed for 24 h. The reaction mixture was then worked up to get the 

product which was further purified by column chromatography. We have 

attempted the reaction with few aryl iodides in this way and the product 

structures and yields obtained are given in Table 4.15. All products in 

Table 4.15 were well characterized by 1H NMR spectroscopy/GC-MS 

analysis. The isolated product yields are shown in Table 4.15 and these 

were low when compared to those obtained for Suzuki and Stille 

reactions.  
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We have used aryl iodides having different electroactive 

substituents and observed that the product yield was maximum when a 

nitro substituent was present on the aryl halide substrate. It could be 

noted that unlike Suzuki and Stille coupling, dry reaction conditions need 

to be maintained for the Hiyama coupling. We also observed that presence 

of oxygen did not interfere in the PdG1 catalyzed Hiyama coupling 

reactions. 

Table 4.15 Hiyama coupling catalysed by PdG1. 

Si(OMe)
3

I

I

I

I

O

O
2
N

O

O
2
N

 

4.3.7 Heck Reaction  

Heck reaction is one of the most important C-C bond forming reactions in 

organic chemistry. The reaction involves coupling of an activated alkene 

with an aryl/vinyl halide in the presence of a palladium catalyst and base 



Chapter 4: Catalytic Applications of PdG1 151 

to give the aryl substituted alkene as shown in Scheme 4.5 [Mizoroki 

1971; Heck 1972; Beletskaya 2000; Yeung 2001; de Vries 2006].  

 

Scheme 4.5 General scheme of Heck coupling reaction. 

The halide employed in the reaction can be aryl, benzyl or vinyl and the 

alkene must contain at least one proton. Normally an electron deficient 

alkene such as acrylate ester or acrylonitrile is employed. The catalyst can 

be tetrakis(triphenylphosphine)palladium(0), palladium chloride or 

palladium (II) acetate. A ligand such as triphenylphosphine or BINAP is 

usually employed. Bases normally used in the reaction include 

triethylamine, potassium carbonate and sodium acetate. 

We observed that PdG1 can catalyze the Heck reaction between 

styrene and aryl iodides. Aryl iodides with electron donating and 

withdrawing substituents were employed in our studies. In a typical 

experiment styrene (4 mmol) and the aryl iodide (4 mmol) were taken in 

a dry RB flask containing 5 mg PdG1. Triethylamine (8 mmol) and dry 

toluene (10 mL) were added and the reaction mixture refluxed for 24 h 

under argon atmosphere. Solvent was then removed using a rotavapor 

and the residue was chromatographed through an alumina column using 

hexane as eluent. Table 4.16 shows the structures of products and isolated 

yields of the reactions. All products in Table 4.16 were well characterized 

by 1H NMR spectroscopy/GC-MS analysis. As can be seen from Table 4.16 
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yields are low compared with those obtained in Suzuki, Stille and Hiyama 

reactions. We also observed that dry reaction conditions were essential 

for the reaction to take place. 

Table 4.16 Heck coupling catalyzed by PdG1. 

I

I

I

I
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4.4 Conclusions 

 The ability a palladium nanoparticle-cored dendrimer, PdG1, to 

catalyze a few selected organic transformations was evaluated. We 

observed that PdG1 can efficiently catalyze hydrogenation reactions of 

multifunctional organic molecules as well as different C-C bond forming 

reactions like Suzuki, Stille, Heck and Hiyama coupling. The ability of PdG1 

to catalyze chemoselective hydrogenation of multifunctional organic 

molecules was excellent under mild reaction conditions with good 
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recyclability of the catalyst. Reducible functional groups such as nitro and 

carbonyl remained intact while the olefinic and acetylinic bonds 

underwent smooth reduction with large turn over numbers and turn over 

frequencies. The dependence of hydrogen pressure and reaction time on 

the product selectivity was also studied and it was observed that on 

prolonged reaction time and under high hydrogen pressure, functional 

groups such as nitro and aldehyde also underwent reduction. This shows 

that, with multifunctional substrates, the reaction can be fine tuned to the 

desired products by changing the reaction conditions. The Suzuki coupling 

using PdG1 was studied in detail and it was observed that the reactions 

were selective for aryl iodides and bromides while the chlorides were 

inert under the conditions employed. The reactions proceeded smoothly 

under aqueous and mild conditions with little influence exerted by the 

electroactive groups present in the aryl halide substituent. The catalyst 

system showed good recyclability and the reactions were equally feasible 

with heteroaromatic systems as well. PdG1 catalyzed Stille coupling 

reactions of few substrates were also studied and the results indicated 

that PdG1 can catalyze coupling of organostannes under aqueous and mild 

conditions with good yields. Heck and Hiyama couplings were also studied 

using PdG1 and aryl iodides, but product yields were low in these cases. 

