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The most important problem in catalysis is the cost related to the catalyst 
efficiency and the recovery of the catalyst from the reaction mixture for both 
economical and environmental reasons. Selectivity is another important aspect 
related to efficiency: chemoselectivity, regioselectivity, stereoselectivity, 
enantioselectivity, and diastereoselectivity, and these selectivity factors are 
always optimum with homogeneous catalysts. Most often, however, these 
catalysts cannot be removed from reaction media, because separation is too 
difficult due to their small size. Dendrimer catalysis has appeared since the 
early 1990s as an interesting possibility to explore, because homogeneous 
catalysts could be bound to the periphery or interior of dendrimers, providing 
homogeneous catalysts for a tailored, well-controlled definition of the 
molecular environment of the catalytic site and solubility. However, these 
catalysts cannot be removed from reaction media and in general, not reusable. 
Heterogenization of dendrimeric catalyst on solid support is a possible solution 
to overcome these twin deficiencies. 

Heterogeneous catalytic reactions typically occur through the adsorption 
of reactants on the surface of the catalyst, followed by cleavage or 
recombination of the chemical bonds of the reactants on the catalyst surface. 
Therefore, the catalytic activity, selectivity, and shelf-life of heterogeneous 
catalysts strongly depend on the surface structure of the support materials. 
Hence, to successfully develop efficient heterogeneous catalysts, the rational 
choice of the support material and the use of the right synthetic strategy for 
placing the active catalytic groups on the support material are vital. Among 
many materials that are used as support material for heterogeneous catalysts, 
mesoporous silica materials are appealing because of their inherent physical 
robustness, high surface area, tunable monodisperse nanometer pores and 
suitable structural features to serve as hosts for a variety of catalytic groups. 
The versatility of functionalization techniques for mesoporous materials along 
with ability to readily separate the products upon reaction completion allow for 
continuous innovation in the catalysis field. 

Major portion of the present work revolves around mesoporous silica 
supported dendritic Brønsted acid and base catalysts, with an aim to 
deliberately avoid metal based catalyst and to highlight the importance of metal 
free catalysis. The employment of mesoporous silica as solid support which 



enables easy recovery of catalyst from the reaction mixture and reusability of 
the catalyst without loss of its activity is the major objective.  

The thesis is divided into seven chapters. The Chapter 1 gives an 
introduction to dendrimers and various methods used for dendrimer synthesis.  
It also includes disadvantages of dendrimeric catalysis in homogeneous phase 
and explains the need for heterogenization of dendrimers. It gives brief 
description about the importance of mesoporous silica as support for 
heterogenization of dendrimers. Various analytical methods used for the 
characterization of the synthesized systems are also described. 

Chapter 2 is mainly focused on the synthesis of dendritic sulfonic acid and 
carboxylic acid functionalized mesoporous silica. Characterization techniques 
include elemental analysis, FTIR, SEM-EDAX analysis, Low angle XRD, Surface 
area analysis, solid state 13C NMR, Raman spectroscopy and TG-DTG studies. 

In Chapter 3, catalytic application of sulfonic acid terminated mesoporous 
silica for Biginelli Reaction and trisubstituted imidazole synthesis under solvent 
free condition is discussed. Various factors which control the reactions are studied 
and plausible mechanisms for both reactions are discussed. 

Carboxylic acid functionalized mesoporous silica as effective reusable 
organo acidic catalyst for Ullmann type coupling reaction is given in Chapter 4. 
The experimental parameters are optimized, scope of the substrate, reusability 
of the catalyst and mechanism are studied. 

Chapter 5 deals with the synthesis and characterization of dendritic 
amine functionalized mesoporous silica. Catalytic application of this 
synthesized system in Paal-Knorr reaction is described. The experimental 
parameters are optimized, scope of the substrate, reusability of the catalyst and 
mechanism are studied. 

Chapter 6 discusses a detailed study on Henry reaction using dendritic 
amine functionalized mesoporous silica and L-proline modified mesoporous 
silica. Both nitroalkenes and �-nitroalkanols are synthesized using these 
catalytic systems. The experimental parameters are optimized, scope of the 
substrate, reusability of the catalyst and mechanisms are studied for both the 
products. 

Chapter 7 consolidates the research findings and conclusions drawn 
from the earlier chapters. 
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This chapter gives a brief description of dendrimers and methods of their 
synthesis. Need for organocatalysts and modification of dendrimers on solid 
support are discussed here. The role of mesoporous silica as support, its 
synthesis and functionalization are explained in this chapter. High surface 
area, tunable pore size and narrow pore size distribution make mesoporous 
silica effective support for dendrimers. Recent literature on organic reactions 
catalyzed by mesoporous silica supported dendrimers and dendrimers as 
organocatalysts are also reviewed in this Chapter. 
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Chapter 1 

 2  Department of Applied Chemistry, CUSAT 

1.1  Introduction 

A powerful tool to enhance the sustainability of chemical processes is 

undoubtedly catalysis. After the advent of the concept of catalysis, numerous 

catalysts were developed, which include, several ligands, metal catalysts, 

polymers, supported catalysts, organocatalysts etc.1,
 

2 The importance of 

polymers has expanded over the last few decades resulting in the development 

of various classes of polymers. Based on the diverse set of applications 

ranging from catalytic field to medical devices, polymers can be synthesized 

with specific chemical, physical and medicinal properties. As the fourth 

major class of polymer architecture, coming after traditional types, which 

include linear, cross-linked and branched architectures, dendritic polymers 

became a very hot topic from 1980s.3-7 Dendritic polymers are highly branched 

polymeric structure with complex secondary architecture and well defined 

spatial location of functional groups.8-12 Mainly, they consist of four subclasses: 

(1) dendrimers, (2) hyperbranched polymers, (3) dendrigraft polymers, and 

(4) dendronized polymers (Figure 1.1). 

     Dendrimeric family 

 

Figure 1.1 Classification of dendrimeric species 

    Dendrimers Hyperbranched    
polymers 

Dendrigrafts
Dendronized     

polymers 
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Among these important classes, dendrimers have wide application in 

different areas like biological field, catalysis, drug delivery, etc.13 The term 

‘‘dendrimer’’ is derived from the Greek ‘dendra’ means tree and ‘meros’ 

means parts and describes graphically the structure of this new class of 

macromolecules which have highly branched, three-dimensional features that 

resemble the architecture of a tree (Figure 1.2). The monomer units are 

assembled in a controlled step-growth polymerization process and are 

organized in layered “generations”.14 The branched structure of dendrimers 

affords a globular, three-dimensional macromolecular shape and generally 

imparts a set of properties including high solubility, low viscosity, adhesivity, 

and glass-transition temperature which differ from the corresponding linear 

analog.15-20 As a consequence of the macromolecular structure and resulting 

properties, dendrimers are being evaluated in systems ranging from chemical 

catalysis to clinical therapies.21-29 

 
Figure 1.2 Typical architecture of G0, G1, G2 and G3 dendrimers 

Dendrimers consist of three basic components: core, interior, and surface 

(Figure 1.3).30 Core represents the centre part of dendrimers and it mainly 

affects the geometry of dendrimers. Interior means the space between the last 

outer branching point and the centre. In dendrimers, the surface consists of a 

varying number of peripheral functional groups. 
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Figure 1.3 Structure of dendrimer 

1.2  Synthesis of dendrimer 

Dendrimers are generally prepared using either a divergent method or 

a convergent one. In the divergent method, dendrimer grows outwards from 

a multifunctional core molecule. The core molecule reacts with monomer 

molecules containing one reactive and two (or, more) dormant groups giving 

the first generation dendrimer. The new periphery of the molecule is activated 

for reactions with more monomers. The process is repeated for several 

generations and a dendrimer is built layer after layer (Figure 1.4).31 

 

 
Figure 1.4 Synthesis of dendrimer by divergent method 
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The divergent approach is successful for the production of large 

quantities of dendrimers. Problems occur from side reactions and incomplete 

reactions of the end groups that lead to structure defects. To prevent side 

reactions and to force reactions to completion, large excess of reagents is 

required. It causes some difficulties in the purification of the final product.  

In the convergent growth approach, dendrimer construction begins at 

what will eventually become the outer surface shell of the ideally branched 

macromolecule and proceeds inward, by a step-addition of branching 

monomers, followed by the final attachment of each branched dendritic 

sub-unit (or dendron) to a polyfunctional core (Figure 1.5).32 

 

Figure 1.5 Synthesis of dendrimer by convergent method 

The convergent growth method has several advantages. It is relatively 

easy to purify the desired product and the occurrence of defects in the final 

structure is minimized. It becomes possible to introduce subtle engineering 

into the dendritic structure by precise placement of functional groups at the 

periphery of the macromolecule. The convergent approach does not allow 

the formation of higher generations because steric problems occur in the 

reactions of the dendrons and the core molecule. 
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The most recent fundamental breakthrough in the practice of 

dendrimer synthesis has come with the concept and implications of 

‘double exponential’ growth.33 A schematic representation of double 

exponential and mixed growth is shown in Figure 1.6. This approach 

allows the preparation of monomers for both convergent and divergent 

growth from a single starting material. These two products are reacted 

together to give an orthogonally protected trimer, which may be used to 

repeat the growth process again. 

 
Figure 1.6 Double exponential synthesis method of dendrimer 

Tomalia, et al.34 published the synthesis and characterization of a 

novel class of poly(amidoamine) (PAMAM) dendrimer. They synthesized 

the PAMAM using divergent method in which Michael addition of a 

molecule of ammonia (the dendritic core) to three molecules of methyl 

acrylate, followed by amidation of the esters by an excess of ethylene 

diamine. The exhaustive Michael addition-amidation reaction sequence was 
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then repeated in a reiterative fashion to achieve an almost monodisperse 

dendritic structure with a molecular weight of over 25,000 Da. The structure 

of PAMAM dendrimer is shown in Figure 1.7. 

 

 
Figure 1.7 Structure of PAMAM dendrimer 

Dendrimers became a hot topic in science after the discovery of 

PAMAM dendrimer and a multitude of dendrimers have been synthesized 

ranging from poly(propylene imine) (1),35-37 dendritic polymers composed 

of glycerol and succinic acid (2),38 polysilane containing SO3Na end 

groups (3),39 polysilane containing SH end groups (4)39(d) etc are shown in 

Figure  1.8. 
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                                  3                                                                  4 
Figure 1.8 Structure of different dendrimers 

Due to the high degree of branching in dendrimer, the number of 

functionalities at the surface increases fast relative to the overall size of the 

molecule. Therefore, important differences exist between the overall shape 

of low and high generation dendrimers. The latter can be thought of as spheres 

with closely situated surface functionalities that isolate the dendritic interior, 

whereas the low generation structures are nonspherical open structures. Thus, 

by increasing the generation of a dendrimer, a differentiation will gradually 

arise between the structure's interior and the exterior, and thereby the overall 

1� 2
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properties become different from what is obtainable for small molecules. 

Nondendritic polymers possess the same ability to isolate parts of their 

structure, but these micro environments are, due to a less controlled synthesis, 

poorly defined. Hence, dendrimers constitute, in a unique way, structures 

which can be precisely designed for a desired function, and these properties 

have opened application areas such as material science, biology and medicine 

for applications such as synthesis, catalysis, chromatographic separation, 

and drug and vaccine development.40 

1.3  Application of dendrimers in catalysis 

For the exploration of catalytic applications, the choice of dendrimer 

platform generally reflects commercial availability or the ease of synthetic 

access. The development of synthetic routes that are environmentally 

friendly and industrially compatible represents an important step towards 

the successful application of dendrimers in catalysis.41 Based on the activity 

and selectivity of the dendritic catalyst, they are classified in to three types.             

(a) core-functionalized, (b) periphery functionalized, and (c) focal point-

functionalized (Figure 1.9). 

 
Figure 1.9  Location of catalytic entities in dendrimeric molecule (a) core,           

(b) periphery, (c) focal point 
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1.3.1 Core functionalized dendrimers 

In this case, the catalyst could especially benefit from site isolation 

created by the environment of the dendritic structure. Site isolation effects in 

dendrimers can be beneficial for other functionalities. For reactions that          

are deactivated by excess ligand or in cases that a bimetallic deactivation 

mechanism is operative, core-functionalized systems can specifically prevent 

such deactivation pathways. Core-functionalized dendritic catalysts may 

benefit from the local environment created by the dendrimers which differs 

from the bulk solution.42 

1.3.2 Periphery functionalized dendrimers 

They have their catalytic sites located at the surface of the dendrimer 

support, and these active sites are therefore directly available to the substrate, 

which is in contrast to core functionalized systems in which the substrate 

enters the dendrimer prior to reaction. The high accessibility allows reaction 

rates that are comparable with homogeneous systems. On the other hand, the 

periphery functionalized systems contain multiple reaction sites, which result 

in extremely high local catalyst concentration.43 

1.3.3 Focal point-functionalized (on a dendritic wedge) systems 

Here, catalytic active sites are observed in the building blocks of 

dendrimers. Main advantages of this type of catalysts are: concentration of 

catalytically active site is enhanced when generation of dendrimers is 

increased and it is easily available for reactants than core functionalized 

dendrimers.44-46 
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1.4  Heterogenization of dendrimers on solid support 
In principle, dendrimer is one of the most promising candidates which 

can meet the needs for an ideal catalyst such as persistent and controllable 

nanoscale dimensions, chemically reactive surface, favourable configurations 

in which all the active sites would always be exposed towards the reaction 

mixture so that they are easily accessible to migrating reactants. But dendrimer 

synthesis is a complicated procedure via convergent or divergent method. For 

getting 100 % loading of functional groups, excess reagents are used. This 

makes the problem in purification of each generation of dendrimers. Another 

problem is the regeneration of dendrimeric catalyst from reaction mixture 

and reusability in catalysis. To solve this problem, the possible solution is 

the heterogenization of dendrimers on a solid support. 

A suitable support used in general is based on these properties: 1) 

inertness in reactions, 2) hardness and compressive strength, 3) stability and 

ease of regeneration, 4) high surface area, 5) porosity, and 6) low cost.47 The 

heterogeneous catalysts are much more complex than their homogeneous 

counterparts, and many additional parameters such as type of support, spacer 

length and flexibility, surface coverage degree, surface area and porosity have 

to be optimized to achieve an acceptable catalytic performance.48-49 A series 

of solid matrixes such as inorganic oxides, silica, modified silica, alumina, 

zeolites and clays have been adopted as supporting materials.50 The use of 

inorganic solids can demonstrate certain advantages over other types of 

supports. In general, the rigid framework can prevent the aggregation of active 

catalysts which sometimes leads to the formation of inactive multinuclear 

species. The chemical and thermal stabilities of the inorganic supports are 
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also superior, rendering them compatible with a broad range of reagents 

and relatively harsh reaction conditions. Compared with organic polymeric 

supports, inorganic solids are generally superior in their mechanical 

properties, which make them less prone to attrition caused by stirring and 

solvent attack. One negative aspect of an inorganic solid-immobilized catalyst 

is the extreme difficulty in the characterization of the catalytic species, apart 

from common problems suffered by heterogenized catalysts.51-57 

The ideal supported catalyst should thus satisfy many requirements in 

order to combine both the advantages of homogeneous and heterogeneous 

catalysis.58 Heterogeneous catalytic reactions typically occur through the 

adsorption of reactants on the surface of the catalyst, followed by cleavage or 

recombination of the chemical bonds of the reactants on the catalyst surface.59 

Therefore, the catalytic activity, selectivity, and shelf-life of heterogeneous 

catalyst strongly depend on the surface structure of the support materials. 

Hence, to successfully develop efficient heterogeneous catalysts, the rational 

choice of the support material and the use of right synthetic strategy for 

placing the active catalytic groups on the support material are vital.60 

1.5  Mesoporous silica 

Mesoporous silica have well-defined pore sizes of about 2.0-50 nm 

and possess extremely high surface area and narrow pore size distribution. 

The first mesoporous silica material was reported as early as 1971, where, a 

material described as low-bulk density silica was obtained by hydrolyzing 

and condensing tetraethoxysilane in the presence of cationic surfactants.61 

This result did not gain much attention at the time it was published because 

the porosity and structural properties were not reported. Until 1992, the 
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Chemistry community did not realize the potential of this field, until scientists 

in Mobil Corporation laboratories published a series of reports on ordered 

mesoporous materials (M 41S) with pore sizes ranging from 1.5-10 nm.62-66  

The variant called MCM-41 with surface area 1000 m2g-1 and pore volumes 

up to 1 cm3/g, has been comprehensively studied and widely applied in many 

fields such as drug delivery, biosensors and catalysis.67-70 The morphological 

transformations that led to converting bulk MCM-41 mesoporous silica to 

functionalized mesoporous silica nanospheres (MSNs) represented a step 

forward towards increasing control of kinetics in catalytic reactions occurring 

in functionalized MSN.71,
 
72 The first report of utilizing mesoporous silica as 

catalysts  in polymer synthesis was initiated by Aida’s group in Japan.73 The 

authors reported crystalline nanofibers of linear polyethylene with an ultra 

high molecular weight (6,200,000) and a diameter of 30 to 50 nanometers, 

formed by the polymerization of ethylene with mesoporous silica fibres–

supported titanocene, with methylaluminoxane as a cocatalyst. Small-angle 

X-ray scattering analysis indicated that the polyethylene fibres consisted 

predominantly of extended-chain crystals. Another article in JACS highlighted 

the potential utility of the honeycomb-like porous framework as an extruder 

for nanofabrication of polymeric materials.74 

Mesoporous silica materials may be divided into two main groups 

according to their internal arrangement of channels. The first group which 

shows a channel-like pore system was the first to be discovered and has 

been in the centre of research for a long time. This pore system exists in e.g. 

MCM-41, MCM-48 and SBA-15.75 In MCM-41 and SBA-15 the pores are 

one dimensional channels which are arranged parallel to each other in a 

hexagonal fashion.76  MCM-48 has a more complicated structure where the one 
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dimensional channels are branched in a three dimensional system. The channels 

have a uniform inner diameter. The second group includes materials like 

SBA-1, SBA-2, SBA-16 and KIT-5.77 These materials have larger cages 

connected via smaller openings and channels in a three dimensional system. 

Periodic mesoporous silica have a high specific surface area >1000 m2/g and 

also a high specific pore volume > 0.5 cm3/g. The materials are thermally 

robust and relatively inert to chemical environments.78-80 

1.6  Advantages of mesoporous silica 

The systematic use of immobilization of organic functional groups has 

increased in the past three decades, mainly on silica, because this support 

offers pronounced advantages over other organic/inorganic supports as listed 

below.81-84 

a) Immobilization on silica results in a great variety of silylating 

agents, allowing pendant functional groups in the inorganic 

framework. 

b) Attachment is easier on silica surface than on organic polymeric 

supports, which have a high number of cross-linking bonds, 

requiring hours to reach equilibrium for surface activation. 

c) Silica gel is the most popular substrate for surface studies, because, 

it is the first commercially available high specific surface area 

substrate with constant composition, enabling easy analysis and 

interpretation of results. 

d) Silica gel has high mass exchange characteristics and no swelling. 

e) Silica support has great resistance to organic solvents. 
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f) Silica has very high thermal resistance 

g) Easily available precursors and simple synthetic procedure 

1.7  Synthesis of mesoporous silica 

The first mesoporous silica synthesized with non-ionic triblock 

polymers were reported in 1998 by Stucky, et al.77 These materials were named 

SBA-X (Santa Barbara Amorphous) where X is a number corresponding to a 

specific pore structure and surfactant, e.g. SBA-15 has hexagonally ordered 

cylindrical pores synthesized with P123 as surfactant while SBA-16 has 

spherical pores arranged in a body centred cubic structure and is synthesized 

with F127. SBA-15 is the most extensively studied mesoporous silica. Other 

families of mesoporous silica like MSU, KIT, FDU and AMS were also 

reported.78, 85-87 Main ingredients needed for the silica synthesis are silica 

precursor and structure directing agents in the presence of acidic or basic 

medium. Mainly, two chemical reactions occur during the formation of 

mesoporous silica such as hydrolysis and condensation (Scheme 1.1). In 

aqueous solution, the alkoxides are hydrolysed and undergo polymerisation to 

form a silica network. Both steps can be controlled by varying the pH and 

adding salts to the aqueous solutions.88-93 

 
Scheme 1.1 Formation of mesoporous silica framework 
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Several types of silica precursors can be used for mesoporous silica. The 

most common are alkoxides, especially, tetramethyl orthosilicate (TMOS) or 

tetraethyl orthosilicate (TEOS). Other alkoxides with longer alkyl chains 

can also be used. An alternative, cheaper, silica precursor that can also be 

used is sodium silicate or combinations of this and alkoxides.88-90 In the 

present work, TEOS has been used as the silica source. Different types of 

surfactants are used for the synthesis of mesoporous silica such as cationic, 

anionic and noninonic surfactants.  

1.7.1 Removal of surfactants 

The final step of the synthesis is the removal of surfactants. This is 

most often done by calcination, but there are alternatives such as chemical 

removal of the template or decomposition by microwave. Regardless of which 

method is used, the aim is always to completely remove the surfactants in a 

way that is as cheap and time effective as possible.91 

1.7.1.1 Calcination 

Calcination is the most common way to remove the surfactants from 

mesoporous silica. Calcination is performed in air, the material is heated to           

550 °C and this temperature is held for 5-6 h before the material is cooled down 

to room temperature.92-94 Shrinkage of hexagonal structures is a drawback here. 

1.7.1.2 Chemical removal 

An alternative route to the removal of the surfactants is to oxidize the 

P123. By using this alternative route, there is no shrinkage in the hexagonal 

structure as it is upon calcination and it is possible to functionalize the 

material in multiple steps. For this purpose, chemicals such as ethanol, 

hydrogen peroxide, sulfuric acid or ammonium perchlorate can be used.95-97 
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1.7.1.3 Microwave digestion 

The fastest method to remove the template from mesoporous silica is to 

use microwave digestion. When mesoporous silica is mixed with HNO3 and 

H2O2 or alternatively ethanol and hexane and exposed to microwave radiation 

for 2 min, the surfactants are completely removed. These samples also contain 

higher silanol concentration compared to calcinated samples. Moreover, there 

is no shrinkage of the framework with this method which yields higher 

surface area, larger pore size and pore volume compared to calcination.98-104 

1.8  Factors affecting the synthesis of mesoporous silica  

The synthesis of ordered mesoporous silica is controlled with a wide 

range of synthesis variables, which are dependent on the specific wet 

chemistry of the system studied. The mesoporous silica has been synthesized 

with mechanisms including relative kinetics and interactions between 

inorganic and organic components. Main variables like changing the silica 

source like fused silica, colloidal silica, tetraethyl orthosilicate, surfactants            

(eg: hexadecylamine, cetyltrimethyammonium bromide and P123) or reaction 

conditions such as solvent, temperature, aging time, reactant mole ratio, pH 

of the medium affecting the surface area, pore dimensions and structure of 

mesoporous silica. At the same time, these changes also affect the thermal, 

hydrothermal and mechanical stability of the materials.80-83 

1.9  Structure of mesoporous silica surface 

The surface of mesoporous silica consists of silanol groups (Si-OH) 

and less reactive siloxane groups (Si-O-Si). Silanol groups are formed on 

the surface by two main processes. First, such groups are formed in the 

course of silica synthesis, e.g. during the condensation polymerization of 
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Si(OH)4 
 (Scheme 1.2).105 Here, the supersaturated solution of the acid 

becomes converted into its polymeric form, which then changes into 

spherical colloidal particles containing Si-OH groups on the surface. Upon 

drying, the hydrogel yields xerogel, the final product, which retains some or 

all of the silanol groups on its surface. Secondly, surface OH groups can 

form as a result of rehydroxylation of dehydroxylated silica when it is 

treated with water or aqueous solutions. The surface silicon atoms tend to 

have a complete tetrahedral configuration, and in an aqueous medium their 

free valence becomes saturated with hydroxyl groups. 

 
Scheme 1.2 Formation of silanol groups on the silica surface 

Silica surface contains mainly three types of hydroxyl groups. They 

are free, isolated hydroxyl groups, geminal and vicinal hydroxyl groups 

(Figure 1.10). The silanol groups could be isolated (free silanol groups), 

where the surface silicon atom has three bonds into the bulk structure and 

the fourth to OH group. The vicinal or bridged silanols, where two isolated 

silanol groups attached to two different silicon atoms are bridged by 

hydrogen bond. A third type of silanols called geminal silanols consist of 
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two hydroxyl groups attached to one silicon atom. The geminal silanols are 

close enough to have H-bond whereas free silanols are too far separated.105 

 
                   Isolated                                   Vicinal                               Geminal 

Figure 1.10 Different types of silanol groups on silica surface 

1.10  Methods for heterogenization of catalysts 

Regarding catalyst heterogenization, there are almost three approaches 

that have been described in the literature (Figure 1.11).49  They are 1) formation 

of covalent bonds (covalent approach), 2) adsorption by ion pair formation, 

and 3) entrapment. 

 
 Figure 1.11 Anchoring methodologies: a) covalent binding,       

b) adsorption, c) entrapment49 
 

The covalent approach is the most popular and versatile one.48 It can 

be achieved by copolymerization of the modified catalyst with an appropriate 

monomer or more commonly by grafting the catalyst onto a polymeric 
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support that was synthesized in advance. Due to the stable covalent bond, 

the problem of catalyst leaching is generally low. The adsorption by van der 

Waals interactions and hydrogen bonding, as well as ion-formation by 

electrostatic interaction are also useful approaches for catalyst immobilization, 

because they avoid the chemical modification of the catalysts. However, the 

stability of the adsorbed or electrostatically bound catalyst strongly depends on 

several factors such as ionic strength of the medium and the solvent.106 The 

encapsulation and entrapment of catalysts is the last example for the 

immobilization approach. It requires a porous support with pore sizes that 

are small enough to prevent catalyst leaching. There are two methods for 

this approach: The catalyst is built-up inside the preformed support like a 

“ship-in-a-bottle” or the support is synthesized around the catalyst. The 

advantage in this approach is that the catalyst does not have to be modified, 

but the resulting catalysts often suffer from diffusion problems.107 

1.11  Functionalization of mesoporous silica via covalent approach 

Functionalization of mesoporous silica materials with organic groups has 

attracted considerable research interest in the past few years.108 In particular, 

ordered mesoporous materials such as SBA-15 are ideal candidates for 

functionalization due to their higher hydrothermal stability, desired morphology, 

adjustable pore sizes (2-30 nm), and thick walls that can be easily functionalized 

using silanol chemistry.109-111 SBA-15 has been functionalized with various 

organic functional groups, including amines, thiols, carboxylic acid, sulfonic 

acid, and vinyl group. Two basic processes may be applied (Figure 1.12).112-114 

In the post-synthesis modification (grafting or coating), the preformed 

mesoporous silica is reacted with an appropriate organosilane. In the direct 

synthesis, co-condensation of the primary building blocks, namely, a silica 
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precursor (e.g., a tetraalkoxysilane) and an organosilane, is carried out in the 

presence of a suitable surfactant. In either case, further transformation may be 

necessary to create the required surface functional group.115-123 

 
Figure 1.12 Functionalization of mesoporous silica by grafting 

and co-condensation method112  

1.12  Heterogenization of dendrimers 
Heterogenization of dendrimers on mesoporous silica has the following 

advantages: 

1) The possibility of using excess of reagents to ensure the completion 

of reactions  

2) Facility in the purification process after each generation 

3) Desired products can be isolated easily by simple filtration and 

removed from the support material 

extracted�or�
calcined�
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4) High thermal and chemical stability of catalytically active site on 

supported dendrimer 

5) Toxic or obnoxious low molecular weight compounds can be made 

odourless and less toxic when they are attached to solid polymer 

supports  

6) Automation of repetitive synthesis steps is possible, which results in 

reproducibility and higher yields compared to manual laboratory 

work 

7) Substrate is coupled to a chemically inert insoluble polymer by a 

covalent bond. This bond must remain stable during the whole 

chemical process 

8) The high surface area and pore diameter of mesoporous silica 

make them capable of high  loading  

9) Simple filtration makes the removal of catalyst from the reaction 

mixture 

10) Catalytically active sites are easily accessible to the reactants 

11) Due to the covalent binding of dendrimers on mesoporous silica, 

reuse of catalyst does not destruct the structure of catalyst 

12) Due to the chemical inertness of mesoporous silica, it should not 

interfere or harm the reaction media in catalysis  and synthesis of 

dendrimers on it 

13) Since there is high concentration of silanol groups on the surface 

of silica, it can be easily replaced by dendritic units 

14) Mesoporous silica should be nontoxic and cheap to produce and 

dispose off 
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Because of these advantages, dendrimer on mesoporous silica have 

great demand in the field of catalysis. Strong mesoporous silica support and 

large amount of surface functionalities on dendrimers enable them to overcome 

the major problems faced in heterogeneous catalysis. 