Our idea was to develop one palladium catalyst that could be employed in 

all palladium catalyzed reactions. PdG1 seems to fulfill this role reasonably 

well. 
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4.5 Experimental 

4.5.1 Materials and Methods 

Phenylboronic acid, 1-naphthylboronic acid, 4-cyanophenylboronic 

acid, 4-iodotoluene, 4-bromoanisole, 4-iodobenzoic acid, 4-iodophenol, 

phenyltrimethoxy silane, tetra-n-butylammonium fluoride (TBAF), and 

K3PO4.3H2O were purchased from Aldrich and used as received. Solvents 

such as acetone, toluene and dichloromethane (DCM) were obtained from 

MERCK and used as received. Dry tetrahydrofuran (THF) used for the 

synthesis was freshly distilled from sodium benzophenone ketyl.  

Melting points were determined on a Mel-Temp II melting point 

apparatus and are uncorrected. 1H NMR data were obtained from a 300 

MHz Bruker Avance DPX spectrometer. 13C NMR spectra were recorded 

using a 500 MHz Bruker Avance DPX spectrometer. FT-IR spectra were 

recorded on a Shimadzu IR Prestige 21 spectrometer. High-resolution 

mass spectra were obtained by using a JOEL JMS600 mass spectrometer.  

4.5.2 Reaction Conditions and Product Characterization Data for 

PdG1 Catalyzed Reactions 

4.5.2.1 Hydrogenation 

A1: The hydrogenation was carried out using styrene (260.0 mg, 2.4 

mmol). Yield = 238.0 mg (90%); 1H NMR (500 MHz, TMS, CDCl3, δ): 1.204 

– 1.235 (t, 3H, CH3), 2.6 – 2.645 (q, 2H, CH2), 7.13 – 7.177 (m, 3H, 

aromatic), 7.237 – 7.267 (m, 2H, aromatic) ppm. 13C NMR (125 MHz, TMS, 
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CDCl3, δ): 16.0, 29.04, 125.73, 128.03, 128.43, 144.36 ppm. GC-MS (m/z) = 

106 (M+) 

A2: The hydrogenation was carried out using phenylacetylene (255.0 mg, 

2.5 mmol). Yield = 244.0 mg (92%). Product is same as in A1. 

A3: The hydrogenation was carried out using stilbene (100.0 mg, 0.55 

mmol). Yield = 99.0 mg (99 %); 1H NMR (500 MHz, TMS, CDCl3, δ):  2.85 (s, 

4H, CH2), 7.10 – 7.13 (m, 6H, aromatic), 7.18 – 7.22 (m, 4H, aromatic) ppm. 

13C NMR (125 MHz, TMS, CDCl3, δ): 37.95, 126.53, 127.63, 128.69, 130.08, 

141.8 ppm. GC-MS (m/z) = 182 (M+) 

A4: The hydrogenation was carried out using diphenylacetylene (100.0 

mg, 0.56 mmol).  Yield = 100.0 mg (98%). Product is same as in A3. 

A5: The hydrogenation was carried out using cinnamaldehyde (131.0 mg, 

1 mmol). Yield = 108.0 (81%); 1H NMR (500 MHz, TMS, CDCl3, δ): 2.636 – 

2.669 (m, 2H, CH2), 2.826 – 2.857 (t, 2H, CH2), 7.079 – 7.114 (m, 3H, 

aromatic), 7.172 – 7.202 (m, 2H, aromatic), 9.682 – 9.687 (t, 1H, CHO) 

ppm.  13C NMR (125 MHz, TMS, CDCl3, δ): 28.13, 45.27, 126.33, 128.34, 

128.64, 140.41, 201.03 ppm. GC-MS (m/z) = 134 (M+) 

A6: The hydrogenation was carried out using 1-nitro-4-styrylbenzene 

(100.0 mg, 0.44 mmol). Yield = 99.0 mg (98%); 1H NMR (500 MHz, TMS, 

CDCl3, δ): 2.96 – 2.99 (t, 2H, CH2), 3.04 – 3.08 (t, 2H, CH2), 7.14 – 7.15 (m, 

2H, aromatic), 7.16 – 7.24 (m, 1H, aromatic), 7.27 – 7.31 (m, 4H, aromatic), 

8.13 – 8.14 (m, 2H, aromatic) ppm.  13C NMR (125 MHz, TMS, CDCl3, δ): 
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36.17, 36.62, 122.56, 125.28, 127.40, 128.31, 139.43, 145.42, 148.38 ppm. 

GC-MS (m/z) = 227 (M+). 

A7: The hydrogenation was carried out using 1-methoxy-4-styrylbenzene 

(100.0 mg, 0.48 mmol). Yield = 100.0 mg (98%); 1H NMR (500 MHz, TMS, 

CDCl3, δ): 2.78 – 2.79 (m, 4H, CH2), 3.68 (s, 3H, OCH3), 6.72 – 6.74 (m, 2H, 

aromatic), 6.99 – 7.0 (m, 2H, aromatic), 7.07 – 7.11 (m, 3H, aromatic), 7.17 

– 7.2 (m, 2H, aromatic) ppm.  13C NMR (125 MHz, TMS, CDCl3, δ): 37.08, 

38.26, 55.28, 113.79, 125.92, 128.36, 128.53, 129.40, 133.93, 141.91, 

157.89 ppm. GC-MS (m/z) = 212 (M+) 

A8: The hydrogenation was carried out using cinnamic acid (100.0 mg, 

0.68 mmol). Yield = 97.0 mg (95%); 1H NMR (500 MHz, TMS, CDCl3, δ): 

2.593 – 2.624 (t, 2H, CH2), 2.868 – 2.899 (t, 2H, CH2), 7.124 – 7.15 (m, 3H, 

aromatic), 7.205 – 7.235 (m, 2H, aromatic) ppm. 13C NMR (125 MHz, TMS, 

CDCl3, δ): 29.5, 34.54, 125.3, 127.19, 127.5, 139.08, 177.98 ppm. GC-MS 

(m/z) = 150 (M+) 

A9: The hydrogenation was carried out using methyl cinnamate (100.0 

mg, 0.62 mmol). Yield = 99.0 mg (98%); 1H NMR (500 MHz, TMS, CDCl3, δ): 

2.49 – 2.521 (t, 2H, CH2), 2.814 – 2.845 (t, 2H, CH2), 3.529 (s, 3H, CH3), 

7.066 – 7.087 (m, 3H, aromatic), 7.145 – 7.175 (m, 2H, aromatic) ppm. 13C 

NMR (125 MHz, TMS, CDCl3, δ): 30.97, 35.61, 52.09, 126.3, 128.31, 128.55, 

140.56, 173.3 ppm. GC-MS (m/z) = 164 (M+) 

A10: The hydrogenation was carried out using chalcone (100.0 mg, 0.48 

mmol). Yield = 100.0 mg (99%); 1H NMR (500 MHz, TMS, CDCl3, δ): 2.98 – 

3.01 (m, 2H, CH2), 3.21 – 3.24 (m, 2H, CH2), 7.13 – 7.17 (m, 1H, aromatic), 
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7.18 – 7.21 (m, 2H, aromatic), 7.22 – 7.24 (m, 1H, aromatic), 7.36 – 7.39 

(m, 2H, aromatic), 7.4 – 7.48 (m, 2H, aromatic), 7.88 – 7.9 (m, 2H, 

aromatic) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 30.13, 40.47, 125.86, 

126.15, 128.44, 128.54, 128.62, 133.08, 136.85, 141.3, 199.26 ppm. GC-MS 

(m/z) = 210 (M+) 

A11: The hydrogenation was carried out using 1,5-diphenylpenta-2,4-

dien-1-one (100.0 mg, 0.43 mmol). Yield = 99.0 mg (98%); 1H NMR (500 

MHz, TMS, CDCl3, δ): 1.61 – 1.72 (m, 4H, CH2), 2.56 – 2.59 (t, 2H, CH2), 2.87 

– 2.9 (t, 2H, CH2), 7.08 – 7. 1 (m, 3H, aromatic), 7.17 – 7.19 (m, 2H, 

aromatic), 7.34 – 7.37 (m, 2H, aromatic), 7.44 – 7.45 (m, 1H, aromatic), 

7.84 – 7.86 (m, 2H, aromatic) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 