1.13  Supported dendrimer catalysis 

The development of well-defined catalysts that facilitate fast and 

selective chemical transformations which can be separated from the product 

is still an important challenge. The catalytic species become more stable and 

show more selectivity when they are attached to the solid support. The most 

important advantage in using a supported catalyst is the simplification of 

product work-up, separation and isolation of products. In the case of supported 

catalyst, for separation and isolation of products, simple filtration is sufficient.  

In this section, brief description of mesoporous silica supported dendrimer 

catalysts and organocatalysis by dendrimers are presented.   

Rosario and coworkers124 synthesized the super paramagnetic 

nanoparticle MNP (Fe2O3/polymer) supported dendritic catalyst based on a 

bulky electron-rich phosphine Pd(II) complex (Figure 1.13). The catalytic 

activity of the MNP-Pd supported catalyst was investigated in a copper-free 

Sonogashira C–C cross-coupling reaction between halo arenes and 

phenylacetylene compounds. Quantitative yields were obtained within one 

hour with iodobenzene and bromobenzene derivatives in methanol. In 

contrast, in aqueous conditions, a conversion over 80 % was observed up to 

ten cycles with values of palladium leaching similar to those observed in 

methanol medium.� 
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Figure 1.13 Core shell Fe2O3 /polymer supported diphosphino 

palladium complex 
 

         A new and rational method for the synthesis of Fe3O4@SiO2@SiO2(CH)3Cl 

based magnetic nanoparticles with amino cobalt phthalocyanine tags 

(ACoPc-MNPs) was described by Zolfigol, et al.125 It was evaluated as a 

reusable catalyst for the one-pot synthesis of tetrahydrobenzopyran derivatives 

(Scheme 1.3 and Figure 1.14). They  have shown that the advantages of the 

present method are (a) easy and simple work-up, (b) short reaction times,      

(c) mild reaction conditions, (d) room temperature of the reaction,              

(e) excellent yields, and (f) ease of separation of the catalyst using an external 

magnet. Moreover, the catalyst used was easily recovered by applying an 

external magnetic field and reused without any noticeable loss of activity at 

least 4 times. 

 
Scheme 1.3 ACoPc-MNP catalyzed synthesis of tetrahydrobenzopyran derivatives 
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Figure 1.14 Structure of ACoPc-MNP125 
 

 
 

Hongfang, et al.126 reported the incorporation of PAMAM dendrimer 

on SBA-15 through post-synthesis method (Scheme 1.4). Highly dispersed           

Pt NPs were successfully encapsulated in the channels of PAMAM-SBA-15 

support and used it for electron transfer reactions such as (i) the typical 

reduction reaction between Fe(CN)6
3-and S2O2

2- at 40 °C and (ii) reduction 

of p-nitrophenol by NaBH4 at 25 °C. After the catalytic reaction, the supported 

Pt catalyst was reusable after centrifugal separation and washing with water. 
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They have recycled the above reactions five times using Pt-G4-SBA15 catalyst 

under similar reaction conditions. 

 
Scheme 1.4 Procedure for the synthesis of Pt NPs catalyst in G4-SBA-15. 

A periodic mesoporous silica-supported recyclable Rhodium-complexed 

dendrimer catalyst for hydroformylation of olefins was reported by 

Reynhardt, et al.127 (Figure 1.15). The G(0) materials were found to be 

excellent recyclable catalysts for olefin hydroformylation than G1 due to the 

lower levels of Rhodium in G1 because of steric hindrance (Figure 1.16). A 

turnover frequency (TOF) as high as 1800 h-1 was obtained for the 

hydroformylation of 1-octene at 70 °C. 
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Figure 1.15 Structures of G0, G1, G2 and G3 

 
Figure 1.16 Structure of Rh-G0 
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A new kind of silica-supported third-generation dendrimers capped by 

1,4-diaza-bicyclo[2.2.2]octane (DABCO) group stabilized palladium(0) 

nanoparticles was introduced by Xu and coworkers128 (Scheme 1.5). The 

resulting silica-supported dendrimer-stabilized palladium(0) nanoparticles 

with a particle size of 10-20 nm were prepared in situ by treatment with PdCl2 

and hydrazine in ethanol at 60 °C for 24 h.  

 

 

Scheme 1.5 Preparation of SiO2-DEA-DABCO-pd0 dendrimer 

The authors have used it in the Suzuki–Miyaura and Mizoroki–Heck 

reactions, in which the dendrimer acted as a stabilizer for preventing the 
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nanoparticles from agglomeration, as a recycling vehicle, as well as a ligand 

in catalysis (Scheme 1.6 and 1.7). This novel catalyst exhibited high activity 

and stability for the coupling reactions. The advantages of this procedure are 

simple operation, short reaction time, need of only trace amount of catalyst, 

good to excellent yield and environmental friendliness. Furthermore, it 

could be easily recovered and reused up to five times without any apparent 

loss of activity. 

 
Scheme 1.6 Suzuki–Miyaura reaction 

 
Scheme 1.7 Mizoroki–Heck reaction 

 
 

Yijun and coworkers129 have prepared a novel nanoscale catalyst 

system composed of nanosized Pd catalysts immobilized on Fe3O4@SiO2–

Gn–PAMAM (n = 1-4) (Scheme 1.8). The Pd particles are homogeneously 

dispersed on the surface of the Fe3O4@SiO2–Gn–PAMAM (n = 1-4). The 

silica in the system may physically protect the Fe3O4 core apart from 

corruption in the reaction environments and the surface functional groups 

may contact PAMAM tightly. Thus, the silica is the key to the high stability 

of the system. These characteristics of the system leads to the high catalytic 

activity for hydrogenation of allyl alcohol and the rate of the reaction can 

also be controlled by changing the generation of PAMAM. The TOF values 

of the Fe3O4@SiO2-Gn-PAMAM-Pd(0) (n = 1-4) catalyst are several times 
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higher than that of the corresponding catalyst prepared in the channel of 

mesoporous SBA-15, due to the absence of mass-transfer limitations and the 

lower amounts of Pd on the catalysts. The conversion of allyl alcohol using 

the catalysts is almost 100 % and the selectivity to the hydrogenated product 

of 1-propanol is about 89 % when the reaction reached completion. The 

composite of Fe3O4@SiO2- G0-PAMAM-Pd(0) has the highest activity among 

them, with a TOF value 2.6 times the Fe3O4@SiO2-G4-PAMAM-Pd(0). The 

activity of the catalyst was decreased with the increase of the generation. 

Possibly, the higher generation the PAMAM is, the harder the substrates 

find it to pass through the catalyst surface to interact on the active sites. 

 
Scheme 1.8 Synthesis of Fe3O4@SiO2–Gn–PAMAM 
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1.14  Dendrimer as organocatalyst 

Organocatalysis is the part of catalysis that uses a compound composed 

of carbon, hydrogen, oxygen or sulfur, or other non-metal elements as catalyst, 

but that is not an enzyme. In contrast to metallic or organometallic catalysis, 

which uses in most cases, transition metal complexes (or lanthanides) as 

catalysts, the absence of metal in organocatalysis is an undeniable advantage 

when considering the principles of ‘‘green chemistry’’.  Furthermore, it is 

cheaper and safer, since the products cannot be poisoned by the leaching of an 

eventually toxic metal.131,
 

132 The first discovery of an organocatalytic 

reaction can be attributed to Justus von Liebig, who accidentally found in 

1859 that, water, which was saturated with cyanide gas, upon addition of 

small amounts of an aldehyde, resulted in the formation of the crystalline 

oxalamide (Scheme 1.9).131 Acetaldehyde was the first discovered pure 

“organocatalyst” that acted similarly to “enzymes.” Almost five decades 

later, the German physical chemist; Georg Bredig published the first 

asymmetric C-C-bond forming reaction where the chiral mandelic acid was 

formed from benzaldehyde and hydrogen cyanide in the presence of an 

alkaloid like quinine (Scheme 1.10).132 Most investigators have focused on 

tethering a single functional group on the surface, often in order to immobilize 

an existing homogeneous catalyst. 

(CN)2

NH2

NH2

O

O

H2O

rt, CH3CHO(aq)
24

25  
Scheme 1.9 Justus von Liebig’s oxamide synthesis  



Chapter 1 

 32  Department of Applied Chemistry, CUSAT 

 
Scheme 1.10 Bredig’s enantioselective mandelonitrile synthesis 

Now-a-days, dramatic increase in the activity in the field of 

organocatalysis has occurred especially using supported organocatalysts 

because, it almost satisfies the rules of green chemistry. Main drawbacks of 

organocatalysts are poor reusability and use of high amount of catalysts. 

When the dendritic structures are considered, their surface contain higher 

amount of functional groups. Dendrimers with inorganic supports can 

overcome the present problems associated with organocatalysis. Dendrimers 

can be removed by nanofiltration or simple filtration. Only few works were 

reported on dendritic organocatalyst with or without support.  

Davis, et al.133 reported dendrimers containing an encapsulated tertiary 

amine which were prepared by coupling tris(2-aminoethyl) amine with 

dendritic branches derived from L-lysine (Figure 1.17). These dendrimers 

were used as catalysts in the Henry (nitroaldol) reaction between                         

4-nitrobenzaldehyde and nitroethane, and their catalytic performance was 

compared with that of triethylamine (Scheme 1.11). Attachment of the 

dendritic shell alters the rate of reaction and influences the syn:anti ratio of 

products. The presence of hydrogen bond interactions could also explain the 

relative difference in reactivity and selectivity between G1(N) and G2(N). 

Catalyst G1(N) has a small and potentially selective array of hydrogen bond 

donors capable of selecting a specific product. Catalyst G2(N) possesses 

many more hydrogen bond donors capable of interacting with the product in 
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a less selective way (i.e., interactions within the dendritic branches rather 

than at the core), perhaps leading to the lack of syn:anti selectivity. These 

multiple hydrogen bonding groups could speed up the reaction, however, by 

generating a favourable polar microenvironment. 
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Figure 1.17 Structure of G1(N) and G2(N) 

 
Scheme 1.11 Henry (nitroaldol) reaction 

Rajesh, et al. 134 synthesized the G0 and G1 of PAMAM and checked 

their catalytic activity for Knoevenagel condensation (Figure 1.18 and Scheme 

1.12). They found that 100 % conversion within 2 minutes was obtained for 

G1 as catalyst. This showed that when generation increased, amino capacity 

was also increased, this made the G1 a powerful base catalyst for this reaction. 

The same trend was also seen in the case of ring opening of various epoxides 
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using G1 (Scheme 1.13). Result showed that 70 % yield was obtained for the 

reaction between cyclohexene oxide and aniline in the presence of G1. 

 
Figure 1.18 Structure of G0 and G1 PAMAM dendrimer 

 

 
 

Scheme 1.12 Knoevenagel condensation 

 
Scheme 1.13 Ring opening of epoxides 
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Kehat, et al.135 synthesized polymer supported dendrons with terminal 

proline moieties and used to catalyze the aldol reaction (Figure 1.19).  
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Figure 1.19 Structure of polymer supported dendrons with terminal proline moieties 

The catalytic tests showed that both conversion and selectivity increased 

when the generation was increased. The results showed that yield of the 

aldol adduct when the reaction was catalyzed by the zeroth, first, and second 

generation dendrons were 42 %, 73 %, and 100 %, respectively, and the 

corresponding enantiomeric excess were 27 %, 68 %, and 68 %. For both 

parameters, this illustrated a positive dendritic effect. 

Many supported dendrimers were used as organocatlysts for 

Knoevenagel condensation (Figure 1.20). Kapoor, et al.136 reported the 

second generation PAMAM dendrons which were grown within the 
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channels of mesoporous silica functionalized with amines. These materials 

were used for catalyzing the Knoevenagel condensation of benzaldehyde with 

malononitrile. It was found that the reaction rate increased with increasing 

density of the tertiary aminopropyl groups. Similarly, Poly(styrene)-supported 

PAMAM dendrimers were used as catalysts for the Knoevenagel condensation 

of several substituted benzaldehydes with various activated methylene 

compounds.137 The reactions proceeded rapidly (a few minutes) at moderate 

temperature with 100 % selectivity, and in nearly quantitative yields. The 

third generation G3 was found to be the most efficient. Recycling and reuse 

were performed at least ten times with the same efficiency. PAMAM 

dendrimers entrapped inside poly(p-xylene) nanotubes were also reported  

as heterogenous organocatalysts for the Knoevenagel condensation of 

malonodinitrile with benzaldehyde, and reused one more time with the same 

efficiency.138 

��

 

Figure 1.20 Structure of heterogeneous organo dendrimeric structures for 
Knoevenagel condensation 
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1.15  Relevance of the present work 

On an industrial scale, homogeneous catalysts are often expensive, 

involving troublesome workup, thus reducing their scope. Metal catalysts 

are toxic and expensive and are not easy to handle, difficult to separate and 

have limited reuse potential. In organocatalyzed reactions, the major 

drawback is the use of high amount of catalyst. A great challenge is to reduce 

the quantity of organocatalysts and exploit them with higher efficiency, i.e, in 

a more economical way. Such problems can be solved only by using the 

catalyst with high surface functionalities with heterogeneous nature. 

Dendrimeric catalyst is one such solution to introduce high amount of 

catalytically active sites. In such cases, major aim is the replacement of 

metal catalyst and introduces new catalyst systems in terms of green 

chemistry rules. Most of the works discussed in the field of dendrimer 

catalysis are based on dendritic metal catalysts.   

In the present work, an attempt has been made to integrate the advantages 

of mesoporous silica as support and the synthesis of dendritic catalyst functions 

on it by stepwise growth technique. This may be the first report where 

dendritic systems with end groups of Brønsted acid functionalities like 

sulfonic acid and carboxylic acid groups have been used for catalysis.  In 

addition to this, an attempt has been made to synthesize dendrimers with 

amino groups other than PAMAM and PPI. We have taken the challenge to 

synthesize this architecture on mesoporous silica support. 

The main objectives of the research described in this thesis are: 

1) To develop and characterize dendritic sulfonic acid  and carboxylic 

acid functionalized mesoporous silica  
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2) To check the catalytic activity of dendritic sulfonic acid  

functionalized mesoporous silica for Biginelli reaction and 

trisubstituted imidazole synthesis 

3) To test the activity of carboxylic acid functionalized mesoporous 

silica as effective reusable organo acidic catalyst for Ullmann 

type coupling reaction 

4) To synthesize and characterize  dendritic amine functionalized 

mesoporous silica and explore its catalytic application in Paal-

Knorr reaction 

5) Detailed study on Henry reaction using dendritic amine functionalized 

mesoporous silica and L-proline modified mesoporous silica. 

1.16  Characterization methods 

IR spectra were recorded with samples as KBr pellets using JASCO 

4100 FTIR spectrometer in the range of 400-4000 cm-1. The spectra were 

recorded at ambient temperature by making pressed pellets of the compounds. 

The solution 1H and 13C NMR spectra were recorded using a Bruker 

Avance 400 MHz spectrometer using CDCl3 or DMSO-d6 as solvent and 

TMS as internal standard (SAIF, CUSAT). 

13C cross-polarized magic angle-spinning (CP-MAS) NMR spectra 

were recorded on a Bruker 300 MHz instrument and obtained from (AIRF), 

IIT, Delhi and IISc, Bangalore. 

GC analysis was carried out on a 1200 L Single Quadruple, Varian 

Gas Chromatograph model.  
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Thermogravimetric analysis was performed using a Perkin Elmer, 

Diamond TG/DTA system at a heating rate of 10 °C min�1 under an 

atmosphere of nitrogen using an aluminium pan from 40 °C to 730 °C 

(SAIF-STIC, CUSAT).  

The surface characterization was carried out using the JEOL Model 

Scanning Electron Micrograph with an attached energy dispersive X-ray 

detector. Scanning was done at the 1-20 �m range and images were taken at 

a magnification of 15-20 kV. Data were obtained using INCA software. The 

standardization of the data analysis is an integral part of the SEM-EDAX 

instrument employed (SAIF, CUSAT). 

Powder XRD patterns of all samples were collected using Rigaku           

(D. Max. C) X-ray diffractometer having CuK� (�= 1.5405A�) radiation 

(Dept. of Physics, CUSAT). 

Adsorption and desorption isotherms for nitrogen were obtained at 

77K using a micromeritics Tristar 3000 Surface area analyser. The specific 

surface area values were obtained using Brunauer-Emmett-Teller (BET) 

equation. The pore size distribution data were obtained using Barrett-

Joyner-Halenda (BJH) method. 

CHNS was performed at SAIF-STIC, CUSAT. 

TLC was done on silica coated alumina plates (Merck, 60F 254). 

Melting points were determined in open capillary tubes on a Büchi Melting 

Point B-540 apparatus and are uncorrected. 

The enatiomeric purity of the isolated products were determined by 

HPLC on a Chiralpak I-3 column eluted with a mixture of hexane/iPrOH 
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(9:1) at a flow rate of 0.5 mL min-1 and detected at 254 nm using Shimadzu 

HPLC model SPD 20A 

Raman spectrum was recorded using advanced digital Laser Raman 

Microspectrometer with three lasers (785 nm) with the use of motorized neutral 

density filters at NCESS, Trivandrum. The spectral range of the equipment was 

from 50-4000 cm-1 shift from the Laser line, accomplished with an edge filter. 

The Raman scattered light was dispersed with a grating and was having dual 

grating 1200 l/ mm and 2400 l/ mm. The detection was done by a Peltier cooled 

CCD detector with 576 x 384 pixels, with spectral resolution of 1 cm-1.  
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Supported organocatalyst has great demand in catalysis because it satisfies 

the rules of green chemistry. In the present instance, dendritic sulfonic acid 

functionalized and dendritic carboxylic acid functionalized mesoporous 

silica were synthesized. Three generations of both dendritic acids were 

successfully synthesized and characterized using various techniques.  
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2.1 Introduction 

Catalysis was recognized first by Baron J. J. Berzelius in 1835 and 

was necessary for most chemical processes.1 However, it remained a 

challenging problem due to the difficulties of catalyst recovery and reuse for 

economical and ecological reasons.2 The field of catalysis in industry as well 

as in academia is mainly dominated by heterogeneous and  metal catalysts 

with the newly launched area of organocatalysis.3, 4 Main advantages of 

organocatalysis, are metal free catalytic centre, cheaper and safer, the 

products cannot be poisoned by leaching of an eventually toxic metal.5, 6 A 

disadvantage is that, some organocatalysts are needed in stoichiometric 

amounts. Furthermore, the workup procedure for the separation of the 

organocatalyst from the product is often tedious. A possible solution for 

these problems is the immobilization of an organocatalyst on an insoluble 

support, which allows simple separation, recovery and recycling of the 

catalyst, and better reactivity of the catalyst due to both the high local 

concentration of the catalyst on the support and cooperative catalytic effects. 

These features can help to reduce the amount of catalyst needed.7 

Brønsted and Lewis acids are the most important and common 

catalysts in organic synthesis. However, the use of soluble acids or corrosive 

mineral acids is linked with a great number of environmental and economical 

harms.8 Indeed, large amount of catalysts are needed, and some tedious work-

up steps are needed when Lewis acids are utilized. Moreover, usually, more 

than stoichiometric amount of these acids is required, and a large quantity of 

anions (especially chloride) is released in aqueous medium. The separation 

from the reaction mixture is very difficult and some related problems should 
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be taken into account, such as the need of neutralization, the impossibility of 

the catalyst reuse and the reactor corrosion. It would be very useful to have 

solid acids that could be separated by filtration and reused.9 

Novel nano structured support materials can be used in the preparation 

of heterogeneous catalysts to maximize the surface area of the active 

phase.10-12 Among nano structured supports, mesoporous silica materials 

show their unique advantages over others, because of the tunable pore size, 

high surface area and large pore volume.13-16 To enhance the functionality 

of mesoporous silica materials, considerable efforts have been made to 

expand the framework compositions. The hybridization of inorganic and 

organic species on molecular to mesoscopic scales is a powerful tool for 

developing functional materials, because, their cooperative and synergistic 

effects, as well as the compatibility of different functionalities, can be 

introduced in the design of such materials.17 In particular, dendritic mesoporous 

silica were found to be applicable to overcome the problem faced by 

organocatalyst.18 

2.1.1 Silica supported organo acidic catalysts 

Organic sulfonic acids exhibit an acid strength comparable to those of 

sulfuric acid or other strong acids frequently used in organic synthesis.19 

Sulfonic acid functionalized mesoporous silica materials have attracted 

much research attention because of their potential applications as solid acid 

catalysts. The synthesis and catalytic activities of the mesoporous silica 

containing propylsulfonic acid group have been reported by different research 

groups recently.20 Strong acid catalyst consisting of silica containing 

alkanesulfonic acid groups was prepared by Ford, et al.21 Subsequently, other 
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groups have introduced variations in the preparation of this type of MCM-

41-SO3H materials.22-24 Analogous to alkanesulfonic acids, arenesulfonic 

acids covalently anchored to mesoporous silica have also been prepared.21 

They can be obtained by sulfonation of phenyl groups linked to silica 

frameworks of MCM-41 or SBA-15. There are many acid catalyzed reactions, 

including some large-scale industrial processes, that can be promoted using 

polystyrene bearing sulfonic acid groups.25 With respect to polymeric 

arenesulfonic acids, the obvious advantage of MCM-41-SO3H, is the large 

surface area of these materials compared to crosslinked polystyrene; this 

factor being reflected in a higher catalytic activity as a result of the easier 

accessibility of substrates to the acid sites.26-33  The high catalytic activity of 

these materials can be attributed to their high surface area and the high 

accessibility of the acid centers to the reactants.24, 34-37 Anchoring sulfonic 

acid groups with different acid strength onto mesoporous materials might 

increase the potential catalytic applications. Previous studies show that 

phenylsulfonic acid group have stronger acid strength than propylsulfonic 

acid group.38 Therefore, it is interesting to synthesize and investigate the 

catalytic properties of mesoporous silica materials containing phenylsulfonic 

acid group. 

Silica gel supported L-pyrrolidine-2-carboxylic acid-4-hydrogen 

sulfate has been developed by Arash and coworkers.39 They used it as 

green catalyst for the synthesis of 3,4-dihydropyrimidin-2-(1H)-ones and 

thiones (Scheme 2.1). Compared with classical Biginelli reaction conditions, 

this new method has the advantages of high yields and simple workup 

procedures. 
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Scheme 2.1 Silica gel supported L-pyrrolidine-2-carboxylic acid-4-hydrogen 

sulfate catalyzed Biginelli reaction 
 

Akbar, et al.40 synthesized the  organosulfonic acid functionalized 

silica-coated magnetic nanoparticle catalysts (Fe3O4@SiO2@Et-PhSO3H) (5) 

and (Fe3O4@SiO2@Me&Et-PhSO3H)(6) (Figure 2.1) and their hydrophobicity 

and acidity were investigated, and tested for the three-component Biginelli 

reaction of benzaldehyde, ethyl acetoacetate, and urea under solvent-free 

condition.  

  
                           5            6 

Figure 2.1 Structure of catalyst 5 and 6 

This result showed that catalyst 5 had greater catalytic activity 

towards Biginelli reaction. This may be due to the hydrophobic nature of 

their surface framework and shielding effect of the methyl groups bound to 
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this surface for sulfonic acid centres. They found that the catalyst was easily 

separated by an external magnet and the recovered catalyst was reused in 

four cycles without significant loss of activity. 

Zolfigol, et al.41 reported that silica-functionalized sulfonic acid (SFSA)  

efficiently catalyzed one-pot multi-component condensation of enolizable 

ketones or alkyl acetoacetates with aryl aldehydes, acetonitrile and acetyl 

chloride to afford the corresponding �-acetamido ketone or ester derivatives 

in high to excellent yields and in relatively short reaction times. (Scheme 2.2). 

The promising points for the application of the solid-supported catalysts in 

the reaction are; efficiency, generality, high yields, relatively short reaction 

times, mild conditions, cleaner reaction profile and simplicity.  

Scheme 2.2 Synthesis of �-acetamido ketone or ester 

In a similar manner, glutathione molecules have been immobilized on 

magnetic nanoferrites via their thiol groups and the resulting catalyst nano-

FGT have been used for the efficient synthesis of a wide variety of aryl, 

alkyl, and heterocyclic amines42-44 (Scheme 2.3). Such organocatalytic 

approach enables facile conversion of functionalized amines selectively into 

the corresponding pyrroles without affecting several sensitive functional 

groups.  
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Scheme 2.3 Nano FGT catalyzed Paal Knorr reaction 

2.2  Objective of the present work 

Main drawbacks of organocatalyst are the high stoichiometric amount 

of catalyst required for organic synthesis and non reusability of the catalyst. 

Attachment of catalytically active site on solid supports is a possible solution to 

overcome this. Here, the concept of supported dendrimers arises. In this 

chapter, the synthesis of dendritic sulfonic acid functionalized mesoporous 

silica and dendritic carboxylic acid functionalized mesoporous silica by 

stepwise growth technique is reported. 

2.3 Results and discussion 
2.3.1  Synthesis of mesoporous silica 

Mesoporous silica with high surface area and ordered uniform pore 

diameter was synthesized successfully using tetraethyl orthosilcate (TEOS) 
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as the silica source and Pluronic 123 as surfactant in the presence of 2 M 

HCl (Scheme 2.4). Removal of surfactant was done by calcination at 550 °C 

for 6 h and this has led to the formation of highly ordered mesoporous silica 

(MS).45-47 

�
Scheme 2.4 Synthesis of mesoporous silica 

2.3.1.1 Synthesis of chlorine functionalized mesoporous silica (CMS)  

Chlorine functionalized mesoporous silica was synthesized using 

two methods (1) Co-condensation method and (2) Graft method. Here                        

3-chloropropyltrimethoxysilane was used as chlorinating agent for both 

methods. In co-condensation, TEOS and 3-chloropropyltrimethoxysilane 

was condensed in the presence of P123, NaF and 2 M HCl in a single step           

and surfactant was removed by Soxhlet extraction using ethanol for 24 h 

(Scheme 2.5).48 The final sample was denoted as CMS 1. In graft method, 

first mesoporous silica (MS) was synthesized and it was further functionalized 

with 3-chloropropyltrimethoxysilane in dry toluene at 100 °C for 24 h. The 

sample obtained was denoted as CMS 2 (Scheme 2.6).49 

�

�
Scheme 2.5 Synthesis of CMS 1 

CMS1 

MS
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Scheme 2.6 Synthesis of CMS 2 
 

2.3.2 Characterization of mesoporous silica (MS) and CMS 

2.3.2.1 IR spectral studies 

To verify the presence of organic functional groups present in the        

MS sample, FTIR spectroscopy was used. The characteristic peaks of silica 

were observed at 1100-1000 cm�1 corresponding to the intense silicon-

oxygen covalent bond vibrations and the symmetric stretching vibrations 

of Si-O-Si appear at 800 cm�1. The bands obtained around 3400-3500 cm-1 

and 1630 cm-1 were associated with stretching vibration of unreacted             

Si-OH group and adsorbed H2O. The results indicate that the surface 

groups in the mesoporous silica materials are heavily loaded with Si-OH 

groups (Figure 2.2).50 

 
Figure 2.2 IR spectrum of mesoporous silica (MS) 

MS CMS 2
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Figure 2.3 IR spectra of CMS 1 and CMS 2 

Almost identical IR spectrum was obtained for CMS 1 and CMS 2 

(Figure 2.3). In addition to the characteristic vibration peaks of silica 

framework, new band at 2951 cm-1 was observed indicating the symmetric 

stretching vibration of CH2 in both the spectra. When compared to MS, band 

observed at 700 cm-1 shows the characteristic vibration of C-Cl bond. This 

confirmed the introduction of chlorine fragments on mesoporous silica 

surface.51 

2.3.2.2 SEM- EDAX Analysis 

SEM micrographs and EDAX spectrum of MS is shown in Figure 2.4. 