22.96, 30.05, 34.76, 37.36, 124.71, 127.0, 127.28, 127.36, 127.52, 131.86, 

136.04, 141.2, 199.2 ppm. GC-MS (m/z) = 238 (M+) 

A12: The hydrogenation was carried out using 5-(4-nitrophenyl)-1-

phenylpenta-2,4-dien-1-one (100.0 mg,  0.36 mmol).  Yield = 96.0 mg 

(95%);  1H NMR (500 MHz, TMS, CDCl3, δ): 1.76 – 1.82 (m, 4H, CH2), 2.78 – 

2.81 (t, 2H, CH2), 3.01 – 3.04 (t, 2H, CH2), 7.34 – 7.36 (m, 2H, aromatic), 

7.46 – 7.49 (m, 2H, aromatic), 7.56 – 7.59 (m, 1H, aromatic), 7.95 – 7.97 

(m, 2H, aromatic), 8.14 – 8.16 (m, 2H, aromatic) ppm. 13C NMR (125 MHz, 

TMS, CDCl3, δ): 23.71, 30.52, 35.75, 38.12, 123.65, 127.99, 128.62, 129.18, 

133.08, 136.9, 146.13, 150.12, 199.84 ppm. GC-MS (m/z) = 283 (M+) 

A13: The hydrogenation was carried out using 1,10-diphenylnona-1,3,7,9-

tetraen-5-one (100.0 mg, 0.34 mmol). Yield = 96.0 mg (94%); 1H NMR 

(500 MHz, TMS, CDCl3, δ): 1.51 – 1.54 (m, 8H, CH2), 2.29 – 2.32 (m, 4H, 
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CH2), 2.51 – 2.54 (m, 4H, CH2), 7.07 – 7.1 (m, 6H, aromatic), 7.17 – 7.19 (m, 

4H, aromatic) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 23.5, 31.03, 35.77, 

42.61, 125.77, 128.32, 128.4, 142.23, 211.01 ppm. 

4.5.2.2 Suzuki coupling catalyzed by PdG1 

B1: The reaction was carried out using phenylboronic acid (50.0 mg, 0.4 

mmol) and iodobenzene (82.0 mg, 0.4 mmol). Yield = 60.0 mg (97%); 1H 

NMR (500 MHz, TMS, CDCl3, δ): 7.314 – 7.346 (m, 2H, aromatic), 7.408 – 

7.438 (m, 4H, aromatic), 7.574 – 7.592 (m, 4H, aromatic) ppm. 13C NMR 

(125 MHz, TMS, CDCl3, δ): 127.23, 128.77, 128.87, 141.29 ppm. 

B2: The reaction was carried out using phenylboronic acid (50.0 mg, 0.4 

mmol) and 4-iodotoluene (93.0 mg, 0.4 mmol). Yield = 65.0 mg (95%); 1H 

NMR (500 MHz, TMS, CDCl3, δ): 2.39 (s, 3H, CH3), 7.24 – 7.26 (d, 2H, 

aromatic), 7.32 – 7.33 (m, 1H, aromatic), 7.41 – 7.44 (t, 2H, aromatic), 7.48 

– 7.5 (d, 2H, aromatic), 7.57 – 7.58 (d, 2H, aromatic) ppm. 

B3: The reaction was carried out using phenylboronic acid (50.0 mg, 0.4 

mmol) and 4-iodoanisole (100.0 mg, 0.4 mmol). Yield =  70.0 mg (95%); 

1H NMR (500 MHz, TMS, CDCl3, δ): 3.84 (s, 3H, OCH3), 6.96 – 6.98 (m, 2H, 

aromatic), 7.23 (m, 1H, aromatic), 7.28 – 7.31 (m, 2H, aromatic), 7.39 – 7.4 

(m, 4H, aromatic) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 55.36, 114.21, 

126.67, 126.75, 128.17, 128.74, 133.79, 140.84, 159.15 ppm. 