From the scanning electron micrographs, it was found that, MS has almost 

spherical geometry. Mass % of C, O and Si present in the MS obtained from 

the EDAX analysis is presented in the Table 2.1. 

 

 

 



Synthesis and Characterization of Dendritic Acid Functionalized Mesoporous Silica�

Development of Dendritic Functionalized Mesoporous Silica as Reusable Catalyst for Organic Synthesis 59 

 

 

  
Figure 2.4 SEM and EDAX spectrum of MS 

Table 2.1 Elemental composition of MS 
Element Mass %

C 7.86
O 37.1
Si 55.04

 

Presence of chlorine in CMS 1 and CMS 2 was confirmed by 

EDAX analysis. The result showed that mass % of chlorine was high for 

CMS 1 than CMS 2. 6.3 mass % of chlorine was found for CMS 1 

(Figure 2.5 and Table 2.2). This was also confirmed by Volhard’s 

method. From the titration method, chlorine capacity was found to be   

3.2 mmols g-1 for CMS 1 and for CMS 2, it was 2.8 mmols g-1. SEM 

micrograph of CMS 1 is shown in the Figure 2.6. From the scanning 

electron micrographs, it was found that, spherical nature of mesoporous 

silica was maintained after the condensation of TEOS and chlorine 

fragment in a single step.  
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(CMS 1) 

 
(CMS 2) 

Figure 2.5 EDAX spectra of CMS 1 and CMS 2 

Table 2.2 Elemental composition of CMS 1 and CMS 2 

Element Mass %
(CMS 1) 

Mass %
(CMS 2) 

C 5.3 15.5
O 19.4 31.1 
Si 66.4 47.8 
Cl 6.3 5.5 
Na 2.4 -- 
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Figure 2.6 SEM of CMS 1 

 
2.3.2.3 Low angle XRD analysis 

The powder X-ray patterns of the solid MS confirm the typical 

mesoporous structure (Figure 2.7). The XRD shows four low-angle reflection 

peaks at 0.4, 0.8, 1.5 and 1.7° separately, which can be indexed to the (100), 

(110), (200) and (210) diffractions, characteristic of the 2D hexagonal 

symmetry suggesting perfect long-range order in this material.52 XRD pattern 

of CMS 1 sample is similar to that of MS sample and having a strong broad 

reflection at 0.8, 1.5 and 1.7°. This confirmed that hexagonal symmetry of 

mesopores of CMS 1 was obtained by the co-condensation method.53 

     

Figure 2.7 Low angle XRD of MS and CMS 1 
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2.3.2.4 Surface area analysis  

The surface area of MS, CMS 1 and CMS 2 were determined using BET 

method and the pore size by BJH method (isotherms with hysteresis). The 

results are shown in Figure 2.8. The nitrogen adsorption/desorption isotherms 

of MS, CMS 1 and CMS 2 show type IV isotherm with H1 hysteresis loop  

with a sharp step up in a narrow  range of relative pressure (P/P0=0.6-0.9) 

arising from the capillary condensation of nitrogen in the mesopores which 

proves the mesoporous nature of the synthesized silica support.  

�
�

Figure 2.8 BET isotherm of MS, CMS 1 and CMS 2 

�
Table 2.3 Surface properties of MS, CMS 1 and CMS 2�

Sample Surface area 
(m2/g) 

Pore volume     
(cm3/g) 

Average  pore 
diameter (nm) 

MS 586 0.9 10.2 
CMS 1  516  0.86  9.87  
CMS 2  470  0.75  8.47  

 
The specific surface area, pore volume and pore diameter of the 

samples are summarized in the Table 2.3. It is clear that MS sample shows 

surface area of 586 m2/g with pore diameter 10.2 nm, whereas, a moderate 
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decrease was observed for sample CMS 2.  In the case of CMS 2, position of 

capillary condensation was shifted to low pressure values, suggesting 

decrease in the pore diameter, pore volume and specific surface area when 

compared to MS. The overall shape of isotherm of MS, CMS 1 and CMS 2 

remained unchanged. This confirmed successful introduction of chlorine 

fragment using grafting method. Among CMS 1 and CMS 2, CMS 1 shows 

high specific surface area, pore volume and pore diameter. This confirmed the 

successful formation of mesoporous structure on CMS 1 by the co-

condensation method. 

2.3.2.5 TG-DTG Analysis 

The thermal stability of the silica samples was established by TG-DTG 

analysis. The thermogravimetric analysis of MS and CMS 1 was performed 

under nitrogen atmosphere (Figure 2.9). In MS sample, no appreciable 

weight loss was observed. This means that MS is highly thermally stable up 

to 730 °C.  In the case of CMS 1, TG curve showed nearly 17 % of weight 

loss between 300-400 °C. It was assigned to cleavage of organic and 

chlorine fragments on the surface of silica. 

 
Figure 2.9 TG-DTG curves of MS and CMS 1 
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2.3.2.6 CP MAS 13C NMR spectrum of CMS 1  
13C CP-MAS NMR spectra are used to confirm the presence of 

organic functionalization on the silica surface. CMS 1 (Figure 2.10) shows 

three main peaks at 49, 28 and 24 ppm corresponding to the three carbons 

originating from 3-chloropropyltrimethoxysilane group. Peak at 66 ppm 

corresponds to the unreacted methoxy group present on silica surface.   

The small peaks (66-76 ppm) are credited to the presence of surfactant 

P123. 

��������������������������������������� 

 
Figure 2.10 Solid state CP MAS 13C NMR spectrum of CMS 1 

2.3.3 Dendrimer synthesis on CMS 1  

Due to the high chlorine capacity, surface area and pore diameter, 

CMS 1 was selected for the dendrimeric growth on mesoporous silica 

surface. CMS 1 was reacted with 1,3,5-triazine-2,4,6-trithiol trisodium salt 

solution in DMF at 50 °C for 24 h. After the reaction, white solid was 

filtered and washed with DMF, DCM and water. The resulting sample was 
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denoted as A1. A1 was reacted with trimesoyl chloride in the presence of 

THF and triethylamine at 50 °C for 2 days. The sample obtained was 

denoted as A2. The overall reaction sequence is given in Scheme 2.7. The 

above mentioned procedure was repeated alternatively, A3, A4, A5 and 

A6 were obtained (Scheme 2.7). Structure of A6 is shown in the           

Figure 2.11. 

 

�
Scheme 2.7 Dendrimeric growth on CMS 1 
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Figure 2.11 Structure of A6 

2.3.3.1 Characterization of A1, A2, A3, A4 and A6 

To confirm the dendritic growth on CMS 1, EDAX analysis of A1, 

A2, A3, A4, A5 and A6 was performed. EDAX spectrum and elemental 

composition of the samples are shown in the following Figures 2.12, 2.13, 

2.14 and Tables 2.4, 2.5, 2.6. From the Table 2.4, 7.17 mass % of Na was 

present in the A1 sample and this was absent in A2 and also 3.22 mass % of 

chlorine was found. This confirmed the complete conversion of A1 to A2. 

Similar trend was also observed in the case of A3, A4, A5 and A6. From 

this analysis, it clearly supported the successful growth of dendrimeric 

structure on CMS 1. 
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   (A1) 

 
(A2) 

 

Figure 2.12 EDAX spectra of A1 and A2 

Table 2.4 Elemental composition of A1 and A2  

Element  Mass % (A1)  Mass % (A2)  
C   5.8  22.0 
O   26.3  19.3 
Si  60.3 55.3  
Na  7.1 --  
Cl  --  3.2 
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(A3) 

 
(A4) 

  Figure 2.13 EDAX spectra of A3 and A4 
 

Table 2.5 Elemental composition of A3 and A4 
     Element  Mass % (A3)  Mass % (A4)  

C   22.7  18.8  
O   25.6  27  
Si  45.5  49  
Na  1.1  --  
Cl  2.7  5.1 
S  2.2  --  
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(A5) 

 
(A6) 

Figure 2.14 EDAX spectra of A5 and A6 

Table 2.6 Elemental composition of A5 and A6 

     Element  Mass % (A5)  Mass % (A6)  
C   3.4  6.2  
O   23.0 22.1  
Si  53.2  59.8  
Na  5.6  1.4  
Cl  2.4 7.7  
S  11.5  2.5  
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2.3.4  Synthesis of dendritic sulfonic acid on mesoporous silica  

The sample A1 was collected and acidified with 0.5 N HCl for 24 h at 

room temperature. The reaction mixture was filtered and washed with water 

until the disappearance of chlorine and dried to get SH1. SH1 was oxidized 

with H2O2 in the presence of methanol and one drop of H2SO4 at room 

temperature for 6 h. 

�
Scheme 2.8 Synthesis of SA1 

�
Scheme 2.9 Synthesis of SA2 
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The solid was filtered off and washed with methanol and water and 

dried. The sample obtained was denoted as SA1. Similarly, the samples A3 

and A5 on acidification followed by oxidation, the samples SA2 and SA3 are 

obtained. The reaction sequence is given in Scheme 2.8 and 2.9. The structure 

of SA3 is given in the Figure 2.15. 

�

Figure 2.15 Structure of SA3 

Due to the presence of large amount of SO3H groups on the surface of 

mesoporous silica, acid capacity of SA1, SA2 and SA3 was estimated using 

acid-base titration method. Results are given in Table 2.7.  It clearly shows 

that acidity was increased from SA1 to SA3. 
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Table 2.7 Acid capacity of SA1-3 samples 

Sample Acidity (mmol/gm) 
SA1  3.8
SA2  6.8
SA3  10.2 

 

2.3.5  Characterization of dendritic sulfonic acid on mesoporous silica 

2.3.5.1 IR spectra 

The immobilization of functional groups on silica framework was 

examined by IR spectroscopy in every step. The IR spectra of all SH 

samples are given in the Figure 2.16. A new band at nearly 2340-2370 cm-1 

corresponding to the stretching vibration of SH bond was obtained. In SH2 

and SH3, compared with SH1, strong band at 1700-1735 cm-1 due to stretching 

vibration of C=O group were obtained. This shows the successful growth of 

dendritic structure.  

  �
Figure 2.16 IR spectra of SH1-3 samples 

Evidence for oxidation of SH groups on the surface was observed in 

the IR spectra shown in Figure 2.17. Peak at nearly 2300 cm-1 was 

completely disappeared and is the strong indication of complete oxidation of 
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SH  group to SO3H group. It can be seen that the strong vibration bands exist at 

1370 and 1454 cm�1 corresponding to asymmetric stretching of SO2 moieties. 

The differences in the peaks in the region of 3500-2800 cm-1 of SH and SA 

samples are clearly visible. This gives the information on the formation of the 

sulfonic acid groups. The differences are mainly due to the S-OH stretching 

mode occurring in the frequency region of 3100-2900 cm-1 in addition to the    

Si-OH group at 3500 cm-1. There is no change in the symmetric stretching 

vibration of C=O group at 1700-1735 cm-1 and basic peaks of mesoporous 

silica framework in SA2 and SA3 samples. This strongly supported that 

mesoporous silica frame work and dendritic structures were not destructed after 

the oxidation of SH samples with H2O2. 

 
Figure 2.17 IR spectra of SA1-3 samples 

 

2.3.5.2 Raman spectra 

The nature of sulfur species formed over the mesoporous silica 

framework was further explored using Raman spectroscopy. Prior to the 

thiol oxidation step, SH3 showed a strong peak at 2380 cm�1 characteristic 

of the thiol group of SH3. After H2O2 oxidation, the SH groups disappeared 
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with the subsequent formation of new bands at 1700 and 748 cm�1, which 

are attributed to the symmetric and asymmetric vibrational modes of SO3 

(Figure 2.18). The presence of other sharp peaks shows the presence of 

anchored organic groups arising from the organic linker. All these results 

confirm the integrity of the sulfonic acid groups within the silica support.54-58 

 
Figure 2.18 Raman spectra of SH3 and SA3 

2.3.5.3 Surface area analysis 

N2 adsorption/desorption isotherms of SA1, SA2 and SA3 are shown 

in Figure 2.19. The isotherms of SA1 and SA2 samples are classified as type 

IV adsorption with H1 hysteresis which is the characteristic of mesoporous 

silica materials.  Pore size distribution of SA1-3 samples (Table 2.8) was 

estimated by employing the BJH method, which indicated the existence of 

uniform large mesopores. The surface area was decreased after each 

generation and sharpness of adsorption branches was indicative of narrow 

mesopore size distribution. The position of capillary condensation was shifted 

to lower pressure values suggesting a reduction in the mesopore size, 

because, the capillary condensation is an increasing function of the pore 
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diameter. Moreover, the SA1-3 samples showed decreased specific surface 

area, pore volume and pore diameter. There was no change in the shape of 

the isotherm for SA1 and SA2. In the case of SA3, the shape of the isotherm 

was almost flat. This may be due to the pore filling by dendritic groups on 

mesoporous silica, which destruct the mesoscale ordering of the support. 

 
Figure 2.19 BET isotherms of SA1-3 samples 

Table 2.8 Surface properties of SA1-3 samples�

Sample Surface area 
(m2/g) 

Pore volume      
(cm3/g) 

Pore diameter 
(nm) 

SA1 347 0.64 5.4 
SA2 289 0.54 3.6 
SA3 78 0.29 2.1 

 

2.3.5.4 Low angle XRD 

XRD patterns acquired for the three SA samples are shown in  

Figure 2.20. SA1 sample with a d100 reflection at 0.9° indicated ordered 

hexagonal mesopore structure. It is interesting to note that the XRD pattern 

of SA2 showed little intensity in the low angle region, but no shift in the 
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peak position was observed. In the case of SA3, the peaks have disappeared.  

These results imply that the mesopore structure was destroyed due to the 

dendritic growth. The presence of dendritic groups has reduced the contrast 

between scattering by the walls and the channels. Random placement of 

functional groups may be an additional factor leading to disappearance of 

peaks of SA3. 

 

 
Figure 2.20 Low angle XRD of SA1-3 samples 

2.3.5.5 TG-DTG Analysis 

Thermal stability and degree of dendritic functionalization of SA 

samples were studied using TG-DTG analysis and the results are presented in 

the Figures 2.21 and 2.22. In SA2, weight loss below 100 °C was due to the 

removal of adsorbed water molecules. In all SA1-3 samples, weight loss at 

nearly 200-250 °C was due to the removal of SO2 molecules. In SA2 and SA3 

samples, another weight loss was observed between 350-550 °C corresponding 

to the decomposition of dendritic fragment. 
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Figure 2.21 TG-DTG Curves of SA1 and SA2 

 
Figure 2.22 TG-DTG Curves of SA3 

2.3.5.6 CP MAS 13C NMR spectrum 

The incorporation of dendritic functional groups on mesoporous silica 

was further confirmed by solid state CP-MAS 13C NMR spectrum. The solid 

state 13C CP-MAS NMR spectrum of SA3 is shown in the Figure 2.23. A 

sharp new peak at 171 ppm corresponds to C=O group of dendritic part. The 

other three main peaks at 135, 132 and 131 ppm are corresponding to the 

three different carbons from aromatic ring and triazine ring. Peaks at 70, 36 

and 30 ppm correspond to the propyl chain.  These results strongly support 

the successful formation of dendrimeric structure on CMS 1.  
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Figure 2.23 Solid state13C CP-MAS NMR spectrum of SA3 

2.3.5.7 SEM Analysis 

Scanning electron micrograph of SA3 shows irregular agglomerates of 

different shapes (Figure 2.24). The loss of spherical nature was due to the 

crushing of the SA3 due to prolonged stirring or may be due to the umbrella 

effect (to stretch to maximum extent) on silica surface. 

 
Figure 2.24 SEM image of SA3 
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2.3.6  Synthesis of dendritic carboxylic acid on mesoporous silica  

Due to the importance of supported Brønsted acids, especially carboxylic 

acid groups, dendrtitic carboxylic acid was synthesized on CMS 1. The 

samples A2, A4 and A6 were obtained. A2 sample underwent base hydrolysis 

followed by acidification with dil. HCl.  

�
Scheme 2.10 Synthesis of CA1 

�
Scheme 2.11 Synthesis of CA2 
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The obtained white powder was dried and denoted as CA1 (Scheme 

2.10). Same procedure was repeated for A4 and A6 samples and final solid 

powder was represented as CA2 and CA3 respectively. The overall reaction 

sequence is given in the Scheme 2.11. The structure of third generation of 

CA3 sample is shown in the Figure 2.25. 
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Figure 2.25 Structure of CA3 

�

Since the terminal groups of CA1, CA2 and CA3 are carboxylic acid 

groups, acid capacity was estimated by acid-base titration method and 

results are summarized in Table 2.9. Acidity was increased from CA1 to 

CA3 and high acidity was exhibited by CA3. This means that on going to 

higher generation, number of carboxylic acid groups also increased as 

reflected in this result.  

CA3
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Table 2.9 Acid capacity of CA1-3 samples 

  Sample  Acidity (mmol /gm)  
CA1  4.2  
CA2  7.7 
CA3  12.8 

�
CHNS analysis was carried out to quantify the organic functionalities 

on SA3 and CA3 and results are summarized in Table 2.10. Compared with 

SA3, CA3 has high C, H, N and S content which confirmed the effective 

functionalization of dendritic groups on CMS 1 

Table 2.10 CHNS analysis of SA3 and CA3 
Sample C H N S 

SA3 9.76 2.24 0.26 1.85 
CA3 10.72 2.42 0.41 1.89 

 

2.3.7  Characterization of dendritic carboxylic acid on mesoporous silica 

2.3.7.1 IR spectral studies 

IR spectra of A2, A4, A6, CA1, CA2 and CA3 are given in the Figure 

2.26. A strong absorption band at 1712-1734 cm-1 in A2, A4 and A6 is due 

to the C=O stretching frequency of S-CO group and peaks at nearly 680 cm-1 

indicating the C-Cl stretching frequency confirmed the perfect grafting of 

dendritic groups. In the case of CA1, CA2 and CA3 samples, new peaks at 

1756 cm-1 correspond to the C=O  of COOH group. When compared with A 

samples, broadening of peaks at 3500-3000 cm-1 may be due to the OH 

stretching frequency of COOH groups. These results revealed the effective  

framework. 
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 �
Figure 2.26 IR spectra of A samples and CA1-3 samples 

2.3.7.2 Surface area analysis 

BET plots of the CA1-3 samples are given in the Figure 2.27 and 

surface properties are given in the Table 2.11. Results showed a typical type 

IV isotherm and corresponding hysteresis loop, confirming the nature of 

mesoporous materials.  

 
Figure 2.27 BET isotherms of CA1-3 samples 

Surface area, pore diameter and pore volume decreased after each generation 

and overall shape of the adsorption/desorption isotherms remained unchanged 

for CA1 and CA2. But for CA3, the isotherm was flat, the mesopore structure 
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was destroyed. The prominent steps of capillary condensation in primary 

mesopores were evident, indicating that ordering of mesoporous silica was not 

affected by the dendritic functionalization upto the second generation. But for 

CA3 there was no mesoscale ordering. This may be due to the pore filling with 

dendritic growth.  

Tale 2.11 Surface properties of CA1-3 samples 

Material Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Pore diameter 
(nm) 

CA1 282 0.57 4.3 
CA2 173 0.33 3.0 
CA3 7 0.03 0.9 

 

2.3.7.3 Low angle XRD 

Powder XRD analysis was carried out to study the structural ordering 

of CA samples. The diffraction patterns of CA1 and CA2 are given in the 

Figure 2.28. CA1 showed low angle diffraction at 1.2° with low intensity.  

 
Figure 2.28 Low angle XRD of CA1 and CA2 
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This is characteristic of mesoporous silica materials, but this was 

absent in CA2. For CA3, in the low angle region, there were no diffraction 

peaks. It may be due to the destruction of ordered nature of mesoporous 

silica. This is mainly due to the pore filling of mesoporous silica with dendritic 

functionalities and confirmed that the ordered nature of the mesoporous 

silica support was partially preserved after dendritic growth up to the second 

generation. 

2.3.7.4 TG-TDG analysis 

Thermal stability and degree of dendritic functionalization of CA1-3 

samples were studied using TG-DTG analysis and results are given in 

Figure 2.29 and 2.30.  

    
Figure 2.29 TG-DTG of CA1 and CA2 

 
Figure 2.30 TG-DTG of CA3 
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For the samples, weight loss below 100 °C was due to the removal of 

adsorbed water molecules. Another weight loss of 18 %, 14 % and 20 % 

were observed between 350-450 °C corresponding to the decomposition of 

dendritic structure liberating CO2. In the case of CA2 and CA3, one more 

weight loss was observed at 556 °C which was corresponding to the 

decomposition of dendritic fragment. 

2.3.7.5 CP MAS 13C NMR spectrum 

Solid state CP MAS 13C NMR spectrum of CA3 sample is shown in 

the Figure 2.31. The peaks below 200 ppm were similar to the peaks obtained 

in the case of SA3. The additional peaks at 235 and 230 ppm are corresponding 

to the carbon of carboxylic acid. This gives the strong evidence of formation of 

dendritic carboxylic acid on mesoporous silica. 

 
Figure 2.31 Solid state 13C CP-MAS NMR spectrum of CA3 
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2.3.7.6 SEM Analysis 

The morphological change on the surface of the mesoporous silica 

after dendritic growth was examined by SEM analysis. SEM image of CA3 

sample is shown in Figure 2.32. The micrographs revealed that the spherical 

surface of the starting mesoporous silica got disrupted and became crushed 

into powder, which, then aggregated into small units. 

 

 
Figure 2.32 SEM image of CA3 

2.4  Conclusion 

In conclusion, chlorine functionalized mesoporous silica was 

synthesized by two methods viz. co-condensation method and grafting 

method and well characterized by various techniques. The results showed 

that CMS 1 has high surface area, pore diameter and high chlorine 

capacity. CMS 1 was selected for the synthesis of dendritic 

functionalized mesoporous silica. Here two types of Brønsted acid 

functionalized silica were synthesized. Three generations of dendritic 

carboxylic acid and dendritic sulfonic acid functionalized mesoporous 
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silica were synthesized by stepwise growth technique. All characterization 

methods strongly supported the successful formation of both dendritic 

functionalities on silica framework and mesoporous nature of silica was 

retained after functionalization. Amount of acidic functionalities on both 

dendritic functionalized silica was found to be high and highest for third 

generation SA3 and CA3 respectively.  

2.5  Experimental  
2.5.1 Materials 

All the solvents were purified according to standard procedures. All 

reagents used in the preparation and modification of silica were used as 

received. Tetraethyl orthosilicate, 3-chloropropyltrimethoxysilane, Pluronic 

P123 and 1,3,5-triazine-2,4,6-trithiol trisodium salt solution were received from 

Aldrich. 

2.5.2 Synthesis of mesoporous silica 

Mesoporous silica (MS) was synthesized using the triblock copolymer 

Pluronic P123 as template under acid condition. Typically, a Pluronic P123 

template (6.4 g) was dissolved with stirring in a solution of 2 M HCl (150 mL) 

at 40 °C, and tetraethyl orthosilicate (TEOS) (13.6 g) was added. The resulting 

mixture was stirred at 40 °C for 20 h, and aged at 100 °C for 24 h under static 

condition in autoclave. The recovered solid was extensively washed with 

deionized water and dried at 100 °C for 12 h. The surfactant template was 

removed by calcination in air at 550 °C for 6 h. Yield: 10 g, White powder; 

IR (cm-1): 3500-3400, 1630, 1100-1000, 800. 
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2.5.3 Synthesis of chlorine functionalized mesoporous silica 

2.5.3.1 Co-condensation method 

Triblock copolymer (EO20PO70EO20) Pluronic P123 (8.0 g) was 

dissolved in an aqueous solution of HCl (pH=1.5) (80 mL). The resulting 

clear solution was added to a mixture of 3-chloropropyltrimethoxysilane 

(1.78 g) and tetraethyl orthosilicate (13.6 g). The mixture was vigorously 

stirred for 3 h at room temperature until a transparent solution appeared. The 

flask containing solution was transferred to a hot oil bath at 60 °C and NaF 

(76.0 mg) was immediately added to induce the polycondensation. A white 

precipitate appeared within a few minutes and the resulting suspension was 

further stirred for 2 days at 60 °C. The resulting white powder was filtered 

off, washed with water and the surfactant was selectively removed by 

Soxhlet extraction with ethanol for 24 h. After drying at 120 °C overnight 

under vacuum, CMS 1 was obtained as white powder. Yield: 10.5 g, White 

powder; IR (cm-1): 2930, 1100-1000, 700. 

2.5.3.2 Grafting method 

Mesoporous silica (MS) (6 g) was suspended in dry toluene (150 mL), 

and 3-chloropropyltrimethoxysilane (6 mL) was added under stirring. The 

mixture obtained was stirred at 100 °C for 2 days. The solid was obtained after 

washing with toluene and with ethanol intensively to eliminate the physically 

adsorbed reactants and toluene. The sample after being vacuum-dried at 100 °C 

for 6 h was labelled CMS 2. Yield: 5.5 g, White powder; IR (cm-1): 2930, 

1100-1000, 700. 
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2.5.4 Preparation of dendritic functionalities on CMS 1 

To a solution of 1,3,5-triazine-2,4,6-trithiol trisodium salt solution       

(10 mL) in DMF (45 mL) was added  CMS 1 (10 g) and stirred for 24 h at 50 °C. 

The resulting reaction mixture was filtered and washed with DMF, DCM and 

water. The solid powder was dried at 100 °C under vacuum and represented 

as A1. Yield: 9.7 g, White powder. IR (cm-1): 3500, 2950, 1450, 1100. 

A1 (9 g) was added to the solution of trimesoyl chloride (3 g) in THF 

(50 mL) and triethylamine (45 mL) and refluxed for 2 days. The solid was 

recovered from the reaction mixture by filtration and washed sequentially 

with THF, DCM and water. The white powder was dried at 100 °C under 

vacuum. The sample was denoted as A2. Yield: 8.8 g, White powder. The 

above mentioned procedure was repeated alternatively to get A3, A4, A5 

and A6. Yield: 7.5 g, (A3, White powder); 7.2 g, (A4, Pale yellow powder); 

6.5 g, (A5, Pale yellow powder); 6.2 g (A6, Pale yellow powder). 

2.5.5 Synthesis of trimesoyl chloride 

Trimesic acid (3 g) was refluxed with thionyl chloride (5 mL) in DCM 

(30 mL) for 2 h. After the reaction, excess thionyl chloride and other volatiles 

were removed under vacuum. The residue obtained was directly used for 

further reactions. Yield: 100 %, Yellow powder. 

2.5.6 Preparation of dendritic sulfonic acid functionalized mesoporous 
silica 
A1, A3 and A5 (4 g each) was treated with 0.5 N HCl (20 mL) and 

water (20 mL) at room temperature for 24 h. The solid was collected by 

filtration and washed with water until no trace of chlorine was present and 
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dried. The resulting sample was denoted as SH1, SH2, and SH3. The dried 

samples (3 g each) were oxidized to corresponding sulfonic acid by treatment 

with 30 % aq. H2O2 (30 mL) for 6 h under stirring at 30 °C in methanol       

(10 mL) and few drops of concentrated sulfuric acid. The reaction mixture 

was filtered and washed with water and dried at 100 °C under vacuum. The 

samples obtained were represented as SA1, SA2 and SA3 

SH1: Yield; 3.8 g, White powder, IR (cm-1): 2368, 1670, 1100, 495. 

SH2:  Yield; 3.7 g, White powder, IR (cm-1): 2364, 1713, 1100, 495. 

SH3:  Yield; 3.4 g, Light yellow powder, IR (cm-1): 2349, 1735, 1680, 1100, 

495. 

SA1: Yield; 2.7 g, White powder, IR (cm-1): 3500, 3100-2900, 1370, 1100, 495. 

SA2: Yield; 2.7g, White powder, IR (cm-1): 3500, 3100-2900, 1714, 1454, 

1370, 1100, 495. 

SA3: Yield; 2.4 g, Light yellow powder, C ( 9.76 %), H (2.24 %), N (0.26 %), 

S (1.85 %); IR (cm-1): 3500, 3100-2900, 1714, 1454, 1370, 1100, 495; 

Solid State 13C NMR (100 MHz); 171, 135, 132, 131, 70, 36, 30. 

2.5.7 Preparation of dendritic carboxylic acid functionalized 
mesoporous silica 
A2, A4 and A6 (4 g each) were reacted with NaOH (0.24 g) in water 

(30 mL) for 24 h at room temperature. The reaction mixture was acidified 

with dilute HCl and the solid separated was collected by filtration and 

washed well with water and dried at 100 °C under vacuum. 
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CA1;  Yield; 3.7 g, White powder, IR (cm-1): 3500-2900, 1756, 1450, 1380, 

1100, 960, 800, 495. 

CA2;  Yield; 3.7 g, Light yellow powder, IR (cm-1): 3500-2900, 1756, 1450, 

1380, 1100-1000, 960, 800, 495. 

CA2;  Yield; 3.8 g, Light yellow powder, C ( 10.72 %), H (2.42 %), N (0.41 

%), S (1.89 %);  IR (cm-1): 3500-2900, 1756, 1450, 1380, 1100-1000, 

960, 800, 495; Solid State 13C NMR (100 MHz); 235, 230, 171, 135, 

132, 131, 70, 36, 30. 

2.5.8 Estimation of chlorine capacity 

Chlorine capacity was determined by the modified Volhard’s method.59 

The chlorine functionalized mesoporous silica (250 mg) was heated with 

pyridine (2.5 mL) for 1 h at 100 °C. The suspension was diluted with acetic 

acid: water (1: 1) (25 mL). The halide was displaced by the addition of conc. 

HNO3 (5 mL) and precipitated with a measured excess of standard AgNO3 

(0.1 N) solution. AgCl that was formed was coated with toluene, and the 

excess AgNO3 was back titrated with standard NH4SCN solution, using 

ferric alum [FeNH4 (SO4).12H2O] as indicator. A red color due to the 

formation of Fe(SCN)3 indicated that an excess of SCN was present and that 

the end-point was reached. 

2.5.9 Estimation of acid capacity 

The acid capacity was determined by acid-base titration method. 

Typically, 200 mg of the sample was suspended in 30 mL of 0.1 M NaOH 

solution and stirred at room temperature for 24 h. The filtrate was titrated 

with HCl solution (0.1 M). 
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A simple, highly efficient and ecofrendily approach for the preparation of 
dihydropyrimidinones via Biginelli reaction and trisubstituted imidazole 
synthesis is discussed in this chapter. Sulfonic acid functionalized dendrimers 
on mesoporous silica (SA1-3) were effectively used as organo acidic catalysts 
for the synthesis of these two compounds. SA3 showed high catalytic activity 
towards both reactions due to the high amount of sulfonic acid groups on the 
surface of mesoporous silica. The main advantages of this catalyst for these 
reactions are: cleaner reaction profile, high reaction rates and excellent 
yields, simple experimental and work-up procedures, no side reaction, 
solvent free condition, recyclable and environmentally benign nature of the 
catalyst and use of metal free catalyst. 
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3.1  Introduction 
In recent years, the use of solid-supported catalysts has gained 

considerable attention both in industrial and academic research due to their 

unique properties such as enhanced reactivity as well as selectivity, efficiency, 

straightforward work-up, and the eco-friendly reaction conditions.1 Solid 

acids based on micelle template silica and other mesoporous high surface area 

support materials have started to play a significant role in fine chemical 

synthesis processes. A wide range of important organic reactions can be 

efficiently catalyzed by these materials. The catalyst can be designed to 

provide different types of acidity as well as high degrees of reaction 

selectivity. Main advantages of solid acids are the high turnover numbers 

and their easy separation from the organic components.2, 3 One useful 

example of silica supported catalyst is silica-functionalized sulfonic acid in 

which the reactive centres are highly mobile similar to that of homogeneous 

catalysts.4-9 This has been used as an efficient acidic catalyst for some 

organic transformations such as acetalization of carbonyl compounds,10 

thioacetalization of carbonyl compounds,11 synthesis of benzimidazoles,12 

preparation of 3,4-dihydropyryimidinones,13 synthesis of 1,4-dihydropyridines,14   

bromination of carbonyl compounds,15 and bromination of phenols, alkoxyarenes 

and anilines.16 

However, all reported works include single functionalization with 

sulfonic acid on mesoporous silica. But studies revealed that no reports were 

found in the case of sulfonic acid terminated supported or non-supported 

dendrimers as organo catalyst for organic transformations. The synthesis of 

sulfonic acid terminated dendrimers on mesoporous silica and their use as 

catalyst for multicomponent reactions is reported. 
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3.1.1 Multicomponent reactions 

Multicomponent reactions have drawn great interest enjoying an 

outstanding status in modern organic synthesis and medicinal chemistry,  

because, they are one pot processes bringing together three or more 

components and show high atom economy and high selectivity.17  They have 

great involvement in convergent synthesis of complex and important 

organic molecules from simple and readily available starting materials, and 

have emerged as a powerful device for drug discovery.18  Speed, diversity, 

efficiency, and environmental amiability are some of the key features of this 

class of reactions.19-24  In this chapter, a detailed study of two multicomponent 

reactions, Biginelli reaction and trisubstituted imidazole synthesis is 

presented. 

3.1.2 Biginelli reaction 

Dihydropyrimidinones (DHMPs) and their derivatives constitute one 

important class of compounds which exhibit pharmacological activities 

such as calcium channel blockers, anti-inflammatory, antitumor, α-adreno 

receptor antagonist, antihypertensive agents, antibacterial, antioxidative, 

anti-HIV and antiviral activity.25, 26 Biologically active dihydropyrimidinone 

derivatives such as Monastrol (A), (R)-SQ 32926 (B) and (+)-SNAP-7941(C) 

are lead compounds possessing outstanding antitumor, antihypertensive and 

melanin-concentrating hormone receptor antagonism activities, respectively 

(Figure 3.1).27 
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Figure 3.1 Structure of biologically active dihydropyrimidinone 

derivatives  

In 1893, Biginelli first introduced these biologically potent 

DHPMs.28 He apparently did this reaction in a multicomponent way, by the 

cyclocondensation of aldehyde, ethyl acetoacetate and urea in the presence 

of HCl under reflux condition in the presence of ethanol. But, only very low 

yield of 20-60 % was obtained and nearly 24-36 h was needed for the 

completion of the reaction (Scheme 3.1). 

Scheme 3.1 Classical synthesis of Biginelli product 
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Recently, several types of homogeneous29  and  heterogeneous30 catalysts 

were introduced by scientists. Lewis acids such as SbCl3,31 CaF2,32     

Fe3O4/ SMPA,33  Cu(OTf)2,34 ZnI2 and  ZrCl4/ZrOCl235  are commonly used 

catalysts for the Biginelli reaction. Many ionic liquids ([Et3NSO3H]HSO4,36  

[Hmim]HSO4,37 [cmmim][BF4],38 etc and sulfonic acid functionalized Brønsted 

acidic ionic liquids,39 metal-organic complexes,40, 41 and bismuth salts42 were 

used as catalysts and high yields of DHPMs were obtained. However, most 

of these methods required use of toxic solvents, high temperature, expensive 

or highly acidic catalysts. They were also impaired by the requirement of a 

large amount of catalyst, difficulty in recycling the catalyst and prolonged 

reaction times, side reactions, difficulty to separate the products etc. Hence, 

the development of gentle methods using catalysts derived from renewable 

resources for the synthesis of DHPMs still remain a great challenge for 

organic chemists. In recent years, microwave irradiation,43 ultrasound,44 ionic 

liquids,45 solvent-less protocols, and supported reagents46 have appeared to be 

effective techniques. However, they faced the problems of use of toxic and 

expensive transition metals, sealed reaction vessels and difficulty in reusing 

the catalysts. Thus, development of new, efficient, simple and convenient 

protocols that lead to substituted DHPMs in high purity is of considerable 

interest.  

Very recently, silica-modified magnetite-polyoxometalates functionalized 

with sulfamic acid groups were synthesized by Azarifar and coworkers 

(Scheme 3.2).47 This heterogeneous nano catalyst was explored to present 

high catalytic performance for the synthesis of 3,4-dihydropyrimidinones 

under mild reaction conditions. With this catalyst, 85 % yield was obtained 

for the reaction between benzaldehyde, ethyl acetoacetate and urea within 
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30 min at 100 °C. They reported that this catalyst could be easily separated by 

an external magnet. Recyclability and high stability of the catalyst combined 

with low reaction times and excellent yields make the reported protocol very 

useful and attractive for the synthesis of 3,4-dihydropyrimidinones. 

 
Scheme 3.2 Synthesis of dihydropyrimidinones using silica- magnetite- 

polyoxometalates with sulfamic acid 
 

Tabrizian, et al.48 effectively evaluated amine-functionalized titania 

for the synthesis of 3,4-dihydopyrimidin-2(1H)-ones through a one-pot three 

component condensation reaction of various aldehydes, β-dicarbonyl 

compounds and urea (or thiourea) at 100 °C under solvent-free condition 

with good to excellent yields (Scheme 3.3). The catalyst can be recovered 

easily by simple filtration and reused for eight consecutive runs without 

significant decrease of its catalytic efficiency. 

 
Scheme 3.3 Synthesis of dihydropyrimidinones using n-TiO2-NH2 

Similarly, Hosseini, et al.49 introduced zirconia sulfuric acid (ZrSA) as 

a highly powerful heterogeneous solid acid catalyst for the one-pot synthesis of 

3,4-dihydropyrimidin-2(1H)-ones under solvent-free conditions (Scheme 3.4). 
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 They found that 15 mol % of ZrSA gave 99 % yield for benzaldehyde, 

methyl acetoacetate and urea under solvent free condition at 90 °C. They 

reported high catalytic activity, short reaction time, mild reaction conditions, 

excellent yields, reusable nature and simple work-up as the advantages of 

the catalyst. 

Scheme 3.4 Synthesis of dihydropyrimidinones using ZrSA 

3.1.3  Trisubstituted imidazole synthesis 

Imidazole is a planar 5-membered ring and is amphoteric: it can have 

the role of both an acid and as a base. The acidic proton is located on N-1. 

The basic site is N-3, protonation gives the imidazolium cation, which is 

symmetrical. The compound is classified as aromatic due to the presence of 

a sextet of π-electrons, consisting of a pair of electrons from N-1 and one 

from each of the remaining four atoms of the ring.50 Imidazole nucleus is a 

fertile source of biologically important molecules. Compounds containing 

the imidazole group have many pharmacological properties and are 

important in biochemical processes. They are well known as inhibitors of 

P38MAP kinase, and act as fungicides, herbicides, anti-inflammatory agents, 

antithrombotic agents, plant-growth regulators, and therapeutic agents. They 

are also used in photography as photosensitive compounds. Some substituted 

triarylimidazoles are selective antagonists of the glucagon receptor and 

inhibitors of IL-1 biosynthesis.51 
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Trisubstituted imidazole derivatives are well known to be proton pump 

inhibitory, antiinflammatory, antiparasitic, fungicidal, plant-growth regulators, 

and therapeutic agents.52-56 Owing to the wide series of pharmacological and 

biological applications, synthesis of imidazoles has become an important 

goal in recent years. In 1882, Radziszewski57 and Robinson58 reported the 

first synthesis of highly substituted imidazoles from 1,2-dicarbonyl compound, 

different aldehydes, and ammonia (Scheme 3.5).  

 
Scheme 3.5 Conventional synthesis of trisubstituted imidazole 

The conventional imidazole synthesis is more difficult, produces poor 

yield, and requires corrosive reagents. In the last decade, numerous methods 

have been developed for the synthesis of trisubstituted imidazoles using 

various catalytic systems including ionic liquids,59-64 metal salts,65-68 inorganic 

or organic matrices-supported catalysts,69-77 N-halo reagents etc.78-83 Recently, 

ChCl.2ZnCl2,84 Choline chloride and oxalic acid,85 Kieselguhr supported 

[Fe(NO3)3],86 dimethylurea/citric acid,87 nano aluminium nitride,8 and Wang-

OSO3H89 under microwave or ultrasonic irradiation, solvent-free or classical 

conditions were used for the synthesis of imidazole derivatives. 

Most of these methods are associated with limitations such as heating 

at high temperature (180-200 °C), longer reaction time (8-24 h), use of toxic 

solvents, corrosive reagents and the necessity of neutralization of the strong 



Sulfonic Acid Functionalized Mesoporous Silica: Effective Organo Acidic Catalyst for Biginelli … 

Development of Dendritic Functionalized Mesoporous Silica as Reusable Catalyst for Organic Synthesis 105 

acid media.90 Thus, to overcome these drawbacks, highly efficient and 

flexible protocols for the synthesis of 2,4,5-trisubstituted imidazoles are still 

required, as there is scope for further improvements towards mild reaction 

conditions, development of simple work-ups, cheap reagents, convenient 

procedures and higher yields of products.  

Very recently, Naeimi and coworkers91 successfully synthesized the 

ionophore silica coated magnetite nanoparticles (Figure 3.2) and effectively 

used them as a recyclable heterogeneous catalyst for the one-pot synthesis 

of 2,4,5-trisubstituted imidazoles.  

 
Figure 3.2 Structure of Fe3O4@SiO2·HM·SO3H  

The catalyst was recovered using external magnet and used for six 

runs without loss of its activity. In this synthesis, only 1 mmol loading of 

ionic liquid on 1 g of Fe3O4@SiO2 was sufficient to achieve high catalytic 

activity. 

An efficient and reusable nano catalyst, Cu/GA/Fe3O4@SiO2, was 

described by Shaabani and coworkers.92  They evaluated its catalytic application 

in the synthesis of imidazole derivatives in ethanol and under solvent-free 

conditions. The results show that the nano catalyst is effective, recoverable 

and stable under the reaction conditions (Scheme 3.6). 
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Scheme 3.6 Synthesis of trisubstituted imidazole using Cu/GA/Fe3O4@SiO2 

Tungstophosphoric acid supported on core-shell polystyrene-silica 

microspheres was synthesized and characterized by Gorsd, et al.93 The acidic 

characteristics of the solids were evaluated by potentiometric titration, showing 

that they exhibited strong acid sites. Due to its acidic nature, it was used as 

catalyst for the synthesis of trisubstituted imidazole. High yield was 

obtained in the solvent-free synthesis of 2,4,5-triphenyl-1H-imidazole and 

other eight trisubstituted imidazoles, without formation of by-products 

resulting from competitive reactions or decomposition products. 

An extremely efficient method has been developed by Esmaeilpour,  

et al.94 for the synthesis of biologically active three and tetrasubstituted 

imidazoles via condensation of benzil with various aromatic aldehydes, a 

primary amine and ammonium acetate using Fe3O4@SiO2-imid-PMAn as a 

recyclable nano catalyst under solvent-free conditions and microwave 

irradiation. The main advantages of this method are cleaner reaction profiles, 

high reaction rates and excellent yields, simple experimental and work-up 

procedures and no side reactions (Scheme 3.7).  

Scheme 3.7 Synthesis of trisubstituted imidazole using Fe3O4@SiO2-imid-PMAn 
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3.2   Objective of the present work 

Overview of relevant literature revealed that not many reports are 

available on the use of dendritic catalysts for multicomponent reactions 

especially for Biginelli reaction and trisubstituted imidazole synthesis. 

Similarly, no reports are available on the use of sulfonic acid terminated 

dendritic structures as homogeneous and heterogeneous catalyst. Here, the 

synthesis of sulfonic acid functionalized dendritic moiety on mesoporous 

silica surface by step wise growth technique is reported. Due to the presence 

of large amount of sulfonic acid functionality, it can be effectively used as 

heterogeneous organo catalyst for functional group transformations. In this 

chapter, the catalytic activity of sulfonic acid groups on mesoporous silica 

has been explored as heterogeneous organo catalyst for Biginelli reaction 

and for the synthesis of trisubstituted imidazoles.  

3.3  Results and discussion 
3.3.1 Synthesis of sulfonic acid terminated dendrimers on mesoporous 

silica 
The synthetic procedure and detailed characterization of sulfonic acid 

terminated dendrimers on mesoporous silica were described in Chapter 2 

and the structure of SA1, SA2 and SA3 are shown in Figure 3.3. The acid 

group capacity of SA1, SA2 and SA3 were found to be 3.8, 6.8 and 10.2 mmol 

per gram respectively. The characterization techniques like BET surface 

area analysis, IR spectra, TG-DTG analysis, Raman spectra, low angle 

XRD, SEM analysis and solid state 13C NMR spectrum strongly confirmed 

the growth of dendrimers on mesoporous silica.  
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SA3 

Figure 3.3 Structure of SA1, SA2 and SA3 
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3.3.2  Catalytic performance 
3.3.2.1 Biginelli reaction 

 
Scheme 3.8 Synthesis of dihydropyrimidinones 

The Biginelli condensation of benzaldehyde, ethyl acetoacetate (EAA) 

and urea was investigated without any catalyst (Table 3.1, entry 1). But no 

product was obtained. This means that a catalyst was necessary for this 

reaction. So the reaction between benzaldehyde, ethyl acetoacetate and urea 

was repeated in the presence of 3.06 mol % of SA3 under solvent free 

condition at 90 °C (Scheme 3.8 and Table 3.1, entry 4). After 2 h, 

dihydropyrimidinone was obtained in 84 % yield. This result indicated that 

the present catalyst was active towards this reaction. The reaction conditions 

such as catalyst generation, amount of catalyst, different solvents and 

temperature were optimized. The effect of different generations of the 

catalyst (SA1, SA2 and SA3) was examined. It was found that the yield of 

the desired product 3,4-dihydropyrimidin-2-one increased with the generation 

of the catalyst employed. Among the three catalysts, highest yield was obtained 

with third generation catalyst SA3 (Table 3.1, entry 4).  

Table 3.1 Effect of different generation of catalysts 
Entry Catalysts Yield (%)a, b 

1  No Catalyst  -  
2  SA1  70  
3  SA2  81 
4  SA3  84 

abenzaldehyde (1 mmol), EAA (1 mmol), urea (1mmol), 
catalyst (0.003 g), 90 °C, no solvent, 2 h, bisolated yield. 
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In order to evaluate the appropriate catalyst loading, the model reaction 

was performed using 2.04 to 6.12 mol % of SA3 at 90 °C without solvent 

(Table 3.2). It was found that 5.10 mol % of the catalyst afforded the 

maximum yield in 2 h. Higher percentages of the catalyst loading (6.12 mol %) 

showed no substantial improvement in the yields.  

Table 3.2 Optimization of the amount of catalyst 

Amount of catalyst 
SA3 (g)  

Amount of catalyst SA3 
(mol %)  

Yield (%)a, b 

0.002  2.04  80  
0.003  3.06  84 
0.004  4.08  90  
0.005  5.10 95  
0.006  6.12  95  

abenzaldehyde (1 mmol), EAA (1 mmol), urea (1 mmol), 90 °C, no solvent, 2 h, 
bisolated yield. 
 

Various solvents such as methanol, tetrahydrofuran, toluene, 

dichloromethane, acetonitrile, water and solvent free condition were screened 

for Biginelli reaction at 50 °C. It was found that solvent free condition was the 

most effective for the generation of the desired product (Table 3.3). 

Table 3.3 Optimization of solvent on the reaction  

Entry Solvent Yield (%)a, b 
1 Methanol 70 
2 Tetrahydrofuran 52 
3 Toluene 58 
4 Dichloromethane 72 
5 Acetonitrile 61 
6 Water 65 
7 No solvent 79 

abenzaldehyde (1 mmol), EAA (1 mmol), urea (1 mmol), SA3 (5.10 mol %), 50 °C, 2 h, 
bisolated yield. 
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Next, the effect of temperature was evaluated for the model reaction. 

It was observed that the reaction did not proceed at room temperature. By 

elevating the reaction temperature from 50 °C to 90 °C, the yield of desired 

product increased considerably. Same yield was obtained for both 90 °C and 

110 °C reactions (Table 3.4). So, 90 °C was selected as optimal reaction 

temperature. 

Table 3.4 Effect of temperature on the reaction 

Entry  Temperature, °C Yield (%)a, b 
1  Room temperature -  
2  50  79  
3  70  84  
4  90  95  
5  110  95  

abenzaldehyde (1 mmol), EAA (1 mmol), urea (1 mmol), SA3 (5.10 mol %),              
no solvent, 2 h, bisolated yield. 

 

With the optimized reaction conditions in hand, the generality of          

the procedure for the Biginelli reaction was investigated with various 

aldehydes and urea/thiourea and a set of substituted DHPMs were obtained 

in high to excellent yields at appropriate times under solvent-free condition 

(Table 3.5). Aromatic aldehydes bearing both electron-donating and electron 

withdrawing groups readily underwent the transformation, giving good 

yields of corresponding Biginelli compounds. Meta and para derivatives              

of nitrobenzaldehyde and para derivative of bromobenzaldehyde and 

chlorobenzaldehyde successfully produced the desired products in excellent 

yields indicating that the position of the substituents had no significant 

effect on the yield.  
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Since thiopyrimidinones are important pharmacophores with regard to 

biological activity, synthesis of 3,4- dihydropyrimidin-2-(1H)-thiones using 

thiourea instead of urea was also tried (Table 3.5 Entries 10, 11). Result showed 

that the above mentioned optimized conditions were successful for the 

synthesis of the 3,4-dihydropyrimidin-2-(1H)-thiones in good yield. The 

structure of all synthesized products are given in the Table 3.6. 

 

Table 3.5 Biginelli reaction with different substrates 

 

Entry R X Product Yield (%)a, b 
1 H O 3a 95 
2 4-nitro O 3b 89 
3 3-nitro O 3c 90 
4 4-bromo O 3d 91 
5 4-methyl O 3e 89 
6 4-chloro O 3f 84 
7 4-hydroxy O 3g 86 
8 4-N-(CH3)2 O 3h 85 
9 4-methoxy O 3i 94 

10 H S 3j 91 
11 4-methoxy S 3k 85 

aaldehyde (1 mmol), EAA (1 mmol), urea/thiourea (1 mmol), SA3 (5.10 mol %), 90 °C, 
no solvent, 2 h, bisolated yield. 
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Table 3.6 Structure of synthesized Biginelli products 
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3.3.2.1.2 Proposed mechanism for Biginelli reaction 

Proposed mechanism showed that the aldehyde and ethyl acetoacetate 

undergo aldol condensation to form intermediate 19 followed by the 

elimination of water molecule to form the intermediate 21. The nucleophilic 

addition of NH2 of urea /thiourea to intermediate 21 followed by cyclization-

dehydration to form 3,4- dihydropyrimidin-2(1H)-ones 18 (Scheme 3.9).94b 
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Scheme 3.9 Proposed mechanism for the formation of dihydropyrimidinones  

3.3.2.2 Trisubstituted imidazole synthesis 

After the success of sulfonic acid terminated mesoporous silica in the 

preparation of 3, 4-dihydropyrimidin-2-(1H)-ones, it was decided to explore 

the catalytic activity of sulfonic acid terminated mesoporous silica in the 

preparation of trisubstituted imadazole derivatives. Generally, the synthetic 
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procedure involves stirring the mixture of aldehyde, benzil, ammonium 

acetate and catalyst for 2 h at 70 °C (Scheme 3.10). The investigation was 

initiated with the reaction of benzaldehyde (1 mmol), benzil (1 mmol) and 

ammonium acetate (2 mmol) in the presence of 3.06 mol % of SA3 under 

solvent free condition. Progress of the reaction was monitored by TLC. 

After the completion of the reaction, hot ethanol was added and the 

catalyst was removed by filtration. The filtrate was dried to give the crude 

product. For further purification, it was recrystallized from ethanol to 

afford the pure product. 83 % yield was obtained after 2 h. This means that 

the present catalyst showed good catalytic activity towards this reaction.   

 
Scheme 3.10 Synthesis of trisubstituted imidazole 

To optimize the reaction conditions, the reaction in the absence of any 

catalyst and also different generations of the catalyst was studied. The 

reaction did not occur in the absence of any catalyst (Table 3.7, Entry 1). 

This indicates the necessity of a catalyst for this reaction. On going to 

higher generations from SA1 to SA3, reaction yield was increased. Data 

presented in Table 3.7 clearly indicated that SA3 gave highest yield. This is 

due to the presence of higher amounts of sulfonic acid groups on SA3 which 

make it strong acidic catalyst towards this reaction.  
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Table 3.7 Effect of different generations of the catalyst 

Entry Catalyst Yield (%)a, b 
1 No Catalyst - 
2 SA1 54 
3 SA2 72 
4 SA3 83 

abenzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol) and 
catalyst (0.003g), no solvent, 70 °C, 2 h, bisolated yield 

 

The amount of catalyst was optimized and found that the yield was 

affected by the amount of SA3 used. Yield of the product was low when low 

amount of catalyst was used. 5.10 mol % of SA3 was found to be the most 

effective in stitching all the starting substrates to trisubstituted imidazole 

with high yields (Table 3.8) and higher amounts such as 6.12 mol % did not 

boost the yields. 

Table 3.8 Effect of amount of catalyst 

Amount of catalyst SA3 
(g) 

Amount of catalyst SA3 
(mol %) 

Yield (%)a, b 

0.002 2.04 71 
0.003 3.06 83 
0.004 4.08 90 
0.005 5.10 96 
0.006 6.12 96 

abenzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol),70 °C, 
no solvent, 2 h, bisolated yield 
 

 

To examine the influence of solvent, model reaction between benzil, 

benzaldehyde and ammonium acetate at 50 °C was performed in various 

solvents under identical conditions and results are summarized in Table 3.9. 

It was observed that solvent free condition was best suited for this reaction. 
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Table 3.9 Optimization of solvent on the reaction 

Entry Solvent Yield (%)a, b 
1 Methanol 78 
2 THF 53 
3 Toluene 50 
4 DCM 62 
5 Acetonitrile 64 
6 Water 60 
7 No solvent 82 

abenzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol), 50 °C,              
SA3 (5.10 mol %), 2 h, bisolated yield 

 

In order to check whether the temperature has any role on this 

reaction, the reaction was done at room temperature. But no product was 

obtained. When the temperature was increased from room temperature to  

70 °C, yield was increased but further increase in temperature showed no 

change in the percentage conversion (Table 3.10).  

Table 3.10 Effect of temperature on the reaction 

Entry  Temperature, °C Yield (%)a, b 
1  Room temperature -  
2  50  82  
3  70  96  
4  90  96  

abenzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol), no 
solvent,  SA3 (5.10 mol %), 2 h, bisolated yield 

 

To establish the catalytic efficiency, the optimized reaction condition 

was applied to a number of aldehydes. This is summarized in Table 3.11. It was 

observed that, the corresponding trisubstituted imidazoles were obtained in all 

the cases in excellent yields. Results showed that the process tolerated both 
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electron donating and electron withdrawing substituent on the aldehyde. 

Table 3.11 clearly confirmed that sulfonic acid functionalized mesoporous 

silica was an effective catalyst for the synthesis of triarylimidazoles, under 

mild reaction conditions. The structure of all the products is given in the 

Table 3.12. 

 

Table 3.11 Synthesis of trisubstituted imidiazole using different substrates 

 
Entry Aldehyde  Product Yield (%)a, b 

1 benzaldehyde  3a’ 96 
2 2-nitrobenzaldehyde  3b’ 91 
3 3-nitrobenzaldehyde  3c’ 88 
4 4-nitrobenzaldehyde  3d’ 92 
5 4-chlorobenzaldehyde  3e’ 94 
6 4-hydroxybenzaldehyde  3f ’ 90 
7 4-methoxybenzaldehyde  3g’ 88 
8 3,4-dimethoxybenzaldehyde  3h’ 92 
9 4-methylbenzaldehyde  3i’ 93 

10 4-bromobenzaldehyde  3j’ 87 
11 3-bromobenzaldehyde  3k’ 84 
12 salicylaldehyde 3l’ 92 

abenzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol), no solvent,             
SA3 (5.10 mol %), 70 °C, 2 h, bisolated yield  
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Table 3.12 Structure of synthesized trisubstituted imidazoles 
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3.3.2.2.1 Mechanism for the formation of trisubstituted imidazoles 

Proposed mechanism for the formation of trisubstituted imidazole 

is shown in Scheme 3.11. Aldehyde was activated in the presence of 

catalyst to form the intermediate 19. It undergoes nucleophilic addition 

of NH3 formed from the dissociation of ammonium acetate to form the 

diamine intermediate 30. This intermediate condenses with benzil to form 

the intermediate 32 followed by dehydration and rearranges to the 

trisubstituted imidazoles 26 by a [1,5] hydrogen shift. 
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Scheme 3.11 Proposed mechanism for the formation of trisubstituted imidazole  
 

3.3.2.3 Reusability of the catalyst (SA3) 

The reusable capacity of SA3 in the Biginelli reaction and trisubstituted 

imidazole synthesis was tested using the same procedures. The catalyst was 

easily recovered from the reaction mixture by using hot ethanol, washed 

with ethanol, methanol, dichloromethane, water and finally dried at 120 °C 

for 2 h prior to the next run. During the reusable experiment, with fresh 

reactants, under the same reaction conditions, no considerable change in the 

activity of the catalyst was observed for at least 4 consecutive runs which 
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clearly demonstrated the stability of the catalyst under these conditions in 

the reactions. 