B4: The reaction was carried out using phenylboronic acid (50.0 mg, 0.4 

mmol) and 1-iodo-4-nitrobenzene (99.0 mg, 0.4 mmol). Yield = 76.0 mg 

(96%); 1H NMR (500 MHz, TMS, CDCl3, δ): 7.424 – 7.504 (m, 3H, aromatic), 
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7.508 – 7.51 (m, 2H, aromatic), 7.603 – 7.73 (m, 2H, aromatic), 8.25 – 8.35 

(m, 2H, aromatic) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 124.11, 127.39, 

127.80, 128.94, 129.17, 138.76, 147.08, 147.63 ppm. 

B5: The reaction was carried out using phenylboronic acid (50.0 mg, 0.4 

mmol) and 4-iodobenzoic acid (99.0 mg, 0.4 mmol). Yield = 67.0 mg 

(85%); 1H NMR (500 MHz, TMS, CDCl3, δ): 7.35 – 7.36 (m, 1H, aromatic), 

7.4 – 7.43 (t, 2H, aromatic), 7.57 – 7.59 (d, 2H, aromatic), 7.63 – 7.65 (d, 

2H, aromatic), 8.11 – 8.13 (d, 2H, aromatic) ppm. 13C NMR (125 MHz, TMS, 

CDCl3, δ): 126.16, 126.31, 126.92, 127.27, 127.95, 129.72, 138.88, 145.47, 

169.9 ppm. 

B6: The reaction was carried out using phenylboronic acid (50.0 mg, 0.4 

mmol) and 4-bromoanisole (75.0 mg, 0.4 mmol). Yield = 66.0 mg (89%). 

Product is same as in B3.  

B7: The reaction was carried out using naphthalene-1-ylboronic acid 

(73.0 mg, 0.4 mmol) and 4-iodotoluene (91.0 mg, 0.4 mmol). Yield = 86.0 

mg (94%); 1H NMR (500 MHz, TMS, CDCl3, δ): 2.46 (s, 3H, CH3), 7.3 – 7.31 

(m, 2H, aromatic), 7.39 – 7.43 (m, 4H, aromatic), 7.47 – 7.53 (m, 2H, 

aromatic), 7.84 – 7.85 (m, 1H, aromatic), 7.89 – 7.93 (m, 2H, aromatic) 

ppm. 

B8: The reaction was carried out using naphthalene-1-ylboronic acid 

(73.0 mg, 0.4 mmol) and 4-iodoanisole (100.0 mg, 0.4 mmol). Yield = 92.0 

mg (93%); 1H NMR (500 MHz, TMS, CDCl3, δ): 3.89 (s, 3 H, OCH3), 7.02 – 

7.04 (d, 2H, aromatic), 7.4 – 7.44 (m, 4 H, aromatic), 7.47 – 7.52 (m, 2H, 

aromatic), 7.83 – 7.84 (d, 1H, aromatic), 7.89 – 7.93 (q, 2H, aromatic) ppm. 
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13C NMR (125 MHz, TMS, CDCl3, δ): 55.37, 113.73, 125.41, 125.71, 125.93, 

126.08, 126.92, 127.34, 128.27, 131.12, 131.84, 133.14, 133.85, 139.92, 

158.95 ppm. 

B9: The reaction was carried out using 1-naphthylboronic acid (73.0 mg, 

0.4 mmol) and 1-iodo-4-nitrobenzene (104.0 mg, 0.4 mmol). Yield = 99.0 

mg (95%); 1H NMR (500 MHz, TMS, CDCl3, δ): 7.416 – 7.430 (m, 1H, 

aromatic), 7.457 – 7.490 (m, 1H, aromatic), 7.518 – 7.569 (m, 2H, 

aromatic), 7.648 – 7.675 (m, 2H, aromatic), 7.77 – 7.787 (d, 1H, aromatic), 

7.921 – 7.946 (m, 2H, aromatic), 8.335 – 8.362 (d, 2H, aromatic) ppm.  13C 

NMR (125 MHz, TMS, CDCl3, δ): 123.6, 124.85, 125.14, 125.33, 126.24, 

126.75, 127.1, 128.58, 128.97, 130.93, 133.79, 137.79, 138.67, 147.69 

ppm. 