Table 3.13 Reusability studies of the catalyst in Biginelli reaction and 
in the synthesis of trisubstituted imidazoles 

No. of cycles Biginelli Reaction 
(Yield %)a, b 

Trisubstituted imidazoles 
(Yield %)c, d 

1 95 96 
2 95 94 
3 93 92 
4 92 90 

a benzaldehyde (1 mmol), EAA (1 mmol), urea (1 mmol), SA3 (5.10 mol %), 
90 °C, solvent free condition, 2 h, bisolated yield, cbenzaldehyde (1 mmol), 
benzil (1 mmol), ammonium acetate (2  mmol), SA3 (5.10 mol %), 70 °C,  
solvent free condition, 2 h, disolated yield 
 

From the Table 3.13, it clearly showed that sulfonic acid functionalized 

mesoporous silica (SA3) can be used as effective heterogeneous acid catalyst 

for Biginelli reaction and for the synthesis of trisubstituted imidazoles under 

solvent free condition up to four cycles. 

3.4  Conclusion 

Sulfonic acid functionalized dendritic moiety on mesoporous silica 

was synthesized and characterized by various physicochemical techniques. 

Catalytic activity was tested for two multicomponent reactions, Biginelli 

reaction and trisubstituted imidazole synthesis.  Three generations of the 

dendrimers such as SA1, SA2 and SA3 were found to be very effective 

catalysts for both reactions. Due to the high amount of sulfonic acid groups 

on SA3, it was found to be an efficient organo catalyst for these reactions. 

In Biginelli reaction, 5.10 mol % of the catalyst gave 84-95% yield under 

solvent free condition at 90 °C. In the case of trisubstituted imidazole 
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synthesis also, SA3 was the best catalyst. 84-96 % yield was obtained using 

5.10 mol % of SA3 under solvent free condition at 70 °C. The catalyst could 

be efficiently recycled and reused up to fourth run with negligible loss of 

efficiency for both the reactions. Main advantages of these reactions using 

SA3 as catalysts are: easy work up procedure, no side products, simple 

purification procedure, solvent free condition, use of metal free catalyst etc. 

The excellent catalytic performance, thermal stability and separation of the 

catalyst by simple filtration make it a good heterogeneous system and useful 

alternative to other heterogeneous catalysts. 

3.5  Experimental 

3.5.1 Materials 

All reagents were purchased from the local chemical suppliers and 

were used as received. All the solvents were purified according to the 

standard procedures. 

3.5.2 Synthesis of sulfonic acid functionalized dendritic mesoporous silica 
Same as given in Chapter 2 

3.5.3  General procedure for the Biginelli reaction 

A solution of the aldehyde (1 mmol), ethyl acetoacetate (1 mmol), 

urea (1 mmol), and SA3 (5.10 mol %) was heated at 90 °C for 2 h in a 

single-neck flask under solvent free condition. Hot ethanol was added to the 

reaction mixture and filtered to remove the catalyst for reuse. The filtrate 

was poured onto crushed ice and stirring was continued for several minutes, 

and the solid product was filtered. The crude product was purified by 

recrystallization from ethanol.  
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3.5.4 General procedure for the synthesis of trisubstituted imidazoles 

The mixture of benzil (1 mmol), aldehyde (1 mmol) and NH4OAc             

(2 mmol) was stirred at 70 °C in the presence of SA3 catalyst (5.10 mol %) 

in a single-neck flask under solvent free condition for 2 h. After the 

completion of the reaction, hot ethanol was added and filtered to remove the 

catalyst for reuse. After separation of the catalyst by filtration, the filtrate 

was poured into ice-water. The resulting solid was filtered, washed with 

water, dried, and recrystallized from ethanol to get the corresponding 

2,4,5-triaryl-1H-imidazoles. 

3.5.5  Reusability of the catalyst for Biginelli reaction 

The reusability of the catalyst for subsequent catalytic cycles was 

examined using benzaldehyde, ethyl acetoacetate and urea as substrates. 

After the completion of the reaction, the solid catalyst was separated from 

the reaction mixture by washing the catalyst with hot ethanol and washed 

with methanol, dichloromethane and acetone. The catalyst was dried under 

vacuum at 120 °C for about 2 h. The dried solid catalyst was weighed          

and added to a fresh reaction mixture of benzaldehyde, ethyl acetoacetate          

and urea. The progress of the reaction was monitored by thin layer 

chromatography (TLC). The procedure was repeated for four reaction 

cycles. 

3.5.6 Reusability of the catalyst for the synthesis of trisubstituted 

imidazoles 

The reusability of the catalyst for subsequent catalytic cycles was 

examined using benzil, benzaldehyde and ammonium acetate as substrates. 
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After the completion of the reaction, the solid catalyst was separated from 

the reaction mixture by washing the catalyst with hot ethanol and washed 

with ethanol, dichloromethane and acetone. The catalyst was dried under 

vacuum at 120 °C for about 2 h. The dried solid catalyst was weighed and 

added to a fresh reaction mixture of benzil, benzaldehyde and ammonium 

acetate. The progress of the reaction was monitored by thin layer 

chromatography (TLC). The procedure was repeated for four reaction cycles. 

3.5.7 Characterization of products 

3.5.7.1 Dihydropyrimidinone derivatives (Table 3.5) 

1)  5-(Ethoxycarbonyl)-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-one 

 

NH

N
H

O

EtO

O

 

White solid, m. p. 204 °C (204-206 °C)95, LC-MS 
(M+) m/z 261; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.10 (s, 1H), 7.61 (s, 1H), 7.36-7.26 (m, 5H), 5.18 
(s, 1H), 3.99 (q,  J = 7.1 Hz, 2H), 2.26 (s, 3H), 1.10 
(t, J = 7.1 Hz, 3H); 13C NMR (DMSO-d6, 100 
MHz) δ: 165.8, 152.8, 148.4, 145.3, 128.5, 127.5, 
126.7, 99.8, 59.5, 54.6, 18.3, 14.4. 

 

2)  5-(Ethoxycarbonyl)-4-(4-nitrophenyl)-6-méthyl-3,4-dihydropyrimidin-
2 (1H)-one 

 

NH

N
H

O

EtO

O

NO2

 

White solid, m. p. 211 °C (211-213 °C)95, LC-MS 
(M+) m/z 305; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.33 (s, 1H), 7.92 (s, 1H), 7.24 (d, J = 8.2 Hz, 
2H), 7.21 (d, J = 8.2 Hz, 2H),  5.17 (s, 1H), 3.96 
(q, J = 7.1 Hz, 2H), 2.25 (s, 3H), 0.9 (t, J = 7.1 
Hz, 3H); 13C NMR (DMSO-d6, 100 MHz) δ: 
166.6, 153.3, 153.1, 150.6, 148.0, 129.0, 125.1, 
99.7, 61.0, 54.9, 19.1, 15.2. 
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3)  5-(Ethoxycarbonyl)-4-(3-nitrophenyl)-6-methyl-3,4-dihydropyrimidin-
2(1H)- 

 

 

White solid, m.  p. 230 °C (229-231 ᵒC)96, LC-MS 
(M+) m/z 305; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.41 (s, 1H), 7.94 (s, 1H), 7.73-8.15 (m, 4H), 5.31 
(s, 1H), 3.98 (q, J = 7.0 Hz, 2H),  2.26 (s, 3H), 1.12   
(t, J = 7.0 Hz,  3H); 13C NMR (DMSO-d6, 100 
MHz) δ: 165.6, 152.3, 149.9, 147.4, 133.5, 130.7, 
122.9, 121.5, 98.8, 59.9, 54.0, 19.0, 18.4, 14.5. 

 
4)  5-(Ethoxycarbonyl)-4-(4-bromophenyl)-6-méthyl-3,4-dihydropyrimidin-

2(1H)-one 

 

NH

N
H

O

EtO

O

Br

 

White solid,  m. p. 210 °C (210-212 °C)97, LC-
MS (M+) m/z 339; 1H NMR (DMSO-d6, 400 
MHz) δ: 9.28 (s, 1H), 7.82 (s, 1H), 7.56 (d, J = 
8.2 Hz, 2H), 7.21 (d, J = 8.2 Hz, 2H), 5.15 (s, 1H), 
3.98 (q, J = 7.0 Hz, 2H), 2.26 (s, 3H), 1.09 (t, J = 
7.0 Hz, 3H); 13C NMR (DMSO-d6, 100 MHz) δ: 
166.6, 153.1, 149.9, 145.3, 132.7, 129.7, 121.5, 
99.9, 60.5, 54.6, 18.9, 15.2. 

 
5)  5-(Ethoxycarbonyl -4-(4-methylphenyl)-6-méthyl 3,4-dihydropyrimidin 

-2(1H)-one 

 

NH

N
H

O

EtO

O

CH3

 

White solid, m. p. 215 °C (215-217 °C)98, LCMS 
(M+) m/z 274; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.21 (s, 1H), 7.74 (s, 1H), 7.11-7.15 (m, 4H), 5.11 
(s, 1H), 3.99 (q, J = 7.1 Hz, 2H), 2.26 (s, 3H), 
2.24 (s, 3H), 1.10 (t, J = 7.1 Hz, 3H); 13C NMR 
(DMSO-d6, 100 MHz) δ: 165.8, 152.6, 148.6, 
142.4, 136.8, 129.4, 126.6, 99.8, 59.6, 54.1, 21.1, 
18.2, 14.5 
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6)  5-(Ethoxycarbonyl-4-(4-chlorophényl)-6-méthyl-3,4-dihydropyrimidin -
2(1H)-one 

 

NH

N
H

O

EtO

O

Cl

 

White solid, m. p. 215 °C (214-216 °C)98a, LCMS 
(M+) m/z 294; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.28 (s, 1H), 7.79 (s, 1H), 7.24-7.41 (m, 4H), 5.16 
(s, 1H), 3.99 (q, J = 7.1 Hz, 2H), 2.26 (s, 3H), 
1.08 (t, J = 7.1 Hz, 3H); 13C NMR (DMSO-d6, 
100 MHz) δ: 166.4, 153.1, 149.9, 144.9, 132.9, 
129.6, 129.4, 99.9, 60.5, 54.86, 18.9, 15.2. 

 

7)  5-(Ethoxycarbonyl)-4-(4-hydroxyphenyl)-6-methyl-3,4-
dihydropyrimidin-2(1H)-one 

 

 

White solid, m. p. 234 °C (234-236 °C)95, LCMS 
(M+) m/z 276; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.21 (s, 1H), 9.08 (s, 1H), 7.56 (s, 1H), 7.05 (d, J 
= 8.1 Hz, 2H), 6.70 (d, J = 8.1 Hz, 2H), 5.04 (s, 
1H), 3.96 (q, J = 7.1 Hz, 2H), 2.24 (s, 3H), 1.02 
(t, J = 7.1 Hz, 3H); 13C NMR (DMSO-d6, 100 
MHz) δ: 165.7, 156.8, 152.7, 147.8, 135.8, 127.7, 
115.2, 115.2, 100.2, 59.3, 53.9, 18.1, 14.4. 

 

8)  5-(Ethoxycarbonyl)-4-(4-(dimethylamino)phényl)-6-methyl-3,4-
dihydropyrimidin-2(1H)-one 

 

 

 

Orange solid, m. p. 255 °C (254-256 °C)95, 
LCMS (M+) m/z 303; 1H NMR (DMSO-d6, 400 
MHz) δ: 9.14 (s, 1H), 7.64 (s, 1H), 7.14 (d, J = 
8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 5.05 (s, 
1H), 3.98 (q, J = 7.1 Hz, 2H), 2.52 (s, 3H), 2.23 
(s, 3H), 1.08 (t, J = 7.1 Hz, 3H); 13C NMR 
(DMSO-d6, 100 MHz) δ: 165.5, 152.4, 149.9, 
147.6, 132.7, 126.9, 112.3, 99.9, 59.2, 53.3, 17.8, 
14.2. 
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9)  5-(Ethoxycarbonyl)-6-méthyl-4-(4-methoxylphenyl)-3,4-
dihydropyrimidin-2(1H)-one 

 

 

 

White solid m. p. 204 °C (204-205 °C)99, LCMS 
(M+) m/z 290; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.15 (s, 1H), 7.72 (s, 1H), 7.18 (d, J = 8.1 Hz, 
2H), 6.86 (d, J = 8.1 Hz, 2H), 5.10 (s, 1H), 3.97 
(q, J = 7.1 Hz, 2H), 3.74 (s, 3H), 2.25 (s, 3H), 
1.12 (t, J = 7.1 Hz, 3H); 13C NMR (DMSO-d6, 
100 MHz) δ: 166.2, 159.2, 152.9, 148.8, 137.8, 
128.1, 114.5, 100.3, 59.9, 55.8, 54.1, 18.5, 14.9. 

 

10)  5-(Ethoxycarbonyl)-6-methyl-4-phenyl-3,4-dihydropyrimidin-
2(1H)-thione 

 

 

 

White solid, m. p. 203 °C (202-204 °C)100, LCMS 
(M+) m/z 276; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.80 (s, 1H), 9.20 (s, 1H), 7.31-7.22 (m, 5H), 5.24 
(s, 1H), 3.97 (q, J = 7.1 Hz, 2H), 2.24 (s, 3H), 
1.12 (t, J = 7.1 Hz, 3H); 13C NMR (DMSO-d6, 
100 MHz) δ: 174.2, 165.3, 144.4, 143.3, 128.2, 
127.3, 126.5, 101.3, 59.5, 54.6, 17.4, 13.8. 

 

11)  5-(Ethoxycarbonyl)-6-méthyl-4-(4-méthoxylphenyl)-3,4-
dihydropyrimidin-2(1H)-thione 

 

 

White solid, m. p. 155 °C (154-156 °C)101, LCMS 
(M+) m/z 307; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.79 (s, 1H), 9.26 (s, 1H), 7.16 (d, J = 8.5 Hz, 
2H), 6.77 (d, J = 8.5 Hz, 2H),  5.21 (s, 1H), 3.98 
(q, J = 7.1 Hz, 2H), 3.70 (s, 3H), 2.25 (s, 3H), 
1.13 (t, J = 7.1 Hz, 3H); 13C NMR (DMSO-d6, 
100 MHz) δ: 164.7, 158.3, 134.8, 131.1, 127.2, 
113.6, 112.9, 101.3, 59.9, 54.4, 54.1, 16.9, 13.3. 
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3.5.7.2  2,4,5-Trisubstituted imidazoles (Table 3.11) 

1) 2,4,5-Triphenyl-1H-imidazole 
 

 

White solid, m. p. 266 °C (266-267 °C)102, LCMS 
(M+) m/z 296; 1H NMR (DMSO-d6, 400 MHz) δ: 
12.7 (s, 1H), 8.1 (d, J = 7.8 Hz, 2H), 7.1-7.9 (m, 
13H); 13C NMR (DMSO-d6, 100 MHz) δ: 146.2, 
136.5, 135.5, 130.1, 130.4, 129.8, 128.7, 128.3, 
127.1, 127.0, 125.2 

 

2) 2-(2-Nitrophenyl)-4,5-diphenyl-1H-imidazole 
 

 

 

White solid, m. p. 232 °C (231-232 °C)102, LCMS 
(M+) m/z 341; 1 H NMR (DMSO-d6, 400 MHz) δ: 
12.93 (s, 1H), 7.98-7.23 (m, 14H); 13C NMR 
(DMSO-d6, 100 MHz) δ: 151.4, 141.0, 134.4, 
130.8, 128.5, 126.4, 125.0, 122.9, 122.1. 

 

3) 2-(3-Nitrophenyl)-4,5-diphenyl-1H-imidazole 
 

 

 

Yellow solid, m. p. >300  °C102, LCMS (M+) m/z 
341; 1H NMR (DMSO-d6, 400 MHz)  δ: 13.09 (s, 
1H), 8.94 (s, 1H), 8.54 (d, J = 7.5 Hz, 1H), 8.22 
(d, J = 7.8 Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 
7.54-7.31 (m, 10H); 13C NMR (DMSO-d6, 100 
MHz) δ: 148.3, 143.3, 131.8, 131.1, 130.4, 128.6, 
128.4, 127.1, 122.6, 119.4.  

 

4) 2-(4-Nitrophenyl)-4,5-diphenyl-1H-imidazole 
 

 

 

Orange solid, m. p. 200 °C (200-202 °C)102, 
LCMS (M+) m/z 341; 1H NMR (DMSO-d6, 400 
MHz) δ: 11.7 (s, br.), 7.00- 8.52 (m, 14H); 13C 
NMR (DMSO-d6, 100 MHz) δ: 148.2, 147.8, 145.5, 
137.4, 134.1, 131.9, 131.2, 130.7, 129.5, 128.2, 
126.7, 126.1, 124.0. 
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5) 2-(4-Chlorophenyl)-4,5-diphenyl-1H-imidazole 
 

 

White solid, m. p. 263 °C (262-263 °C)102, LCMS 
(M+) m/z 330; 1H NMR (DMSO-d6, 400 MHz) δ: 
12.75 (s, 1H), 8.10 (d, J =8.1 Hz, 2H), 7.55-7.23 
(m, 12H); 13C NMR (DMSO-d6, 100 MHz) δ: 144.1, 
137.8, 135.4, 132.4, 130.7, 129.8, 129.4, 128.6, 
128.5, 128.4, 128.2, 127.8, 127.0, 126.8, 126.5. 

 

6) 2-(4-Hydroxyphenyl)-4,5-diphenyl-1H-imidazole 
 

 

 

White solid, m. p. 232 °C (231-232 °C)102, LCMS 
(M+) m/z 312; 1H NMR (DMSO-d6, 400 MHz)  
δ: 12.35 (s, 1H), 9.54 (s, 1H), 7.89 (d, J = 8.4 Hz, 
2H), 7.53-7.21 (m, 10H), 6.87 (d, J = 8.4 Hz, 
2H); 13C NMR (DMSO-d6, 100 MHz) δ: 157.6, 
146.6, 127.1, 125.7, 124.3, 121.9, 114.7, 112.8, 
98.5, 95.5. 

 

7) 2-(4-Methoxyphenyl)-4,5-diphenyl-1H-imidazole 
 

 

 

White solid, m. p. 220 °C ( 220-222 °C)102, LCMS 
(M+)  m/z 326; 1H NMR (DMSO-d6, 400 MHz) δ: 
12.51 (s, 1H), 8.02 (d, J = 8.1 Hz, 2H), 7.51-7.33 
(m, 10H), 7.03 (d, J = 8.1 Hz, 2H), 3.81 (s, 3H); 
13C NMR (DMSO-d6, 100 MHz) δ: 158.3, 145.0, 
136.0, 134.6, 131.3, 121.4, 127.4, 126.0, 123.0, 
113.8, 54.6. 

 

8) 2-(3,4-Dimethoxyphenyl)-4,5-diphenyl-1H-imidazole 
 

 

 

White solid, m. p. 214 °C (213-216 °C)102, LCMS 
(M+) m/z 356; 1H NMR (DMSO-d6, 400 MHz) δ: 
12.51 (s, 1H), 7.65 (s, 1H), 7.4-7.55 (m, 6H), 7.36  (t, 
J = 7.2 Hz, 2H), 7.28 (t, J = 7.2 Hz, 2H), 7.20 (t, J 
= 7.8 Hz, 1H), 7.15 (d, J = 7.8 Hz, 1H), 3.78 (s, 
3H), 3.75 (s, 3H); 13C NMR (DMSO-d6, 100 MHz) 
δ: 148.6, 147.0, 146.3, 137.2, 135.9, 131.7, 129.0, 
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128.8, 128.6, 128.0, 127.5, 126.8, 123.9, 117.0, 
113.3, 112.5, 56.1, 55.8. 

9)  2-(4-Methylphenyl)-4,5-diphenyl-1H-imidazole 
 

 

 

Colourless needle,  m. p. 231 °C (231-232 °C)102, 
LCMS (M+) m/z 310; 1H NMR (DMSO-d6, 400 
MHz) δ: 12.57 (s, 1H), 7.99 (d, J = 7.8 Hz, 2H), 
7.55-2.21 (m, 12H), 2.33 (s, 3H); 13C NMR 
(DMSO-d6, 100 MHz) δ: 146.2, 138.9, 132.9, 
129.6, 128.6, 127.8, 127.4, 127.1, 125.2, 21.3. 

 

10)  2-(4-Bromophenyl)-4,5-diphenyl-1H-imidazole 
 

 

 

White solid, m. p. 250  °C (249-251 °C)102, LCMS 
(M+) m/z 374; 1H NMR (DMSO-d6, 400 MHz) δ: 
12.02 (s, 1H), 7.44-7.40 (m, 4H), 7.37 (d, J = 7.8 
Hz, 2H), 7.30-7.26 (m, 4H), 7.23-7.28 (m, 2H), 
7.04-6.97 (d, J = 7.0 Hz, 2H); 13C NMR (DMSO-
d6, 100 MHz) δ: 124, 126.6, 126.8, 128.5, 129.6, 
130.3, 131.1, 131.4, 134.7, 137.8, 148.0, 145.6, 
147.4. 

 

11)  2-(3-Bromophenyl)-4,5-diphenyl-1H-imidazole 
 

 

N
H

N
Br

 

White solid, m. p. 120 °C(120-122 °C)102, LCMS 
(M+) m/z 374; 1H NMR (DMSO-d6, 400 MHz) δ: 
9.40 (s, 1H), 7.78-7.26 (m, 14H); 13C NMR 
(DMSO-d6, 100 MHz) δ: 121.8, 125.6, 126.0, 
126.7, 127.4, 127.7, 127.7, 128.1, 131.0. 

 

12)  2-(2-Hydroxyphenyl)-4,5-diphenyl-1H-imidazole 
 

N
H

N
HO

 

White solid, m. p. 202 °C (202-204 °C)102, LCMS 
(M+) m/z 312; 1H NMR (DMSO-d6, 400 MHz)  
δ: 13.01 (s, 1H), 12.94 (s, 1H), 8.06 (d, J = 7.2 
Hz, 1H), 7.53-6.91 (m, 13H); 13C NMR (DMSO-
d6, 100 MHz) δ: 146.0, 136.0, 130.1, 130.0, 129.0, 
128.9, 128.4, 128.2, 127.6, 126.7, 125.6. 
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CARBOXYLIC ACID FUNCTIONALIZED MESOPOROUS SILICA 
AS EFFECTIVE REUSABLE ORGANO ACIDIC CATALYST FOR 

ULLMANN TYPE COUPLING REACTION 
 
 

4.1 Introduction 
4.2 Objective of the present work 
4.3 Results and discussion 
4.4 Conclusion 
4.5  Experimental 

 

 

 

Classical Ullmann coupling reaction and Ullmann type reactions are metal 

catalyzed reactions at high temperature. Due to the present interest in 

heterogeneous organocatalysis in the context of green chemistry, here an 

attempt has been made to perform the Ullmann type C-O and C-N coupling 

reaction using dendritic carboxylic acid anchored on mesoporous silica. 

Presence of large number of carboxylic acid groups on the surface of 

mesoporous silica makes it effective acidic catalyst for these reactions. The 

third generation dendritic catalyst CA3 showed high activity towards these 

reactions and could be recycled up to four runs without loss of its activity. 
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4.1  Introduction 
Carbon-carbon (C-C) bond-forming reactions are fundamental in 

synthetic organic chemistry, because, they allow for the assembly of more 

complex molecular systems from simpler ones.1 Recently, transition-metal 

catalyzed carbon-carbon and carbon-hetero atom bond forming reactions 

have received paramount attention because of their manifold industrial 

applications.2-7 Accordingly, an extraordinarily diverse range of methods for 

creating C-C bonds and carbon-hetro atom bonds have been established over 

the last one hundred years or so and this provides the capacity to construct a 

remarkable array of chemical structures.8 Amongst the most venerable of 

these methods is the Ullmann reaction and Ullmann type reaction. 

4.1.1  Classical Ullmann reaction and Ullmann type reaction 

In 1901 Fritz Ullmann found that Cu compounds were able to catalyze 

the formation of biaryl through coupling of two molecules of aryl halides.9 

Formation of a new C–C bond between two aryls by the condensation of 

two molecules of aromatic halide in the presence of finely divided copper is 

known as classical Ullmann reaction (Scheme 4.1).10 This is the first 

transition metal mediated coupling reaction for the formation of aryl-aryl 

bond. The reaction is most often been done on aryl iodides, but bromides 

and chlorides have also been used. Aryl bromides and chlorides do not 

usually react unless there is an electron withdrawing group like nitro, ester, 

etc. at ortho and/or para to the halogen atom.11 

 
Scheme 4.1 Classical Ullmann reaction 
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The generally accepted mechanism for this reaction involves the 

formation of an organocuprate intermediate from a molecule of aryl halide, 

which then reacts with a second molecule through oxidative addition, 

furnishing the final product after reductive elimination (Scheme 4.2).12, 13 

The classical Ullmann reaction is limited to electron deficient aryl halides 

and requires harsh reaction conditions. 

 
Scheme 4.2 Mechanism of Ullmann reaction 

A few years after the discovery of the classical Ullmann reaction, the 

same methodology was applied by Ullmann to the synthesis of N-aryl 

amines and ethers, in 1903 and 1905 respectively,14, 15 and in 1906 the first 

Cu catalyzed synthesis of aryl amides was reported by Irma Goldberg16 

(Scheme 4.3). Goldberg also reported the first catalytic arylation of amines 

in the same year. Almost 30 years later, in 1929, William Hurtley reported 

the coupling between o-bromobenzoic acid and �-dicarbonyls mediated by 

Cu bronze or Cu(OAc)2.17, 18  
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�
Scheme 4.3 Ullmann type coupling reactions 

According to commonly accepted nomenclature, the term “Ullmann 

condensation reaction or Ullmann type coupling” refers to a copper-mediated 

reaction between an aryl halide and an amine, phenol or thiophenol to 

synthesize the corresponding aryl amine, ether or thioether compounds, 

respectively.19 Since their discovery, Ullmann-type coupling reactions have 

become a typical method for preparing aryl amines, biaryl ethers, and N-aryl 

heterocycles that are important in the pharmaceutical and materials world. 
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4.1.2  Copper catalysts for Ullmann-type coupling reactions 

Many different copper sources such as Cu(0), Cu(I) and Cu(II)) have 

been used to catalyze Ullmann-type reactions, and either salts and oxides 

seemed to work well for the arylation of several nucleophiles. This suggested 

that a common Cu species could be formed during the reaction from the 

different sources. Many works have therefore been carried out since the early 

1960s in this direction, investigating the particular electrochemical behaviour of 

Cu sources. Since Cu(I) seemed to lead to slightly higher reaction rates, it was 

proposed by Weingarten in 1964 that Cu(I) species could have been the 

common intermediate. It was demonstrated, indeed, that Cu(II) species used as 

catalysts could be reduced to Cu(I) in the presence of coordinating 

solvent/nucleophiles, and that phenoxides and amines used as nucleophiles in 

the coupling could get oxidised as the redox counterpart.20, 21 

After these reactions, several investigations were carried out on 

Ullmann type reaction  using different reaction conditions in the presence of 

a variety of copper catalysts. But these Cu-mediated reactions required 

harsh conditions such as high temperature, strong bases, long reaction time, 

stoichiometric amounts of copper reagent, electron-poor aromatic substrates 

with very low response to product, polar solvents with high boiling point 

and very low yield. Moreover, problems related to the solubility of many Cu 

compounds were evident, hence excess amount of Cu source had often to be 

used. So these drawbacks had limited the applications of Ullmann reaction 

during these periods. But with the increasing understanding of the 

mechanism of the Ullmann reaction and development of novel ligands22 

(Figure 4.1) and modification of catalytic system with other metals like 

palladium, nickel, gold and application of the green technologies allowed 
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the Ullmann type reaction to be conducted under mild conditions with desirable 

yields with excellent functional group tolerance.23-33 This facilitated the wide 

application of the Ullmann type reaction to the synthesis of heterocycles, drug-

like molecules, natural products, pharmaceuticals, agrochemicals, molecules 

for material applications.34 

 

Figure 4.1 Ligands used for Ullmann reaction22 

Large numbers of catalysts were reported using the concept of 

heterogeneous and green protocol in the presence of different metal salts. Some 

of the reported catalysts are: CuI/oxalic diamide,35  CuI,36  Zn(0), NiCl2.6H2O, 

and Ph3P,37 Cu-Schiff base on MCM-41,38 Cu-TDPAT,39 Ph-MCM-41 

supported Pd-catalyst,40 Ph–Al-MCM-41,41 Pd catalyst on the phenyl-

functionalized SBA-15,42  ordered mesophorous carbon supported Pd-catalyst,43 
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porous MOF-supported palladium NPs,44 graphene oxide supported palladium 

nanoparticle catalyst in ionic liquid-supercritical carbon dioxide system,45 

carbon spheres supported Pd NPs,46 gold nanoparticles,47  Pd NPs supported 

on ionic liquid derived nano-fibrillated mesoporous carbon Pd@IFMC,48 and 

gold nanoparticle supported on a magnetic/s-graphene nanocomposite.49  But 

all of them have a metal centre for catalytic activity. 