B10: The reaction was carried out using naphthalene-1-ylboronic acid 

(73.0 mg, 0.4 mmol) and 4-iodobenzoic acid (104.0 mg, 0.4 mmol). Yield = 

92.0 mg (88%); 1H NMR (500 MHz, TMS, CDCl3, δ):7.46 – 7.5 (m, 2H, 

aromatic), 7.53 – 7.59 (m, 2H, aromatic), 7.64 – 7.66 (m, 2H, aromatic), 

7.87 – 7.89 (m, 1H, aromatic), 7.92 – 7.96 (m, 2H, aromatic), 8.26 – 8.29 

(m, 2H, aromatic) ppm.   

B11: The reaction was carried out using naphthalene-1-ylboronic acid 

(138.0 mg, 0.8 mmol) and 4-bromoanisole (0.1 mL, 0.8 mmol). Yield = 

154.0 mg (82%). Product is same as in B8.  

B12: The reaction was carried out using 4-cyanophenylboronic acid 

(132.0 mg, 0.9 mmol) and 4-iodobenzene (0.1 mL, 0.9 mmol). Yield = 

116.0 mg (72%). 1H NMR (500 MHz, TMS, CDCl3, δ): 7.34 – 7.37 (m, 1H, 
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aromatic), 7.4 – 7.43 (m, 2H, aromatic), 7.51 – 7.53 (m, 2H, aromatic), 7.6 – 

7.62 (m, 2H, aromatic), 7.65 – 7.67 (m, 2H, aromatic) ppm.  13C NMR (125 

MHz, TMS, CDCl3, δ): 110.74, 118.81, 127.08, 127.59, 128.51, 128.96, 

132.45, 139.02, 145.53 ppm. 

B13: The reaction was carried out using 4-cyanophenylboronic acid (120 

mg, 0.8 mmol) and 4-iodoanisole (187.0 mg, 0.8 mmol). Yield = 120.0 mg 

(70%). 1H NMR (500 MHz, TMS, CDCl3, δ): 3.84 (s, 3H, OCH3), 6.96 – 6.98 

(m, 2H, aromatic), 7.28 – 7.31 (m, 2H, aromatic), 7.39 – 7.4 (m, 4H, 

aromatic) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 55.36, 114.21, 126.67, 

126.75, 128.17, 128.74, 133.79, 140.84, 159.15 ppm. 

B14: The reaction was carried out using 4-cyanophenylboronic acid 

(100.0 mg, 0.7 mmol) and 4-iodonitrobenzene (169.0 mg, 0.7 mmol). Yield 

= 145.0 mg (95%). 1H NMR (500 MHz, TMS, CDCl3, δ): 7.735 – 7.816 (m, 

6H, aromatic), 8.343 – 8.36 (d, 2H, aromatic) ppm. 13C NMR (125 MHz, 

TMS, CDCl3, δ): 112.67, 118.36, 124.37, 128.11, 128.17, 132.92, 143.13, 

145.39, 147.91 ppm. 

B15: The reaction was carried out using phenylboronic acid (52.0 mg, 

0.43 mmol) and 3-iodopyridine (87.0 mg, 0. 43 mmol). Yield = 50.0 mg 

(75%); 1H NMR (500 MHz, TMS, CDCl3, δ): 7.354 – 7.417 (m, 2H, aromatic), 

7.46 – 7.49 (m, 2H, aromatic), 7.567 – 7.585 (m, 2H, aromatic), 7.866 – 

7.89 (m, 1H, aromatic), 8.579 – 8.591 (m, 1H, aromatic), 8.846 – 8.85 (m, 

1H, aromatic) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 123.66, 127.34, 

128.17, 129.55, 134.55, 136.76, 137.72, 148.16, 148.28 ppm. 
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B16: The reaction was carried out using 1-naphthylboronic acid (100.0 

mg, 0.58 mmol) and 3-iodopyridine (119.0 mg, 0.58 mmol). Yield = 73.0 

mg (61%);  1H NMR (500 MHz, TMS, CDCl3, δ): 7.22 – 7.28 (m, 2H, 

aromatic), 7.296 – 7.312 (m, 1H, aromatic), 7.339 – 7.391 (m, 2H, 

aromatic), 7.627 – 7.666 (m, 2H, aromatic), 7.733 – 7.769 (t, 2H, aromatic), 

8.526 – 8.538 (d, 1H, aromatic), 8.617 (s, 1H, aromatic) ppm. 13C NMR 

(125 MHz, TMS, CDCl3, δ): 122.1, 124.29, 125, 125.46, 126.3, 127.45, 

130.34, 132.69, 135.29, 136.3, 147.38, 149.37 ppm. 

B17: The reaction was carried out using 3-nitrophenylboronic acid (97.0 

mg, 58 mmol) and 3-iodopyridine (119.0 mg, 58 mmol). Yield = 70.0 mg 

(60%);  1H NMR (500 MHz, TMS, CDCl3,δ): 7.362 – 7.387 (m, 1H, aromatic), 

7.594 – 7.625 (t, 1H, aromatic), 7.848 – 7.875 (t, 2H, aromatic), 8.192 – 

8.209 (d, 1H, aromatic), 8.38 (s, 1H, aromatic), 8.617 (s, 1H, aromatic), 

8.823 (s, 1H, aromatic) ppm.  13C NMR (125 MHz, TMS, CDCl3, δ): 121.02, 

121.87, 122.82, 129.15, 132, 133.32, 133.47, 138.55, 147.19, 147.83, 

148.71 ppm. 

B18: The reaction was carried out using phenylboronic acid (113.0 mg, 

0.9 mmol) and 2,5-dichloroiodobenzene (245.0 mg, 0.9 mmol). Yield = 

150.0 mg (75%); 1H NMR (500 MHz, TMS, CDCl3, δ): 7.196 – 7.218 (m, 1H, 

aromatic), 7.31 – 7.315 (d, 1H, aromatic), 7.342 – 7.406 (m, 6H, aromatic) 

ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 128.2, 128.3, 128.55, 129.37, 

130.94, 131.12, 131.27, 132.66, 138.26, 142.05 ppm. 

B19: The reaction was carried out using 3-nitrophenylboronic acid (150.0 

mg, 0.9 mmol) and 2,5-dichloroiodobenzene (245.0 mg, 0.9 mmol). Yield = 
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147 mg (61%); 1H NMR (500 MHz, TMS, CDCl3, δ): 7.332 – 7.37 (m, 2H, 

aromatic), 7.445 – 7.462 (d, 1H, aromatic), 7.622 – 7.654 (t, 1H, aromatic), 

7.762 – 7.783 (d, 1H, aromatic), 8.266 – 8.308 (m, 2H, aromatic) ppm. 13C 

NMR (125 MHz, TMS, CDCl3, δ): 123.17, 124.47, 129.29, 129.67, 130.9, 

131.34, 133.07, 135.45, 139.58, 148.11 ppm. 

B20: The reaction was carried out using 4-chlorophenylboronic acid 

(100.0 mg, 0.6 mmol) and 1-iodo-4-nitrobenzene (159.0 mg, 0.6 mmol). 

Yield = 90.0 mg (60%); 1H NMR (500 MHz, TMS, CDCl3, δ): 7.456 – 7.483 

(d, 2H, aromatic), 7.545 – 7.572 (d, 2H, aromatic), 7.691 – 7.718 (d, 2H, 

aromatic), 8.284 – 8.312 (d, 2H, aromatic) ppm. 13C NMR (125 MHz, TMS, 

CDCl3, δ): 124.32, 127.69, 128.67, 129.44, 135.27, 137.19, 146.32, 147.25 

ppm. 

B21: The reaction was carried out using 4-chlorophenylboronic acid 

(100.0 mg, 0.6 mmol) and 3-iodopyridine (131.0 mg, 0.6 mmol). Yield = 

73.0 mg (60%); 1H NMR (500 MHz, TMS, CDCl3, δ): 7.299 – 7.309 (m, 1H, 

aromatic), 7.365 – 7.386 (d, 2H, aromatic), 7.42 – 7.446 (d, 2H, aromatic), 

7.755 – 7.778 (m, 1H, aromatic), 8.521 – 8.529 (d, 1H, aromatic), 8.736 (s, 

1H, aromatic) ppm. 13C NMR (125 MHz, TMS, CDCl3, δ): 123.62, 128.34, 

128.48, 129.31, 134.31, 135.54, 136.23, 147.97, 148.79 ppm. 

4.5.2.3 Stille coupling catalyzed by PdG1 

C1: The reaction was carried out using trimethylphenyltin (165.0 mg, 0.68 

mmol) and iodobenzene (139.0 mg, 0.68 mmol). Yield = 90.0 mg (85%). 