4.2  Objective of the present work 

From the literature review, it is found that many metal catalysts with 

different ligands under different reaction conditions were developed for 

Ullmann reaction and Ullmann type reactions. Different supported metal 

catalysts were developed which include mesoporous silica, metal organic 

frame work, nano fibres etc. All these works faced the problems such as 

toxicity of metal, cost of metal, leaching of metal, reusability of metal 

catalyst and harsh reaction conditions like high temperature, long reaction 

time, use of expensive ligands and strong base etc. The development of 

sustainable, environmentally benign, and cost-effective chemistry, “green” 

concept and techniques in Ullmann reactions and Ullmann type reactions is 

still in great demand. Due to the interest in the field of metal free catalysis, 

that is organocatalysis, the Ullmann type reactions catalyzed by metal free 

catalyst was considered.  Literature survey showed that no metal free 

catalyst was reported for these reactions. In Chapter 2 the synthesis of 

dendritic carboxylic acid functionalized mesoporous silica was presented. 

Three generations of dendritic catalyst CA1-3 showed high acidity. The acid 

loading was increased on going to higher generations. 
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4.3  Results and discussion 

4.3.1  Synthesis of dendritic carboxylic acid on mesoporous silica 

Detailed synthetic procedure for the synthesis of CA1-3 samples was 

given in Chapter 2. Figure 4.2 and 4.3 show the structures of CA1, CA2 and 

CA3 samples. 

 

�

Figure 4.2 Structure of CA1 and CA2 
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Figure 4.3 Structure of CA3 

4.3.2 Catalytic application of dendritic carboxylic acid on mesoporous 
silica 

4.3.2.1 Ullmann type coupling reaction 

The reaction between 1 mmol each of 4-nitroiodobenzene and                      

phenol was performed in the presence of 10.3 mol % of CA3 and K2CO3 as 

base in the presence of DMSO at 110 °C (Scheme 4.4). It was found that in 

the presence of catalyst, 90 % yield was obtained after 8 h. This result 

showed that catalyst CA3 was active towards this reaction. The reaction 

conditions like temperature, role of base, solvent, amount of catalyst and 

different generations of catalysts were optimized.  
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Scheme 4.4 Ullmann type coupling reaction catalyzed by CA3 

4-Nitroiodobenzene was chosen as the arylating agent for O-arylation 

of phenol and this reaction was selected as a model reaction to optimize the 

reaction conditions. Initially, the different generation of catalysts was 

optimized and results are summarized in Table 4.1. 
 

Table 4.1 Effect of different generation of catalysts 

Entry  Catalysts  Yield (%)a, b 
1  No Catalyst  No product 
2  CA1  45  
3  CA2  85  
4  CA3  90  

aphenol (1 mmol), 4-nitroiodobenzene (1 mmol), catalyst (0.008 g), K2CO3 
(0.08 g), DMSO (2 mL), 90 °C, 8 h, bisolated yield 
 
 
Results showed that no product was obtained without the catalyst; the 

yield was increased when different generations of the catalyst were used.           

90 % yield was obtained for CA3. Optimization of amount of CA3 revealed 

that as the amount of CA3 was increased from 2.6 mol % to 10.3 mol %, the 

percentage conversion also increased and maximum conversion was 

obtained for 10.3 mol % and no further improvement in yield was observed 

with 12.9 mol % of CA3. 10.3 mol % of CA3 was selected for further 

optimization studies (Table 4.2). 
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Table 4.2 Effect of amount of CA3 
Entry  Amount of 

catalyst CA3 (g) 
Amount of catalyst CA3

(mol %) 
Yield (%)a, b 

1  0.002  2.6 60  
2  0.004  5.2 79  
3  0.006  7.7 82  
4  0.008  10.3 90  
5  0.010 12.9 90  

aphenol (1 mmol), 4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g), DMSO (2 
mL), 90 °C, 8 h, bisolated yield 

 
In continuation, the role of solvent in deciding the outcome of 

coupling reactions was investigated. In order to find the best solvent for this 

reaction, different solvents such as protic and aprotic solvents and solvent 

free condition were tested at 50 °C (Table 4.3). In water, no product was 

obtained. Except DMF and DMSO, all other solvents and solvent free 

condition gave very low yield. DMF and DMSO gave almost comparable 

yield; but maximum yield was given by DMSO. DMSO was selected as the 

reaction medium for further studies. 

Table 4.3 Optimization of solvents 
Entry Solvent Yield (%)a, b 

1 Methanol  14  
2 Ethanol  18  
3 Dioxane  22 
4 Dichloromethane  15  
5 Acetonitrile  13 
6 Water  -  
7 No solvent  5  
8 DMF  29 
9 DMSO  34 

10 Toluene  10 
aphenol (1 mmol), 4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g), 
CA3 (10.3 mol %), 50 °C, 8 h, bisolated yield 
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Effect of temperature on the reaction was also studied. Results given 

in the Table 4.4 showed that at room temperature, no product was obtained. 

When the temperature was increased, the yield was gradually increased and 

highest yield was obtained at 90 °C. But further increment in the temperature 

showed no difference in the reaction yield. So, 90 °C was chosen as the 

reaction temperature. 

Table 4.4 Effect of temperature 
Entry Temperature, °C Yield (%)a, b 

1 Room temperature -
2 50 34
3 60 56
4 70 75
5 90 90 
6 110 90 

aphenol (1 mmol), 4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g), DMSO         
(2 mL), CA3 (10.3 mol %), 8 h, bisolated yield 

 

Another important factor is the role of base on product yield. Results 

are summarized in the Table 4.5. From the Table it is clear that without 

base, no product was obtained. In addition, the reaction did not take place in 

the presence of triethylamine as base. The reaction with other bases gave 

good yield. But K2CO3 and KOH gave better yield. K2CO3 was selected as 

the base for this reaction.  

Table 4.5 Effect of different bases on the reaction 
Entry Bases Yield (%)a, b 

1 KOH 90 
2 NaOH 85 
3 K2CO3 90 
4 Triethylamine -
5 No base -
6 Na2CO3 78 

aphenol (1 mmol), 4-nitroiodobenzene (1 mmol), CA3 (10.3 mol %),  
90 °C, 8 h, bisolated yield 
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To compare the catalytic activity of metal salts with CA3, the reaction 

was done with different metal salts and the results are given in Table 4.6. All 

metal salts responded to this reaction, but highest yield was obtained for 

CA3. This means that CA3 shows superior catalytic activity than given 

metal salts.  

Table 4.6 Different metal salts on Ullmaan type coupling reaction 

Entry Metal salts  Yield (%)a, b 
1 CuSO4 54  
2 CuCl2 46  
3 Pd(OAc)2 34  
4 NiSO4 25  
5 CA3  90  

aphenol (1 mmol), 4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g),  DMSO 
(2 mL), CA3 (10.3 mol %),  90 °C, 8 h, metal salts (0.10 g), bisolated 
yield 
 

According to the above results, the optimized reaction conditions 

for C-O coupling reactions are 10.3 mol % of CA3 in DMSO at 90 °C for 

8 h in the presence of K2CO3. The generality of the C–O coupling 

reaction using CA3 was investigated under the standard reaction 

conditions and the results are summarized in the Table 4.7. The synthesis 

of the C-O products was investigated with various phenol derivatives 

using 4-nitroiodobenzene and all of them gave good to excellent yields at 

appropriate times. 
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Table 4.7 Ullmann type C-O coupling reactions 

 
                                                                                 (4a-4c, yield %)a, b 

�
4a, 90 % 4b, 85 % 

�
4c, 88 % 

aphenol (1 mmol), 4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g), DMSO (2 mL),       
90 °C, 8 h, CA3 (10.3 mol %), bisolated yield 

 

The synthesis of C-N coupling products was attempted using the same 

optimized reaction conditions. Various aromatic amines and heterocyclic 

amines were selected for the coupling reaction with 4-nitroiodobenzene.  

Results are summarized in Table 4.8 which show that amine derivatives 

were successfully coupled with 4-nitroiodobenzene to obtain respective            

N-arylated products. In the case of reaction between 4-nitroiodobenzene and 

2-aminophenol and 4-aminophenol, the catalyst selectively gave C-N 

coupling products instead of C-O coupling products with 79 % and 74 % 

yield respectively. It was also found that in the case of aromatic amines, 

electron withdrawing and electron donating substituent on the aromatic ring 

did not show much difference in the yield indicating that the nature of the 

substituent on aromatic ring had no significant effect on the yield. 

Heterocyclic amines also gave very good results for C-N coupling under the 

same reaction conditions. 
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Table 4.8 Ullmann type C-N coupling reactions 

                                                                                        (4d-4l, yield %)a, b 

�

�
4d, 84 % 

 

�

�
4e, 79 % 

 

�
4f, 74 % 

 
�

�
4g, 72 % 

 

�

�
4h, 81 % 

 

�
4i, 76 % 

 

�

�
4j, 80 % 

 

�

4k, 79 % 
 

�
4l, 84 % 

 

aamines (1 mmol), 4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g), DMSO (2 
mL), 90 °C, 8 h, CA3 (10.3 mol %), bisolated yield 

 

4.3.2.2 Mechanism for the formation of C-O and C-N coupling reactions 

Since the original work of Ullmann and Goldberg, it has been known 

that various copper sources are effective in the C–C and C–X coupling 

reactions, ranging from Cu(I) to Cu(II) salts, and even including metallic 

copper. 9-16 It was generally agreed that, at a certain point of the reaction, the 

coordination of the nucleophile to the Cu atom was involved, activation of the 

aryl halide was the most troublesome aspect of the process. The actual 
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mechanism for the Ullmann reaction is not known with certainty, but there are 

a number of mechanisms proposed which include oxidative addition/reductive 

elimination,50-52 single electron transfer mechanism,53-54 mechanistic pathways 

involving sigma-bond metathesis55-57 and �-complexation.58-61 In the present 

catalytic system, because of the absence of any metal species on the CA3, a 

new pathway is proposed for the formation of C-O and C-N coupling products.   

 
Scheme 4.5 Proposed mechanism for C-O coupling reaction 

Scheme 4.5 shows the proposed mechanism for the formation of 

Ullmann type C-O coupling reaction. The intermediate 37 is formed by the 

hydrogen bonding interaction between phenol and C=O of the catalyst CA3. 

In the following steps electrophilic attack of carbocation to the oxygen atom 

of phenol and at the same time, nucleophilic attack of I- to the C=O of 

catalyst occurs to form the intermediate 38. This unstable species undergoes 

dissociation by the elimination of HI leading to the product 39. 
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A similar mechanism was proposed for the formation of C-N products 

also and is shown in Scheme 4.6. Hydrogen bonded complex 40 was formed 

by the interaction of catalyst CA3 and amine. In the next step, electrophilic 

attack of carbocation to the nitrogen atom of amine occurs and at the same 

time, nucleophilic attack of I- to the C=O of catalyst takes place to form the 

intermediate 41. This unstable species undergoes dissociation followed by 

the elimination of HI leading to the product 42. 

 
Scheme 4.6 Proposed mechanism for C-N coupling reaction 

4.3.2.3 Reusability studies of C-O coupling and C-N coupling reaction 

After the reaction, the catalyst was filtered from the reaction mixture 

and it was washed with DMSO and DCM to remove the complete removal 

of products from the catalyst surface. The catalyst was acidified with dil. 

HCl and washed well with water to remove any residual K2CO3 on the 

surface of the catalyst. The catalyst was dried at 120 °C under vacuum for            



Chapter 4 

 154  Department of Applied Chemistry, CUSAT 

2 h and again used with fresh reactants using the same reaction conditions 

for both reactions. Results given in the Table 4.9 show that even after fourth 

cycle there was no appreciable change in the yield of the product. 

Table 4.9 Reusability studies on C-O coupling and C-N coupling 

No. of cycles  Yield (%)a, b Yield (%)c, d 
1  90 84
2  90 82
3  89 80
4  86 79

aphenol (1 mmol), 4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g), DMSO 
(2 mL), 90 °C, 8 h, CA3 (10.3 mol %), bisolated yield, caniline                
(1 mmol), 4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g), DMSO (2 mL), 
90 °C, 8 h, CA3 (10.3 mol %), disolated yield 
 

4.4  Conclusion 

The first metal free catalyst for Ullmann type coupling for the 

formation of C-O and C-N coupled derivatives in high yields at relatively 

mild conditions was introduced. All the reported works were catalyzed by 

metal salts and ligands at high temperature. Dendritic carboxylic acid 

functions anchored on mesoporous silica was synthesized and characterized 

by various physiochemical techniques. Catalytic activity of the samples was 

tested for C-O and C-N coupling reactions. Three generations such as CA1, 

CA2 and CA3 were found to be effective catalysts for both the reactions. In 

both the reactions, 10.3 mol % of CA3 gave excellent yield in the presence 

of DMSO as solvent and K2CO3 as base at 90 °C in 8 h. In the case of        

2-aminophenol and 4-aminophenol, the catalyst selectively gave C-N 

coupling product with 79 % and 74 % yield instead of C-O products. It was 

found that the catalyst could be efficiently recycled and reused for further 

reactions up to fourth run without loss of efficiency for both the reactions. 
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Main advantages of the reactions using CA3 as catalyst are: easy work up 

procedure, no side products, simple purification procedure, use of metal free 

catalysts; comparatively low temperature etc. The excellent catalytic 

performance, thermal stability, and separation of the catalyst by simple 

filtration make it a good heterogeneous system and useful alternative to 

other heterogeneous catalysts. 

4.5  Experimental  

4.5.1  Materials 

All reagents were purchased from the local chemical suppliers and 

were used as received. All the solvents were purified according to the 

standard procedures. 

4.5.2  Synthesis of dendritic carboxylic acid on mesoporous silica 

Synthesis of carboxylic acid functionalized dendritic mesoporous silica 

was discussed in Chapter 2. 

4.5.3 General procedure for the C-O and C-N coupling reactions 

In a 25 mL round bottomed flask, a mixture of phenol/ amine (1 mmol), 

4-nitroiodobenzene (1 mmol), K2CO3 (0.08 g) and 2 mL DMSO was taken. 

To this mixture, 10.3 mol % of CA3 catalyst was added. The reaction 

mixture was heated at 90 °C for 8 h. Reaction was monitored by TLC. After 

completion of the reaction, the catalyst was separated by filtration and 

washed with DMSO and dichloromethane. The reaction mixture was diluted 

with water and the product was extracted with dichloromethane. The 

organic layer was dried over anhydrous sodium sulfate and solvent was 

removed under reduced pressure to give the pure product.  
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4.5.4  Reusability studies on C-O and C-N coupling reactions 

After the completion of the reaction, the solid catalyst was separated 

from the reaction mixture by washing the catalyst with DMSO and DCM. 

The catalyst was acidified with dil. HCl and washed with water to remove 

any K2CO3 on the surface of catalyst. The catalyst was dried under vacuum 

at 120 °C for 2 h. The dried solid catalyst was weighed and added to a fresh 

reaction mixture of phenol/amine (1 mmol), 4-nitroiodobenzene (1 mmol), 

base K2CO3 (0.08 g) and 2 mL DMSO. The progress of the reaction was 

monitored by thin layer chromatography (TLC). The procedure was 

repeated for four reaction cycles. 

4.5.5 Characterization of products 

4.5.4.1 C-O coupled derivatives (Table 4.7) 

4a. 1-Nitro-4-phenoxybenzene 
Colorless liquid, LC-MS (M+) m/z 215; 1H NMR 
(CDCl3, 400 MHz) �: 8.19 (d, J = 7.5 Hz,  2H), 
7.40-7.46 (m, 2H), 7.25 (t, J = 7.3 Hz,  1H), 7.09 
(d, J = 7 .0 Hz, 2H), 7.00 (d, J = 7.5 Hz, 2H); 13C 
NMR (CDCl3, 100 MHz)   �: 163.3, 154.6, 142.5, 
130.3, 125.9, 125.4, 120.5, 117.0.

4b. 1-(3-Nitrophenoxy)-4-nitrobenzene 
Yellow solid, m. p. 121°C (120-122 °C)62, LC-MS 
(M+) m/z 260; 1H NMR (CDCl3, 400 MHz) �: 
8.32-8.27 (m, 4H), 7.19-7.15 (m, 4H); 13C NMR 
(CDCl3, 100 MHz) �: 160.6, 144.2, 126.2, 119.3.
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4c. 1-Methyl-3-(4-nitrophenoxy) benzene 
Colorless liquid, LC-MS (M+) m/z 229; 1H NMR 
(CDCl3, 400 MHz) �: 8.20-8.22 (m, 2H), 7.25-7.29 
(m, 2H), 6.98-7.04 (m, 4H), 2.40 (s, 3H); 13C 
NMR (CDCl3, 100 MHz) �: 163.9, 153.4, 142.7, 
135.4, 131.6, 126.7, 121.2, 117.5, 21.2.

�

4.5.4.2 C-N coupled derivatives (Table 4.8) 

4d. 4-nitro-N-phenylaniline 
Brown solid, m. p. 132 °C (132-134 °C)63, LC-
MS (M+) m/z 214; 1H NMR (CDCl3, 400 MHz) 
�: 8.11(d, J = 9.2 Hz, 2H), 7.38 (t, J = 8.0 Hz, 
2H), 7.20-7.12 (m,3H), 6.93(d, J = 7.6 Hz, 2H), 
6.34 (s, 1H); 13C NMR (CDCl3, 100 MHz) �: 
150.2, 139.6, 139.4, 129.7, 126.2, 124.6, 121.9, 
113.6.

4e. 2-Hydroxy-N-(4-nitrophenyl) aniline 
Dark brown solid, m. p. 141 °C (140-143 °C)63, 
LC-MS (M+) m/z 230; 1H NMR (CDCl3, 400 MHz) 
�: 8.40 (d, J = 8.3 Hz, 1H), 8.91 (s, 1H), 8.23 (dd, J 
= 9.6 Hz, 1H), 7.45 (m, 1H), 7.37 (d, J = 7.6 Hz, 
1H), 7.12 (m, 2H), 6.94 (m, 1H), 6.71 (d, J = 7.9 Hz, 
1H), 5.71 (s, br, 1H); 13C NMR (CDCl3, 100 MHz) �: 
152.7, 143.4, 138.9, 136.2, 128.9, 126.6, 124.7, 
121.4, 119.6, 116.1.

4f. 4-Hydroxy-N-(4-nitrophenyl) aniline 
Colorless liquid, LC-MS (M+) m/z 230; 1H NMR 
(DMSO-d6, 400 MHz) �: 9.35 (s, br, 1H), 8.37 (s, 
br, 1H), 7.60 (t, J = 2.1 Hz, 1H), 7.51 (d, J = 8.0 
Hz, 1H), 7.44 (t, J = 8.1 Hz, 1H), 7.25 (dd, J = 
8.0, 1.5 Hz, 1H), 7.07 (d, J = 8.7 Hz, 2H), 6.84 (d, 
J = 8.7 Hz, 2H); 13C NMR (CDCl3, 100 MHz) �: 
152.2, 147.9, 145.5, 132.0, 128.4, 123.0, 118.8, 
115.0.

�
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4g. 2-Methyl-N-(4-nitrophenyl) aniline 
Brown solid, m. p. 132 °C (132-135 °C)64, LC-
MS (M+) m/z 228; 1H NMR (CDCl3, 400 MHz) 
�: 8.08 (d, J = 10.5 Hz, 2H), 7.18-7.31 (m, 4H), 
6.72 (d, J = 9.5 Hz, 2H), 6.10 (s, 1H), 2.25 (s, 
3H); 13C NMR (CDCl3, 100 MHz) �: 151.3, 
139.1, 137.5, 133.2, 131.4, 127.1, 126.2, 126.1, 
124.7, 113.0, 17.8.

�

4h. 3-Methyl-N-(4-nitrophenyl) aniline 
Brown solid, m. p. 134 °C (131-134 °C)64, LC-
MS (M+) m/z 228; 1H NMR (CDCl3, 400 MHz) 
�: 8.13, 8.10 (m,  2H), 7.25-7.27 (m, 1H), 6.97-
7.02 (m, 3H), 6.94, 6.91 (m, 2H), 6.29  (s, br, 1H), 
2.37 (s, 3H); 13C NMR (CDCl3, 100 MHz) �: 
150.3, 139.7, 139.6, 139.4, 129.5,  126.2, 125.5, 
122.6, 119.0, 113.6, 21.4.

 

4i. 4-Methyl-N-(4-nitrophenyl) aniline 
Brown solid,  m. p. 132 °C (131-133 °C)65, LC-
MS (M+) m/z 228; 1H NMR (CDCl3, 400 MHz) 
�: 8.10, 8.07 (m, 2H), 7.21, 7.18 (m, 2H), 7.12, 
7.09 (m, 2H), 6.88, 6.85 (m, 2H), 6.29 (s, br, 1H), 
2.36 (s, 3H); 13C NMR (CDCl3, 100 MHz) �: 
150.8, 139.2, 136.6, 134.8, 130.2, 126.2, 122.6, 
113.1, 20.9.

�

4j. 4-Methoxy-N-(4-nitrophenyl) aniline 
Brown solid, m. p. 150 °C (150-152 °C)66, LC-
MS (M+) m/z 244; 1H NMR (CDCl3, 400 MHz)  
�: 8.10, 8.07 (m, 2H), 7.17, 7.14 (m, 2H), 6.95, 
6.92 (m, 2H), 6.78, 6.75 (m, 2H), 6.16 (s, 1H), 
3.84 (s, 3H); 13C NMR (CDCl3, 100 MHz) �: 
157.4, 151.7, 139.0, 131.9, 126.3, 125.5, 114.9, 
112.6, 55.5.

�
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4k. Bis(4-nitrophenyl) amine 
Yellow solid, m. p. 145 °C (146-148 °C)67, LC-
MS (M+) m/z 259; 1H NMR (CDCl3, 400 MHz) 
�: 8.2 (d, J = 8.8 Hz, 2H), 8.1 (d, J = 8.8 Hz, 1H), 
7.21-7.26 (m, 3H), 6.63 (d, J = 8.9 Hz, 2H), 4.36 
(s, br, 1H); 13C NMR (CDCl3, 100 MHz)  �: 
126.2, 125.9, 117.2, 113.2.

�

4l. N-(4-Nitrophenyl) pyridin-2-amine 
Yellow solid, m. p. 166 °C (166-169 °C)68, LC-
MS (M+) m/z 215; 1H NMR (CDCl3, 400 MHz) 
�: 8.34 (d, J = 4.2 Hz, 1H), 8.20 (d, J = 9.3 Hz, 
2H), 7.64 (m, 3H), 6.94 (m, 3H); 13C NMR 
(CDCl3, 100 MHz) �: 153.9, 148.5, 147.1, 141.4, 
138.3, 125.9, 117.6, 116.9, 111.5.
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For the first time, a simple, highly efficient and ecofriendly approach for the 
preparation of pyrrole derivatives in the presence of dendritic amine on 
mesoporous silica under solvent free condition is reported. The three 
generations of dendritic amine on mesoporous silica (G0-G2) was synthesized 
through a stepwise growth technique and used as catalyst for Paal-Knorr 
reaction. The maximum yield was observed with third generation (G2) and 
the catalyst was easily separated from the reaction mixture. Studies showed 
that dendritic effect of amino groups on the catalyst and hydrogen bond 
activation was the driving force of the reaction pathway, which has led to 
the formation of pyrrole derivatives.  
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5.1  Introduction 

Dendrimers are a class of monodisperse macromolecules with regular 

and highly branched three-dimensional architecture, with high surface 

functionality and widely used in the fields of medicinal chemistry for drug 

delivery, biosensors, metal adsorption and catalysis.1 Recently, dendrimers 

are becoming increasingly important as an alternative macromolecular 

architecture to classical polymers in catalytic aplications.2 1,3,5-Triazine 

based dendrimers have received considerable attention due to their ease of 

synthesis, as well as low cost and chemo-selective reactivity of the starting 

material. Due to the importance of these compounds, several triazine-based 

dendrimers have been synthesized during the past decades.3 The catalytic 

applications of these dendrimers are limited due to the difficulty in 

separation from the reaction mixture and recycling. To overcome these 

difficulties, heterogenizing these dendrimers on solid supports has received 

increased attention; because of available catalytically active sites, easy 

catalyst separation, long catalytic life, thermal stability, low hygroscopic 

properties, easy handling and reusability of catalysts.4  

Mesoporous organosilica represents an exciting new class of hybrid 

organic-inorganic materials in different fields such as separation and 

catalysis. They have excellent properties such as high surface area, regular 

pore shape, large pore volume, narrow pore size distribution, chemical  

inertness, good thermal and mechanical stability combined with the 

properties of the organic moiety.5 Therefore, these materials have been 

used for applications in metal cation adsorption, catalyst support, 

environmental science, and as sensors.6-10  The high surface area of the 
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mesoporous silica  materials together with strong covalent attachment at 

the mesopore surface which can make them promising candidates as support 

in heterogeneous catalysis.11 So the fixation of active ligands via covalent 

bonding to a silica surface in order to be used in catalytic processes represents 

a remarkable aspect of the catalyst heterogenization. Because of these 

advantages, mesoporous silica was selected as the support for the dendrimeric 

growth. 

Amino groups are important active centers in a base catalyst for many 

reactions.  Primary and secondary amines were used as catalytic centers for 

organic transformations. First dendritic structure with terminal NH2 groups 

synthesized by Tomalia was the PAMAM dendrimer (Figure 5.1(a)).12 After 

PAMAM, PPI was synthesized (Figure 5.1(b)).13 After that, several dendritic 

amines were synthesized by supported or non-supported way and used them 

as catalyst for several reactions.14, 15 

 

Figure 5.1 Structure of PAMAM (a) and PPI (b) dendrimers 
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Primary amines, secondary amines and ammonium salts on solid 

support can act as catalytic center for organic transformations. Figure 5.2 

shows the recent amine functionalized catalysts used for different 

reactions. 

 
Figure 5.2 Structure of amine active catalyst supported on polymer support16 

5.1.1 Paal-Knorr reaction 

Pyrroles constitute an important class of heterocyclic compounds  

and numerous biological functions are believed to be mediated through 

pyrrole formation on macromolecules.17 Pyrrole adducts on protein and 

nucleic acid bases have been associated with the active metabolites of 

several environmental toxicants and found in many bioactive natural 

molecules such as porphyrins, alkaloids and various drugs including many 

antiinflammatants, immunosuppressants, COX-2 inhibitors, analgesic, 
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antitubercular agents as well as the highly successful cholesterol-lowering 

drug atorvastatin.18, 19 In addition, they have applications in molecular optics 

as conducting polymers  and in solar cells and batteries,  as antioxidant 

agents and gas sensors.20 In view of their high significance, many 

methodologies have been developed for the construction of the pyrrole 

skeleton. These include the Hantzsch reaction,21 conjugate addition 

reaction,22 annulation reactions,23, 24 aza-Wittig reaction,25 Paal-Knorr 

reaction,26 transition metal catalyzed cyclizations27 and other multicomponent 

reactions.28, 29 One of the most common approaches to pyrrole synthesis is the 

Paal-Knorr reaction in which 2,5-dicarbonyl compounds are converted to 

pyrrole via acid-mediated dehydrative cyclization in the presence of a 

primary amine (Scheme 5.1).30 Traditionally, the reaction could effectively 

proceed in the presence of  various acidic reagents such as Brønsted acids 

(e.g., H2SO4, HCl,) and Lewis acids [e.g., Sc(SO3CF3)3, Bi(NO3)3·5H2O, 

RuCl3, InCl3, SnCl2·2H2O] to promote the condensation.31, 32 However, 

there are some limitations with these methodologies such as prolonged 

reaction times, elevated temperatures, use of hazardous organic solvents, 

expensive catalysts that are harmful to the environment, use of an additional 

microwave oven and unsatisfactory yields.33-35 

 

 
Scheme 5.1 Paal-Knorr reaction 
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Recently, the Paal-Knorr condensation has been carried out in the 

presence of a variety of solid acid catalysts such as silica-supported antimony 

(III) chloride,36 �-cyclodextrin,37 gold nanoparticles,38 polystyrene-supported 

GaCl3,
39 magnetic nanoparticle-supported glutathione using microwave 

irradiation technique,40 nanometer-sized iridium particles19 and indium-

mediated reduction-triggered coupling reaction.41 In 2015, Cho and coworkers  

reported the synthesis of pyrroles using aliphatic and aromatic primary amines 

with diketones excluding both the catalyst and solvent by applying simple 

stirring at room temperature within 24 h.42  Microwave irradiation technique 

was widely reported using Montmorillonite K-1043-46 with high conversion 

within short times. Banik, et al. reported the synthesis of medically important 

polyaromatic pyrroles such as N-alkyl(aryl)-2,4-diaryl-1H-pyrrol-3-ols47 and 

aminomethyl derivatives of furan carboxylic acids48 using polystyrene 

sulfonate as catalyst in aqueous medium.49  

5.2  Objective of the present work 

The development of new heterogeneous organocatalysts other than 

metal-based heterogeneous catalysts has attracted a lot of attention owing to 

their several advantages including the robustness, low toxicity without 

metal-leaching problem during the reactions, inertness to moisture and 

oxygen, and simple handling and storage capability.50, 51 It was observed that 

Paal-Knorr reaction would be carried out only in the presence of acidic 

catalyst and there were no dendrimeric base catalysts developed for this 

reaction.  Most of the reported works focused on the metal catalysed Paal-

Knorr reaction. But main drawbacks associated with metal catalyst are 

toxicity, high cost, need for non commercial ligands and recycling. The 
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present intension was to develop metal free catalyst for Paal-Knorr reaction 

as an efficient alternative to the reactions performed by supported or        

non-supported metal catalyst. Metal free dendritic amine catalysts that are 

high in activity and reusability have been developed and were applied for 

Paal-Knorr reaction to meet the related challenges and tried to suggest a new 

pathway for these reactions. 

5.3   Results and discussion  

5.3.1 Synthesis of dendritic amine on mesoporous silica 

Chlorine functionalized mesoporous silica (CMS 1) was synthesized 

using 3-chloropropyltrimethoxysilane and TEOS by co-condensation method 

using P123 as surfactant. Dendrimer growth on CMS 1 was done using 

bis(3-aminopropyl)amine and cyanuric chloride by step wise growth 

technique (G0-G2). CMS 1 was reacted with the Schiff’s base of BAPA. The 

Schiff’s base was cleaved using 6 N HCl. The sample was denoted as G0. The 

G0 was reacted with cyanuric chloride in the presence of dry THF at 0 °C 

(G0.5). This was again reacted with Schiff’s base of BAPA and cleaved 

using 6 N HCl (G1). Repeating the preceding procedure led to the product 

G2. The structures of G0, G1 and G2 are shown in the Scheme 5.2. All 

three generations were successfully characterized by IR spectroscopy, 

thermogravimetric analysis, low angle XRD, nitrogen adsorption-desorption 

analysis and solid state 13C NMR spectrum. 
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Scheme 5.2 Schematic representation of step-wise growth of the dendritic amine 

on CMS1 (G0-G2) 
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The amount of amino groups grafted on G0-G2 dendrimers were 

quantified by acid–base titration method and the results are summarized in 

Table 5.1. From the results, the nitrogen content was found to increase upon 

step-wise growth of amine dendrimer on mesoporous silica, which showed 

that the grafting, and/or growth of amine dendrimer was successfully done, 

resulting in increased peripheral amino groups. 

Table 5.1 Estimation of amino capacity of G0-G2 
Sample Amino capacity (mmol/g) 

G0 9.8 

G1 12.2 

G2 16 

5.3.2 Characterization of dendritic amine on mesoporous silica 

5.3.2.1 FTIR Studies 

The FTIR spectrum of chlorine functionalized silica (CMS 1) (Figure 

5.3(a)) showed a band at 2951 cm-1 indicating the symmetric and asymmetric 

stretching vibration of CH bond. The band observed at 700 cm-1 showed the 

characteristic vibration of C-Cl bond. The characteristic peaks of silica were 

observed at 1100-1000 cm�1 corresponding to the intense silicon-oxygen 

covalent bond vibrations and the symmetric stretching vibrations of Si-O-Si 

appear at 800 cm�1. The bands obtained around 3400-3500 cm-1 and 1630 cm-1 

were associated with stretching vibration of unreacted Si-OH group and 

adsorbed H2O.  In SB-G0, a new band at 1677 cm-1 gave the proof for the 

incorporation of Schiff’s base of BAPA on silica surface and also 

disappearance of 700 cm-1 was a good sign for the reaction between C-Cl 

and Schiff’s base of BAPA. In G0, the absence of the peak at 1677 cm-1 
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strongly supported the complete cleavage of Schiff’s base from BAPA 

amine grafted on silica. In Figure 5.4(d) in addition to the above mentioned 

vibrations, new bands at 1570 cm�1 (C-N) and 700 cm-1 (C-Cl) are good 

evidences for the presence of triazine fragment on the surface of silica. In 

SB-G1, a new band at 1680 cm�1 gave the confirmation for the attachment 

of Schiff’s base of amine on G0 and disappearance of this peak in G1 

(Figure 5.4(f)) indicated the complete cleavage of Schiff’s base from silica. 

 

        

 
 

 
Figure 5.5 IR spectra of (g) G1.5 (h) SB-G2 (i) G2 

Figure 5.3  IR spectra of (a) CMS 1 
(b) SB-G0 (c) G0�

Figure 5.4  IR spectra (d) G0.5    
(e) SB-G1 (f) G1�
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In the Figure 5.5, the overall intensities of C-N stretching of triazine, 

the C-N stretching of BAPA and NH2 stretching vibrations were increased 

compared to Figure 5.3 and Figure 5.4. This gives good support for the 

stepwise growth of dendrimer generation on silica surface. 

5.3.2.2 TG-DTG analysis 

The thermogravimetric analysis of G0-G2 was performed under 

nitrogen atmosphere.  For all the samples, a slight weight loss was observed 

below 100 °C, which is credited to adsorbed water.  The decomposition of 

the G0-G2 dendrimers starts at 200 °C, exhibited considerable weight loss 

between 250 °C and 400 °C, that corresponding to the decomposition of the 

amine component (Figure 5.6 and 5.7). In the case of G1 and G2, one more 

decomposition was observed above 400 °C. It is connected with the 

decomposition of the residual alkyl fragments. These results revealed the 

incorporation and integrity of designed dendritic groups on the surface of 

silica.  

 
Figure 5.6 TG-DTG analysis of (a) G0 and (b) G1 
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Figure 5.7 TG-DTG analysis of G2  

 

5.3.2.3 XRD analysis 

Figure 5.8 shows the powder low angle XRD patterns of CMS 1 and 

(G0-G2) materials. The CMS 1 exhibited three well-resolved XRD peaks in 

the region of 2� = 0.5-2.0°, which can be indexed to the (100), (110), and 

(200) diffractions, characteristic of the 2D hexagonal symmetry. The peak 

positions of G0 and G1 samples remained constant after the dendritic growth, 

suggesting high stability of the mesoporous silica support. However, the 

incorporation of amino groups causes slight broadness of peaks and a 

decrease in diffraction peak intensity, indicating a decrease of crystallinity, 

but not a collapse of the pore structure of mesoporous materials. But in the 

case of G2, the disappearance and/or absence of peaks might be assigned for 

the destruction of ordered nature of the mesoporous silica through step-wise 

growth of dendritic amino groups.  
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Figure 5.8 Low angle XRD analysis of (a) CMS 1 

(b) G0 (c) G1 (d) G2 

5.3.2.4 Surface studies using BET method 

The surface area of all the three generations (G0-G2) was evaluated 

using BET method, the pore size by BJH method (isotherms with 

hysteresis).  

 
Figure 5.9 N2 adsorption/desorption isotherms of 

(a) G0 (b) G1 (c) G2 

The nitrogen adsorption/desorption isotherm of G0 and G1 show type 

IV isotherm with a sharp step up in a narrow range of relative pressure 
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(P/P0=0.6-0.9) arising from the capillary condensation of nitrogen in the 

mesopores which proved the mesoporous nature of the synthesized silica 

support (Figure 5.9). But for G2, there was change in the shape of isotherm, 

which was almost flat. This may be due to the destruction of mesopore of 

the support with incorporation of dendritic amino groups. Specific surface 

area, pore volume and pore diameter of G0-G2 samples was given in the 

Table 5.2. Such significant decrease of the properties upon grafting is due to 

pore filling with dendritic amino groups, which was also supported by the 

XRD and TG results. 

Table 5.2 Surface properties of amine functionalized mesoporous silica 

Sample Surface area       
(m2/g) 

Pore volume 
(cm3/g) 

Pore diameter 
(nm) 

G0 308 0.54 5.6 
G1 193 0.35 3.1 
G2 142 0.25 2.9 

 

5.3.2.5 CP-MAS 13C NMR spectrum 
13C CP-MAS NMR spectrum is also used to confirm the presence of 

organic functionalization on the silica surface. Figure 5.10 shows three main 

peaks below 100 ppm, that is, 45, 20 and 9 ppm corresponding to the 

carbons attached from the 3-chloropropyltrimethoxysilane. Peak at 63 ppm 

corresponds to the unreacted methoxy carbon present on silica surface. The 

other extra resonance peaks at 164, 140, 128 ppm are recognized to different 

carbon environments in the dendritic amine part, showing the successful 

growth of dendritic amine on silica surface. 
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Figure 5.10 Solid state 13C NMR Spectrum of G2 

5.3.2.6 SEM analysis 

SEM images of CMS 1 and G2 are shown in the Figure 5.11. When 

compared with CMS 1, the SEM micrographs revealed that the smooth and 

spherical surface of the CMS 1 got disrupted and became crushed into 

irregular clusters after dendritic growth.   

       
                           CMS 1                                                 G2 

Figure 5.11 SEM image of CMS 1 and G2 
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The results of FTIR, thermogravimetric analysis, low angle XRD, BET 

isotherm and solid-state 13C NMR spectroscopy, confirmed the incorporation of 

dendritic amine on mesoporous silica surface. 

5.3.3 Catalytic application of dendritic amine on mesoporous silica  

The catalytic properties of G0-G2 materials were investigated using 

Paal-Knorr reaction as a test reaction (Scheme 5.3).  Primarily, the reaction 

between hexane-2,5-dione and benzyl amine was chosen as a model 

reaction under solvent free condition to screen for the optimal reaction 

conditions at room temperature. A preliminary investigation on the 

reaction between hexane-2,5-dione and benzyl amine was done in the 

absence of catalyst in which the target product was detected only in trace 

amounts after 24 h (Table 5.3, entry 1). This result indicated the necessity 

of a catalyst for this reaction. The reaction was conducted in the presence 

of 0.003 g of CMS 1, but no product was obtained after 2 h. However 30 % 

yield was observed after 24 h similar to what was obtained in the absence of 

catalyst (Table 5.3, Entry 2).  This means that CMS 1 is inactive towards 

this reaction. 

 
Scheme 5.3 Scheme for Paal-Knorr reaction 

The effect of different generation of catalysts G0, G1 and G2             

(4.8 mol % each) on the reaction was examined. The result showed that G2 

was a highly active catalyst achieving very good yield of the pyrroles 
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within 2 h (Table 5.3, entries 3-5). This result indicated that catalyst with 

high amino group capacity was needed for achieving high conversion. 

Encouraged by the aforementioned result, other reaction conditions were 

investigated. First, the influence of the amount of G2 on the conversion was 

examined (Table 5.3 entries 6-9). The best result was obtained in the 

presence of 4.8 mol % of G2 with an yield of 92 % and further increase in 

the amount of catalyst did not increase the yield significantly. As expected, 

increasing the catalyst concentration led to an enhancement in the yield of 

the reaction.  

Table 5.3 Optimization of reaction conditions 
Entry Name of 

catalyst 
Amount of 
catalyst (g)

Amount of 
catalyst (mol %) 

Solvent Yield (%)a, b 

1 no catalyst - - - 30 (24 h)c 
2 CMS 1 0.003 - - No productd,  

30 (24 h)c 
3 G0 0.003 4.8 - 73 
4 G1 0.003 4.8 - 84 
5 G2 0.003 4.8 - 92 
6 G2 0.001 1.6 - 75 
7 G2 0.002 3.2 - 82 
8 G2 0.003 4.8 - 92 
9 G2 0.004 6.4 - 92 
10 G2 0.003 4.8 Methanol 83 
11 G2 0.003 4.8 THF 79 
12 G2 0.003 4.8 Toluene 84 
13 G2 0.003 4.8 DCM 81 
14 G2 0.003 4.8 Acetonitrile 80 
15 G2 0.003 4.8 Water 72 
16 G2 0.003 4.8 No solvent 92 

abenzyl amine (1 mmol), 2,5-hexanedione (1 mmol), room temperature, 2 h,                   
bisolated yield. cReaction was monitored for 24 h, d no product after 2 h 
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The effect of solvents on the reaction is generally an important 

variable that must be considered in detail. Solvents such as methanol, 

THF, toluene, DCM, acetonitrile, and water as well as solvent free condition 

were used (Table 5.3, entries 10-16). Results showed that solvent free 

condition was the most effective one for the formation of the desired 

product in high yield. This is because of the peculiar property of the 

catalyst that makes easy adsorption of reactants on the surface of the 

catalyst and high concentration of available catalytically active amino sites 

for the reactants.   

Besides, it was also observed that even at room temperature, reactions 

provided equally high yields within 2 h. Thus, further reactions were carried 

out with simple stirring at room temperature. Because of the higher 

reactivity of amines, molar ratio for both reactants has been taken as 1:1, 

this makes the reaction selective and quantitative and no further purification 

of the products was required. 

With the optimum conditions in hand, Paal-Knorr reaction of                

2,5-hexanedione with several aliphatic primary amines, various aromatic 

amines, heterocyclic amines and diamines were examined to explore the 

potential of the present procedure and the results are summarized in Table 5.4. 

The activity of aliphatic cyclic primary amine such as cyclohexylamine towards 

Paal-Knorr reaction at room temperature was evaluated (Table 5.4, entry 1). It 

gave 97 % yield for this reaction. In the case of benzyl amine, it showed 

92 % yield (Table 5.4, entry 2). 
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Table 5.4 Synthesis of N-substituted pyrroles catalyzed by G2 

 
Entry Primary amine Product Yield (%)a, b, (c) 
  

1 

  
97 (100) 

2 

  
92 (100) 

3 
NH2

  
89 (100) 

4 

  
80 (84) 

5 
  

92 (99) 

6 

  
90 (80) 

7 

  
86 (88) 

8 
  

No product 

9 

  
No product 
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10 

  
83 (81) 

11 

  

82 (70) 

12 

  
90 (100) 

13 

 
 

No product 

14 
 

 
 

 

 

76d , 86e 

15  

  

100d, no 
producte 

aamine (1 mmol), 2,5-hexanedione (1 mmol), room temperature, 2 h, 4.8 mol % (G2), 
bisolated yield, cGC-MS analysis, dmono pyrrole product (amine (1 mmol), 2,5-
hexanedione (1 mmol)), ebispyrrole product (amine (1 mmol), 2,5-hexanedione                  
(2 mmol)). 
 

It was encouraging to work on aromatic amines having electron 

donating substituent and electron withdrawing substituent (Table 5.4, 

entries 3-10). Substituted anilines with electron-rich groups enhanced the 
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percentage conversion when compared to anilines with electron withdrawing 

substituent. Nitro substituted aniline (Table 5.4, entries 8, 9) did not give the 

expected pyrrole derivatives. The reaction of 1-aminonaphthalene with 

diketone also proceeded successfully to give the desired product in good 

yield (Table 5.4, entry 11). Additionally, the reactivity of heterocyclic 

amines (Table 5.4, entries 12, 13) was also examined in the presence of 

G2. 2-Aminopyridine, gave 2-(2,5-dimethyl-1H-pyrrol-1-yl) pyridine with 

100 % conversion, but 2-amino-4-methyl pyridine  did not respond to this 

reaction.  

Paal-Knorr reaction of diamines such as ethylene diamine, Benzene-

1,2-diamine were also studied (Table 5.4, entries 14, 15). Using a diamino 

compound as the reactant with 2,5-hexanedione resulted  in the formation 

of multiple products such as mono pyrrole and bispyrrole. It was observed 

that the reaction between ethylene diamine and 2,5-hexanedione in 1:1 

molar ratio resulted in the formation of mono pyrrole as the major product 

and small amount of bispyrrole was also observed.  When shifting the 

molar ratio of 2,5-hexanedione and ethylene diamine to 2:1, it gave only 

bispyrrole product in high yield. But in the case of Benzene-1,2-diamine, it 

gave only mono pyrrole as the major product in both the molar ratios. 

There are recent reports of carrying out this reaction in the presence of 

other catalysts under heterogeneous conditions. The data presented in Table 

5.5 show that the present catalyst has great advantage over the reported ones 

in terms of reaction rate, product yield, amount of catalyst used, reaction 

condition and catalyst reusability. 
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Table 5.5 Comparative study of present catalyst with reported catalysts 

S.l. 
No. 

Catalyst/Solvent Temperature/
Time 

Catalyst 
reusability 

Yield 
(%) 

1 Vitamin B1(5 mol %)/ Ethanol rt/ 1 h - 9052 

2 [MIMBS]3PW12O40 (5 mol % )/ CH3CN 80 °C/ 2 h - 9353 

3 Aluminum tris (dodecyl sulfate) 
trihydrate (2.5 mol %) / water 

rt/ 3 h - 9654 

4 Urea (glycerol)-Choline Chloride 80 °C/ 24 h - 8755 

5 (c-Fe2O3@SiO2-OSO3H) (20 mg) 60 °C/ 3 h 5 runs 9056 

6 MgI2etherate (3 mol %) 70 °C/ 2 h - 9357 

7 FePO4 (10 mol %) rt/ 8 h - 9358 

8 Citric acid (1 mol %) / ball mill  
(30 Hz) 

rt/ 30 min - 7131 

10 G2 (4.8 mol %) rt/ 2 h 5 runs 92 
(present 
work) 

 

In order to check whether the silica support has any role in Paal-Knorr 

reaction, the reaction was conducted in the presence of PEG-NH2.59 

Reaction was carried out at room temperature, using benzylamine and 2,5-

hexanedione in the molar ratio of 1:1, in the presence of 4 mol % PEG-NH2 

catalyst under solvent free condition. It was found that 95 % yield was 

obtained for this reaction within 2 h. This is due to the homogeneous nature 

of PEG-NH2 catalyst.  After the reaction, catalyst was removed by washing 

with water and product was collected in dichloromethane. These results 

reveal that the amino groups would be the only active sites for this reaction 

and mesoporous silica support has no role.  
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5.3.4 Mechanism of the formation of N-substituted pyrroles 

The mechanism of the formation of N-substituted pyrroles from 

cyclocondensation of primary amines with 2,5-dicarbonyl compounds is not 

well understood. Literature studies showed that different types of mechanisms 

were reported.  Very recently, Abbat et al. reported hemiaminal pathway for 

the Paal-Knorr pyrrole synthesis under proton catalysis conditions.60 

Accordingly, here a plausible mechanism is proposed for the G2 catalyzed 

double condensation of hexane-2,5-dione with primary amine  and is given 

in Scheme 5.4.  

Scheme 5.4 Proposed Mechanism for the formation of N-substituted pyrroles. 
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Due to the dendritic effect of amino groups present on the catalyst G2, 

it interacts with oxygen atom of carbonyl groups of the dicarbonyl compound 

to form the hydrogen bonded activated complex 15 and 18.61 Amino group 

of primary amine reacts with these activated carbonyl complex 15 to form 

the hemiaminal 17. Nucleophilic attack of the NH group of hemiaminal on 

the activated carbonyl carbon produces the intermediate 2,5-dihydroxy-2,5-

dialkyl-N-alkyl-hydropyrrole 19. Due to high basicity of G2, it abstracts the 

hydrogens from intermediate 20 followed by the subsequent loss of two 

molecules of water leading to the formation of the pyrrole 13 and 

regeneration of catalyst G2.   

5.3.5 Reusability of the catalyst 

Finally, the reusability of the amine catalyst G2 was studied for this 

reaction. As shown in Table 5.6, the catalyst was recycled for subsequent runs 

using the same procedure. It was found that the catalyst was still active even 

in the fifth run without significant loss of activity. The recovery of the catalyst 

was very easy. Product was soluble in dichloromethane, while the catalyst 

remained insoluble. After completion of the reaction, the catalyst was 

filtered from the reaction mixture, washed with dichloromethane and 

ethanol, dried at 120 °C for 2 h and reused in subsequent runs.  

Table 5.6 Reusability studies 

No. of cycles Yield (%)a, b

1 92
2 92
3 90
4 88
5 87

abenzylamine (1 mmol), 2,5-hexanedione (1 mmol), room temperature,           
2 h, 4.8 mol % (G2), bIsolated yield. 
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5.4 Conclusion 

In summary, the first dendritic organo base catalyst was introduced for 

Paal-Knorr reaction for the synthesis of pyrrole derivatives. The presence of 

high concentration of amino groups on G2, makes this powerful base 

catalyst for the reaction within a short time. Results showed that the main 

reason for the formation of pyrrole derivatives is the dendritic effect of 

amino groups present on the catalyst. Pyrroles with different aromatic 

substitutions, mono pyrrole and bis pyrrole derivatives were obtained in 

high yield. Reusability of the G2 catalyst was achieved without significant 

loss of catalytic activity up to fifth cycle. The catalyst was found to obey 

the principles of green chemistry. The green aspects of the present method 

are: use of metal free catalyst, low catalyst loading, shorter reaction time, 

organic solvents are not needed, facile work-up, purification of the 

products by non-chromatographic methods, the excellent yield of the 

products, reaction proceeding at room temperature and the reusability of 

the catalyst. 

5.5 Experimental 

5.5.1 Materials  

Cyanuric chloride, diisopropylethylamine, 2,5-hexanedione and 

bis(2-aminopropyl)amine (BAPA) were purchased from Aldrich and used 

without further purification. 

5.5.2 Synthesis of chlorine functionalized mesoporous silica (CMS 1) 

Detailed synthetic procedure for the synthesis of CMS 1 was given in 

Chapter 2 
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5.5.3 Step-wise growth of BAPA dendrimer over CMS 1 

5.5.3.1 Synthesis of Schiff’s base of bis(3-aminopropyl)amine 

Schiff’s base of bis(3-aminopropyl)amine was prepared by mixing one 

equivalent of bis(3-aminopropyl)amine (10 mmol) with 2 equivalents of 

benzaldehyde (20 mmol) at room temperature. Stirring of the mixture was 

continued until only oil remained and was used for reaction without further 

purification. Successful completion of the reaction was confirmed by the 

formation of brown viscous oil.Yield 100 %, brown viscous oil. 

5.5.3.2 Incorporation of Schiff’s base on CMS 1 

To preswollen CMS 1 (3 g) in 1,4-dioxane (25 mL), suspension of 

Schiff’s base of BAPA (80 mmol, 2.32 mL) was added in the presence of 

triethylamine (20 mL) and heated at 100 °C for 48 h with occasional 

stirring. Excess ligand present in the reaction medium acted as acceptor of 

eliminated HCl resulting in the formation of yellow crystals of ligand HCl 

complex. The solid materials were filtered off, washed well with water and 

with dioxane. After solvent extraction with dioxane for 48 h, the silica was 

collected, washed with ether and dried under vacuum. Yield: 2.8 g, Yellow 

powder, IR (KBr, cm-1): 1677 (C=N stretching) 

5.5.3.3 Schiff’s base cleavage 

The removal of phenyl groups of Schiff’s base on silica was achieved 

by stirring with 6 N HCl at 60 °C for 12 h. Benzaldehyde was liberated as oil 

during hydrolysis and yellow silica powder formed was filtered off, washed 

with NaOH solution (5 × 7.5 mL) and with water (5 × 7.5 mL) until the 

solution was neutral. The silica was washed with methanol, ether, and toluene 

and dried under vacuum at 80 °C and denoted as G0.  
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Step-wise growth of BAPA dendrimer was carried out over G0 by 

similar procedure reported in the literature.1 Briefly, cyanuric chloride              

(5.5 g, 30 mmol) and diisopropylethylamine (7.8 mL) in THF (100 mL) was 

stirred at 0 °C for 2 h. 2.5 g of G0 was added to the above mixture under 

stirring and left to react at 0 °C for 20 h. The solid was filtered and washed 

twice, in series with 20 mL of methanol, 20 mL dichloromethane (DCM) 

and 20 mL tetrahydrofuran (THF). Subsequently, washed solid was grafted 

with Schiff’s base of BAPA (1 mL, 6.68 mmol) by refluxing in dioxane 

(25 mL) and triethylamine (25 mL) and heated at 100 °C for 48 h with 

occasional stirring.  The solid materials were filtered off, washed well with 

water and with dioxane. After solvent extraction with dioxane for 48 h, the 

silica was collected, washed with ether and dried under vacuum and Schiff’s 

base was cleaved using the same procedure given above. This solid is referred 

to as G1. The yield of G1 is found to be 2.3 g.  Repeating the preceding 

procedure led to the product G2 with yield 2.1 g. 

G0:  Yield 2.7 g, Yellow powder; IR (KBr, cm-1): 3450-3500, 2950, 1100.  

G1:  Yield 2.3 g, Yellow powder; IR (KBr, cm-1): 3450-3500, 2950, 1570.  

G2:  Yield 2.1 g, Yellow powder; IR (KBr, cm-1): 3450-3500, 2950, 1570; 
Solid state 13C NMR (75 MHz) : 164, 140, 128, 63, 45, 20, 9. 

5.5.4 Determination of amino capacity 

The amino group capacity was determined by acid-base titration 

method. Typically, 200 mg of the sample (G0-G2) was suspended in 30 mL 

of 0.1 M HCl solution and stirred at room temperature for 24 h. The filtrate 

was titrated with NaOH solution (0.1 M). 
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5.5.5  General procedure for the Paal-Knorr pyrrole synthesis 

Primary amine (1 mmol), hexane-2,5-dione (1 mmol) and the catalyst  

G2 (0.003 g) were stirred at room temperature for 2 h. The progress of the 

reaction was monitored by TLC or GC. Upon completion of the reaction, 

the mixture was filtered off and the solid was dissolved in dichloromethane. 

The organic layer was evaporated to isolate the pure product.  

5.5.6  Reusability studies 

The catalyst was simply removed by filtration and washed with DCM 

and ethanol. The catalyst was dried at 120 °C under vacuum for 2 h. This 

catalyst was again used for the Paal-Knorr reaction with fresh reactants for 

five consecutive runs. 

5.5.7 Characterization of synthesized compounds (Table 5.4) 

1. 1-Cyclohexyl-2,5-dimethyl-1H-pyrrole  

�
Brown oil, GC-MS (M+) 177; 1H NMR (CDCl3, 
400 MHz) �: 5.65 (s, 2H), 3.85-3.76 (m, 1H), 2.21 
(s, 6H), 1.88-1.63 (m, 8H), 1.27-1.09 (m, 2H); 13C 
NMR (CDCl3, 100 MHz) �: 127.7, 105.9, 56.3, 
32.3, 26.6, 25.6, 14.3.