Product is same as in B1. 
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C2: The reaction was carried out using trimethylphenyltin (165 .0 mg, 

0.68 mmol) and 4-iodotoluene (149.0 mg, 0.68 mmol). Yield = 84.0 mg 

(73%). Product is same as in B2. 

C3: The reaction was carried out using trimethylphenyltin (165.0 mg, 0.68 

mmol) and 4-iodoanisole (160.0 mg, 0.68 mmol). Yield = 101.0 mg (80%). 

Product is same as in B3. 

C4: The reaction was carried out using trimethylphenyltin (165.0 mg, 0.68 

mmol) and 1-iodo-4-nitrobenzene (169.0 mg, 0.68 mmol). Yield = 130.0 

mg (96%). Product is same as in B4.  

C5: The reaction was carried out using trimethylphenyltin (165.0 mg, 0.68 

mmol) and 4-iodobenzoic acid (168.0 mg, 0.68 mmol). Yield = 110.0 mg 

(81%). Product is same as in B5. 

4.5.2.4 Hiyama coupling catalyzed by PdG1 

D1: The reaction was carried out using phenyltrimethoxysilane (397.0 mg, 

2.0 mmol) and iodobenzene (205.0 mg, 1 mmol). Yield = 115 mg (75%). 

Product is same as in B1. 

D2: The reaction was carried out using phenyltrimethoxysilane (397.0 mg, 

2.0 mmol) and 4-iodotoluene (218 mg, 1 mmol). Yield = 100 mg (60%). 

Product is same as in B2. 

D3: The reaction was carried out using phenyltrimethoxysilane (397.0 mg, 

2.0 mmol) and 4-iodoanisole (234.0 mg, 1.0 mmol). Yield = 110 mg (61%). 

Product is same as in B3. 
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D4: The reaction was carried out using phenyltrimethoxysilane (198.5 mg, 

1.0 mmol) and 1-iodo-4-nitrobenzene (124.5 mg, 0.5 mmol). Yield = 82 mg 

(82%). Product is same as in B5. 

4.5.2.5 Heck reaction catalyzed by PdG1 

E1: The reaction was carried out using iodobenzene (1.0 g, 5 mmol) and 

styrene (0.5 g, 5 mmol). Yield = 311 mg (36%), 1H NMR (300 MHz, TMS, 

CDCl3, δ): 6.87 – 6.95 (m, 2H), 7.23 – 7.69 (m, 10H) ppm. 

E2: The reaction was carried out using 4-iodotoluene (1.0 g, 5 mmol) and 

styrene (0.5 g, 5 mmol). Yield = 356 mg (40%), 1H NMR (300 MHz, TMS, 

CDCl3, δ): 2.3 (s, 3H, CH3), 6.91 – 6.97 (m, 2H), 7.18 – 7.62 (m, 10H) ppm. 

E3: The reaction was carried out using 4-iodoanisole (1.17 g, 5 mmol) and 

styrene (0.55 mL, 5 mmol). Yield = 390 mg (39%), 1H NMR (500 MHz, 

TMS, CDCl3, δ): 3.83 (s, 3H, OCH3), 6.89 – 6.91 (m, 2H), 6.96 – 6.99 (m, 1H), 

7.05 – 7.08 (m, 1H), 7.23 – 7.25 (m, 1H), 7.33 – 7.36 (t, 2H), 7.44 – 7.49 (m, 

4H) ppm. 13C NMR (125 MHz, CDCl3, δ): 55.33, 114.14, 126.25, 126.63, 

127.21, 127.72, 128.22, 128.64, 130.16, 137.66, 159.31 ppm. 

E4: The reaction was carried out using 1-iodo-4-nitrobenzene (1.25 g, 5 

mmol) and styrene (0.55 mL, 5 mmol). Yield = 530 mg (49%), 1H NMR 

(500 MHz, TMS, CDCl3, δ): 7.1 – 7.16 (m, 1H), 7.29 – 7.42 (m, 4H), 7.53 – 

7.56 (d, 2H), 7.6 – 7.63 (d, 2H), 8.19 – 8.22 (d, 2H, aromatic) ppm. 13C NMR 

(125 MHz, TMS, CDCl3, δ): 123.13, 125.26, 125.84, 126, 127.83, 127.88, 

132.29, 135.15, 142.83, 145.74 ppm. 
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