 2. 1-Benzyl-2,5-dimethyl-1H-pyrrole 

           

�

  

White solid,  m. p. 42 °C (40-42 oC)62,  GC-
MS (M+) 185; 1H NMR (CDCl3, 400 MHz) �: 
7.22-7.19  (m, 4H), 6.86-6.80 (m, 1H), 5.79 (s, 
2H), 4.94 (s, 2H), 2.07 ( s, 6H); 13C NMR 
(CDCl3, 100 MHz) �: 138.5, 128.7, 128.0, 127, 
125.6, 105.3, 46.7, 12.4. 
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3. 2,5-Dimethyl-1-phenyl-1H-pyrrole 

�

White solid, m. p. 50 °C (50-51 °C)62, GC-MS 
(M+) 171; 1H NMR (CDCl3, 400 MHz) �: 7.57-
7.47  (m, 4H), 7.32-7.29 (m, 1H), 6.00 (s, 2H), 
2.13 (s, 6H); 13C NMR (CDCl3, 100 MHz) �: 
139.0, 129.1, 128.3,127.7, 13.1.

4. 1-(3-Chlorophenyl)-2,5-dimethyl-1H-pyrrole  

�

White solid, m. p. 48 °C (48–49 °C)63, GC-MS 
(M+) 205; 1H NMR (CDCl3, 400 MHz) �: 7.40-
7.44  (m, 2H), 7.25–7.28 (m, 1H), 7.13-7.16 (m, 
1H), 5.93 (s, 2H),  2.07 (s, 6H); 13C NMR 
(CDCl3, 100 MHz) �: 143.0, 134.6, 131.4, 128, 
124.3, 117.8, 105.0, 12.4.

 5. 5-Dimethyl-1-p-tolyl-1H-pyrrole  

�

White solid, m. p. 46 °C (44-46 °C)62,  GC-MS 
(M+) 185; 1H NMR (CDCl3, 400 MHz) �: 7.32 
(d, J = 7.5 Hz, 2H), 7.17 (d, J = 7.8 Hz, 2H), 5.97 
(s, 2H), 2.49 (s, 3H), 2.10 (s, 6H); 13C NMR 
(CDCl3, 100 MHz) �: 137.5, 136.4, 129.7, 128, 
105.5, 21.2, 13.1.

6. 2,5-Dimethyl-1-o-tolyl-1H-pyrrole 

�

Brown liquid, GC-MS (M+) 185; 1H NMR 
(CDCl3, 400 MHz) �: 7.33-7.32 (m, 2H), 7.29-
7.27 (m, 1H), 7.16 (d, J = 8.5 Hz, 1H), 5.91 (s, 
2H), 1.93 (s, 3H), 1.91 (s, 6H); 13C NMR 
(CDCl3, 100 MHz) �: 138.1, 137.1, 130.6, 128.8, 
128.3, 128.2, 126.6, 105.2, 17.0, 12.5.
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7. 1-(2-Methoxyphenyl)-2,5-dimethyl-1H-pyrrole 

�

White solid, m. p. 63 °C (62-63 °C)64, GC-MS 
(M+) 201; 1H NMR (CDCl3, 400 MHz) �: 7.40-7.36 
(m, 1H), 7.16 (d, J = 9.6 Hz, 1H), 7.03-7.01 (m, 
2H), 5.91 (s, 2H), 3.77 (s, 3H), 1.97 (s, 6H). 13C 
NMR (CDCl3, 100 MHz) �: 155.9, 130.2, 129.3, 
129.1, 127.6, 120.6, 111.9, 105.1, 55.6, 12.5.

8. 3-(2,5-Dimethyl-1H-pyrrol-1-yl) benzoic acid  

�

White solid, m. p. 150 °C (148�150 °C)65, GC-MS 
(M+) 215;  1H NMR (CDCl3, 400 MHz) �: 13.17 (s, 
br,  1H), 8.00 (m, 1H), 7.69 - 7.65 (m, 2H), 7.54 (m, 
1H), 5.82 (s, 2H), 1.96 (s, 6H); 13C NMR (CDCl3, 
100 MHz) �: 166.6, 138.5, 132.4, 132.0, 129.7, 
128.4, 128.3, 127.5, 106.2, 12.8.

9. 1-(1-Naphthalenyl)-2,5-dimethylpyrrole  

�

Brown solid, m. p. 116 °C (116-119 °C)66, GC-MS 
(M+) 221; 1H NMR (CDCl3, 400 MHz) �: 7.90-7.92   
(d, J = 6.5 Hz, 2H), 7.48-7.56 (m, 2H), 7.40-7.44 
(d, J = 7.0 Hz, 1H), 7.10-7.12 (d, J = 7.5 Hz, 1H), 
5.98 (s, 2H), 1.87 (s, 6H); 13C NMR (CDCl3, 100 
MHz) �: 135.9, 134.3, 129.9, 128.3, 126.9, 126.3, 
123.3, 109.1, 11.5.

10. 2-(2,5-Dimethyl-1H-pyrrol-1-yl) pyridine  

�

Yellow liquid, GC-MS (M+) 172; 1H NMR 
(CDCl3, 400 MHz) �: 8.62-8.64 (m, 1H), 7.82-
7.86 (m, 1H), 7.30-7.33 (m, 1H), 7.23-7.28 (m, 
1H), 5.93 (s, 2H), 2.15 (s, 6H); 13C NMR 
(CDCl3, 100 MHz) �: 158.3, 147.8, 137.3, 124.3, 
120.9, 102.7, 12.7.
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11. 1,2 Bis(2,5-dimethyl-1H-pyrrol-1-yl) ethane  
Beige solid, m. p. 135 °C (135-136  oC)62, GC-
MS (M+) 216; 1H NMR (CDCl3, 400 MHz) �: 
5.84 (s, 4H), 4.02(s, 4H) 2.10 (s, 12H); 13C NMR 
(100 MHz, CDCl3) �: 127.6, 105.7, 43.9, 11.9.

12. 2-(2,5-Dimethyl-1H-pyrrol-1-yl) aniline 
Black needle, m. p. 70 °C (70-73 °C) 42, GC-MS 
(M+) 186; 1H NMR (CDCl3, 400 MHz) �: 7.17-7.10   
(m, 1H), 7.00 (d, J = 7.1 Hz, 1H), 6.74-6.69 (m, 
2H), 5.85 (s, 2H), 3.37 (s, br, 2H), 1.90 (s, 6H); 13C 
NMR (CDCl3, 100 MHz) �: 144.1, 129.3, 129.3, 
128.4, 124.4, 118.2, 115.5, 105.8, 12.3.
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In continuation of the present research interest in the development of 

environmentally benign synthesis using metal free dendritic catalysts supported 

on mesoporous silica, the rapid synthesis of conjugated nitroalkenes and          

�-nitro alcohols via Henry reaction in the presence of dendritic amine and 

proline modified dendritic amine on mesoporous silica catalyst is reported 

here. The presence of high concentration of amino groups on G2 and GP2 

makes the catalysts active enough for this reaction within a short period of 

time at 50 °C. 
 

C
o

n
te

n
ts

 



Chapter 6 

 200  Department of Applied Chemistry, CUSAT 

6.1  Introduction 
Nitroalkenes are significant building blocks in organic synthetic 

chemistry.1 The utility of nitroalkenes in organic synthesis is largely due to 

their ease of conversion into a variety of functionalities such as amines and 

carbonyl groups.2 Moreover, nitroalkenes prepared from aromatic aldehydes 

are especially useful for natural product synthesis, heterocyclic compounds, 

medicinal field and useful in the area of asymmetric synthesis.3-7 They               

are synthetically important products since they have been used as important 

substrates in a wide variety of transformations including 1,3-dipolar 

cycloaddition reactions,8 Friedel–Crafts alkylation,9 Michael addition,10  and 

Diels–Alder reaction.11 They can react with 1,3-dicarbonyl compounds,12 

organozinc halides,13 Grignard reagents,14 organoboranes,15 dialkyl 

acetylenedicarboxylates,16 and organomanganese compounds,17 to generate 

structurally diverse products. Besides, nitroalkenes are well known for their 

biological activity such as antitumor agents, insecticides, fungicides, and             

in various pharmacologically active substrates.18-20 Very recently,                      

�-nitrostyrene and its derivatives have also been reported as pro-apoptotic 

anticancer 21 and antibacterial agents.22 

Due to the importance of nitrostyrenes in synthetic organic chemistry 

and pharmaceutical field, several synthetic methods have been developed 

for the preparation of conjugated nitroolefins.23-26 Mainly, two strategies 

for the synthesis of nitrostyrenes have been used. The first method is the 

direct nitration of aromatic olefins with nitric oxide.23 The second 

method involves the Henry condensation of carbonyl compounds with a 

nitroalkane, followed by antiperiplanar elimination of water from the 



Dendritic Amine Functionalized Mesoporous Silica: Detailed Study on Henry Reaction 
�

Development of Dendritic Functionalized Mesoporous Silica as Reusable Catalyst for Organic Synthesis 201 

resulting nitroaldols (Scheme 6.1).24-26 The Henry reaction is generally 

performed under mildly basic conditions with a variety of bases, but the 

dehydration step requires harsh reaction conditions.  

 
Scheme 6.1 Conventional synthesis of nitroalkenes 

 

The classical methods provide nitroaldols using bicarbonates, 

alkoxides, alkali metal hydroxides, carbonates, soluble bases, and soluble 

bases with a surfactant with longer reaction times.27 Dehydration of 

nitroalkanols to nitroalkenes was effected by several reagents such as 

dicyclohexylcarbodiimide,28 methanesulfonylchloride,29 pivaloyl chloride30 

and phthalic anhydride.31 

Only a few one-pot  preparations of nitroalkenes have been 

described, which include the use of microwave and ultrasound techniques 

in ammonium acetate,32 amines,33 ethylenediamine,34 polymer-supported 

amines,35 amphiphilic ionic liquids,36 ammonium salts37 and direct 

nitration of alkenes by  using NaNO2 in the presence of various oxidizing 

agents.38 However, these one-pot syntheses normally suffer from higher 

catalyst-loading, poor yields, inconvenient preparation of polymer-

supported catalyst, long reaction times, expensive catalysts, large excess of 

the nitroalkane, severe reaction conditions, difficulty in removal of 

catalyst from reaction medium and possibility for the formation of many  
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side products in this reaction (Scheme 6.2). So there is a need to develop a 

mild and efficient base catalyst for the synthesis of nitroalkenes. 

 
Scheme 6.2 Henry reaction 

 

This encouraged us to reinvestigate the supported amine-catalyzed 

condensation of nitroalkanes with carbonyl compounds in order to develop a 

more efficient method for the synthesis of nitroalkenes. There are a few 

literature reports on supported catalysts towards the Henry reaction                   

which include primary amine immobilized on the silica gel KG-60,39 

silica-alumina-supported amine,40 polyamine-functionalized mesoporous 

zirconia41 and zeolites.42 Very recently, several acid-base bifunctional 

catalysts grafted on mesoporous silica nanoparticles have also been             

utilized to obtain nitrostyrenes starting from benzaldehyde dimethyl 

acetal.43, 44 

Although, some of these methods are efficient, many suffer from one 

or more drawbacks such as the need for expensive and toxic reagents, high 

temperature, formation of side products, low product yields, complicated 

reaction assembly, longer reaction time, use of inert reaction conditions, 

difficulty in purification of products, use of additional bases and large 

amounts of acid to neutralize the bases etc. Therefore, the development of 

an efficient, general and environmentally friendly process, which enables 

rapid and easy access to nitroalkene derivatives, is of great importance, 
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particularly for the synthesis of complex molecules. In accordance with the 

principles of green chemistry, the design of catalysts for Henry reaction with 

easy separation, high catalytic activity, and low cost is currently being 

pursued. 

6.2  Objective of the present work 

Literature survey showed that only a few methods are available for the 

synthesis of conjugated nitroalkenes. Also, there is no supported or non-

supported dendritic catalyst developed for this reaction. In continuation of 

our research interest in the development of environmentally benign synthesis, 

using metal free dendritic catalysts supported on mesoporous silica, 

dendritic amine supported on mesoporous silica was synthesized and used 

as organo base catalyst for this reaction. 

6.3  Results and discussion 

6.3.1 Synthesis of dendritic amine on mesoporous silica 

Synthesis and detailed characterization of dendritic amine functionalized 

mesoporous silica are given in Chapter 5. Characterization studies strongly 

support the successful formation of amine dendrimers on mesoporous silica 

and the mesoporous nature of silica support was maintained after G2 

generation. Structure of G0, G1 and G2 are given in the Figure 6.1. Due to 

the presence of high amount of amino groups on the dendrimeric surface, 

G0, G1 and G2 dendrimers are used as efficient heterogeneous catalysts for 

organic transformations.  
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6.3.2 Application as organo base catalyst for aromatic nitroalkene 
synthesis 

 
Scheme 6.3 Scheme for the synthesis of nitroalkene 

In order to optimize the catalytic performance of the mesoporous 

silica supported dendritic amine, a model reaction between benzaldehyde 

and nitromethane was carried out under various reaction conditions 

(Scheme 6.3). The investigation began with the reaction between benzaldehyde 

and nitromethane run in the absence of any catalyst at 50 °C in which the 

target product was detected only in trace amounts (Table 6.1 Entry 1). The 

yield of the product was enhanced to a great extent when the reaction was 

conducted in the presence of different generations of catalysts G0, G1 and 

G2 (9.6 mol % each) (Table 6.1 Entries 2-3). The reaction proceeded 

smoothly, and the corresponding nitroalkene was obtained as the product in 

moderate yield. The results showed that this catalyst was efficient enough to 

facilitate the Henry reaction to deliver respective nitroalkene product, 

without using any additional base. Among these catalysts, the highest yield 

was obtained with G2 which was selected as the catalyst of choice for 

further optimization studies (Table 6.1 Entry 4). 

Table 6.1 Effect of generation on the synthesis of nitroalkene derivatives 
Entry Catalysts Yield (%)a, b 

1 No Catalyst 5 (24h) 
2 G0 65
3 G1 82
4 G2 90

abenzaldehyde (1 mmol), nitromethane (1 mmol), catalyst (9.6 mol %),                  
methanol (2 mL), 50 °C, 3 h, bIsolated yield 
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The above model reaction was performed under different amounts of 

catalyst G2.  As can be seen from Table 6.2, catalyst loading of G2 has a 

dramatic effect on the above model reaction, high amount of catalyst (0.006 g, 

9.6 mol %) was required for affording a high yield of the desired product. 

When the catalyst loading was increased to more than 0.006 g, there was not 

much increase in the yield of the product. 

Table 6.2 Optimization of amount of catalyst 

Amount of catalyst G2 
(mg) 

Amount of catalyst G2
(mol %) 

Yield (%)a, b 

0.002 3.2 80 
0.004 6.4 86 
0.006 9.6 90 
0.008 12.8 90 

abenzaldehyde (1 mmol), nitromethane (1 mmol) methanol (2 mL), 50 °C, 3 h, 
bIsolated yield 

 
The effect of temperature on the reaction was studied and the results 

are given in Table 6.3. First, the reaction was performed at room 

temperature at 30 °C, but the reaction proceeded slowly and took more than 

24 h for 15 % yield. The reaction was performed at 50 °C, yield of the 

product was increased to 90 % in 3 h. But further increment in temperature 

did not show remarkable difference in the yield of the product.  

Table 6.3 Effect of temperature on the reaction 
Entry Temperature, °C Yield (%)a, b 

1 30  15 
2 50  90 
3 60  90 
4 70  90 

abenzaldehyde (1 mmol), nitromethane (1 mmol), methanol (2 mL), G2 (9.6 mol 
%), 3 h, bIsolated yield. 
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To examine the influence of different solvents, reaction was 

conducted in protic and aprotic solvents such as methanol, ethanol, ethyl 

acetate, dichloromethane, acetonitrile and solvent free condition. Results are 

summarized in the Table 6.4. It was found that methanol was the most 

effective medium for the generation of the desired products (Table 6.4, 

Entry 1).  

Table 6.4 Optimization of solvent  

Entry Solvent Yield (%)a, b 
1 Methanol 90 
2 Ethanol 88 
3 Ethyl acetate 79 
4 Dichloromethane 75 
5 Acetonitrile 72 
6 Water 76 
7 Solvent free condition 80 

abenzaldehyde (1 mmol), nitromethane (1 mmol), G2 (9.6 mol %), 50 °C, 3 
h, bIsolated yield 
 
 

With the optimized conditions in hand, Henry reaction was done using 

various aromatic aldehydes to explore the scope of the present protocol and 

the results are summarized in Table 6.5. In most cases, it was observed that 

aromatic aldehydes bearing both electron-donating and electron withdrawing 

groups readily underwent the transformation, giving good yields of 

corresponding nitroalkenes. 
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Table 6.5 Nitroalkene synthesis with diverse aldehydes 

 
Entry R Product Yield (%)a, b 

1 H 90 

2 4-Hydroxy 85 

3 4-Methyl 83 

4 4-Chloro 92 

5 4-Methoxy 90 

6 2-Hydroxy 87 

7 3-Nitro 89 

8 3,4-Dimethoxy 91 

9 Naphthaldehyde 84 

aaldehyde (1 mmol), nitromethane (1 mmol), methanol (2 mL), G2 (9.6 mol %), 
50 °C, 3 h, bIsolated yield. 
 

For all the reactions of aryl aldehydes with nitromethane, the more 

stable trans-nitrostyrenes were obtained. The 1H NMR analysis of the crude 
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product indicated that only the more stable trans-nitrostyrene was 

generated, the less stable cis-nitrostyrenes was not detected. The relative        

E configuration of the double bond was established based on the value of 1H 

NMR coupling constant between the olefinic protons in the products. 

6.3.2.1 Mechanism for the formation of (E)-nitroalkenes 

The reaction pathway can be rationalized by the possible mechanism 

illustrated in Scheme 6.4.  

 
Scheme 6.4 Reaction pathway for the formation of nitroalkene using G2 

The NH2 group of catalyst G2 form hydrogen bonded intermediate 8 

with nitomethane and other NH2 group abstract proton from methyl group of 
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nitromethane to form nitromethane carbanion 9, which acts as the attacking 

reagent for further steps. It attacks the carbonyl group of benzaldehyde to form 

a carbinol intermediate 10. In a subsequent step, G2 abstracts a proton from 

intermediate 10 and loses a water molecule to produce the corresponding 

nitroalkene. The key step in the synthesis of nitroalkenes is the �-elimination of 

H2O and constitutes an easy and efficient route to (E)-nitroalkenes 3. 

6.3.2.2 Reusability of the catalyst G2 

After completion of the reaction, the catalyst was filtered from the 

reaction mixture, washed with dichloromethane, methanol and acetone and 

dried at 120 °C for 2 h and reused in subsequent runs. The catalyst was 

reused for subsequent runs using the same procedure. Results are 

summarized in Table 6.7. The catalyst was still active even in the fifth run 

with only marginal loss of activity. 

Table 6.7 Reusability studies 
No. of cycles Yield (%)a, b 

1 90 
2 88 
3 85 
4 83 
5 82 

abenzaldehyde (1 mmol), nitromethane (1 mmol), methanol (2 mL), 
G2 (9.6 mol %) 50 °C, 3 h, bIsolated yield 
 

6.3.3 Synthesis of �-nitroalkanols 

It is seen that conjugated nitroalkenes were formed through the 

intermediate, �-nitroalkanols (Scheme 6.5). In synthetic organic chemistry, 

�-nitroalcohols are important intermediates, because, they can be easily 

transformed into synthetically useful intermediates such as carboxylic acids, 
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aldehydes, �-hydroxy ketones, amino alcohols, azides, sulfides, and other 

useful compounds by functional group transformation.45 Amino alcohols 

obtained by the reduction of �-nitroalcohols have found widespread utility 

as chiral ligands in asymmetric catalysis, and as important building blocks 

for natural products as well as pharmaceuticals.46, 47 

 
Scheme 6.5 Formation of �-nitroalkanols in the Henry reaction 

Due to the importance of chiral nitroalcohols in organic synthesis, 

considerable efforts have been focused on the development of catalytic 

enantioselective version of the Henry reaction. Recently reported metal 

catalysts are Nd/Na,48 CuCl-chiral camphor Schiff bases,49 Chiral Ni-Schiff 

base complexes inside Zeolite,50 heterobimetallic Cu-Sm-Aminophenol 

Sulfonamide Complex51 and nanoporous lanthanide metal–organic 

frameworks.52 Some of the reported organocatalysts  for this reaction are Urea–

pyridine bridged periodic mesoporous organosilica53 and acid�base 

bifunctional shell cross-linked micelle nanoreactor.54 

There are only few reports on the asymmetric Henry reaction in the 

presence of dendritic catalysts. Dendrimers containing encapsulated tertiary 

amine were effectively used for the Henry (nitroaldol) reaction by Amber 

and groups (Scheme 6.6).55 
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Scheme 6.6 Dendrimer catalyzed Henry reation 

 

Bing, et al.56 reported the focal-functionalized dendritic piperidine 

catalyzed Henry reaction (Scheme 6.7). They found that G3 (n=2) exhibited 

moderate to good catalytic activity in the Henry reaction of aromatic and 

heteroaromatic aldehydes with nitromethane. The catalyst could be readily 

recovered by the solvent precipitation method, and used up to ten times 

without a substantial loss of catalytic activity. 

 
Scheme 6.7 Dendritic piperidine catalyzed Henry reation 

Zubia, et al.57 reported the nitroaldol reaction using dendrimers with 

only one active center at the core (Scheme 6.8). They have prepared three 
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type of catalysts MA2, DA2 and TA2 having the activity at core. According 

to their results, they have obtained a syn:anti ratio of 2:1 in all cases, except 

when TA2 was used as catalyst, in which the syn:anti ratio was slightly 

higher (2.6:1). 
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The mechanism given in the Scheme 6.4 showed that nitroalkene 

formation happened through the intermediate �-nitroalkanols. Due to the 

application of this intermediate in synthetic organic chemistry, it was 

decided to collect this intermediate. But �-nitroalkanols could not be 

isolated by changing the reaction conditions like temperature, solvents, 

amount of catalysts, adding additional base and molar ratio of reactants 

using G2 as catalyst. It was decided to modify the catalysts (G0-G2) with 

L-proline and conducted the Henry reaction with these modified catalysts 

(GP0-GP2). 

6.3.3.1 Synthesis of dendritic L-proline on mesoporous silica  

G0, G1 and G2 of dendritic amine on mesoporous silica were 

modified with Boc-L-Proline in the presence of NMP and DCC and 

deprotection was done using trifluroacetic acid. Procedure for the synthesis of 

GP0, GP1 and GP2 are given in Scheme 6.9, Scheme 6.10 and Scheme 6.11. 

 

Scheme 6.9 Reaction scheme for the synthesis of GP0 
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Scheme 6.10 Reaction scheme for the synthesis of GP1 

 
Scheme 6.11 Reaction scheme for the synthesis of GP2 
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6.3.3.2 Characterization of dendritic L-proline on mesoporous silica 
6.3.3.2.1 IR spectral studies 

Immobilization of Boc-L-proline groups on amine functionalized 

mesoporous silica frame work was examined by IR spectroscopy in each step. 

The IR spectra of GE0 and GP0 are presented in Figure 6.1. In addition to the 

normal silica vibrational peaks, a new strong absorption band at 1742 cm-1due 

to ester carbonyl stretching of Boc carbonyl group was present confirming the 

effective grafting of Boc-L-proline on silica framework. After deprotection, 

the peak at 1742 cm-1 disappeared and indicated the removal of protecting 

groups.  A sharp peak was observed in GP samples due to amide at 1685 cm-

1. A band in the region of 1630-1500 cm-1 is caused by NH bending vibration 

of secondary amines and C=N stretching vibration of triazine fragment. In 

Figure 6.2 and Figure 6.3, the same trend of vibration bands which was 

shown in Figure 6.1 was observed in GE1, GP1, GE2 and GP2. Besides, the 

band intensity of ester and amide region of GE1, GP1, GE2 and GP2 was 

increased when comparing with Figure 6.1. This is due to the high loading of 

proline groups on GP1 and GP2 generations, which strongly support the 

successful coupling of amine moiety with chiral amino acid.  

 
Figure 6.1 IR spectra of GE0 and GP0      Figure 6.2 IR spectra of GE1 and GP1 
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Figure 6.3 IR spectra of GE2 and GP2 

 

6.3.3.2.2 TG-DTG analysis 

TG-DTG analysis was performed to determine the thermal stability 

and degree of organic functionalization on mesoporous silica. The results are 

summarized in Figure 6.4, Figure 6.5 and Figure 6.6. The TG-DTG curves 

of GP0, GP1 and GP2 showed first step degradation below 100 °C 

corresponding to the removal of moisture. In GP0, another weight loss of 15 

% occurred at 360 °C which was attributed to the decomposition of chiral 

amine fragment and further weight loss at 540 °C showed the decomposition 

of remaining organic fragment. In the case of GP1, two weight losses 

occurred at 424 °C and 554 °C with weight loss of 14 % and 8 % 

respectively.  Apart from this, in GP2, a decomposition step with a weight loss 

of 21 % occurred in the temperature range of 360-420 °C. These results 

revealed the incorporation and integrity of designed dendritic groups on the 

surface of silica. 
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     Figure 6.4 TG-DTG plot of GP0              Figure 6.5 TG-DTG plot of GP1 
 

 
Figure 6.6 TG-DTG plot of GP2 

 
6.3.3.2.3 Surface area analysis 

The surface area of three generations GP0-GP2 was evaluated using 

BET method, the pore size by BJH method (isotherms with hysteresis) and 

these are given in Figure 6.7. N2 adsorption isotherms of GP0 and GP1 

showed type IV adsorption isotherms with H1 hysteresis loop confirming 

that the mesoporous nature of the materials was retained in each generation. 

But for GP2, shape of isotherm was almost flat indicated that mesopore 

structure was destructed.  
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Figure 6.7 N2 adsorption/desorption isotherms 

of GP0, GP1 and GP2 
 

This strongly supports the incorporation of high loading of proline 

groups on the mesoporous silica support. The surface properties of GP0, 

GP1 and GP2 are summarized in Table 6.8.  

Table 6.8 Surface properties of GP0, GP1 and GP2 

Sample SBET 
(m2/g) 

Pore volume 
(cm3/g) 

Pore diameter 
(nm) 

GP0 267 0.46 4.1 
GP1 213 0.36 2.8 
GP2 92 0.19 1.6 

 

 
6.3.3.2.4 X-ray diffraction studies 

The powder X-ray diffraction patterns of the GP0 and GP1 are 

overlayed in Figure 6.8. Silica supported GP0 showed a low angle diffraction 

d100 peak at 0.8° with low intensity. This is the characteristic peak of 

mesoporous material which confirmed that the ordered nature of mesoporous 

silica support was preserved after proline functionalization. But in the case of 
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GP1 that peak has disappeared indicating the collapse of the ordered nature of 

mesoporous silica structure.  

 
Figure 6.8 Low angle XRD of GP0 and GP1 

6.3.3.2.5 SEM Analysis 

From the scanning electron micrographs, it was found that, after 

modification with proline, spherical nature of mesoporous silica disappeared 

compared with CMS 1. This supports the successful modification of CMS 1 

with proline. 

 
Figure 6.9 SEM image of GP2 
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6.3.4 Asymmetric Henry reaction 

 
Scheme 6.12 Synthesis of �-nitroalkanol 

The present study was initiated with benzaldehyde and nitromethane 

as model substrates in the presence of 3.1 mol % of GP2 in methanol as the 

solvent at reflux temperature for 4 h (Scheme 6.12). It was observed that           

�-nitroalkanol was obtained as major product in good yield (73 %) after 4 h 

(Scheme 6.12). The reaction conditions were optimized which include, 

generation of catalyst, amount of catalyst, reaction temperature and solvent.  

The reaction was conducted using different generation of the catalysts 

such as GP0, GP1 and GP2. The reaction was performed in the presence of 

3.1 mol % of each catalyst and results are summarized in Table 6.9. It is 

clear that the best result was obtained by using GP2 as catalyst, whereas the 

same reaction could not proceed without any catalyst. So GP2 was chosen 

as the catalyst for further optimization studies.  

Table 6.9 Effect of catalyst generation 

Entry Catalyst  Yield (%)a, b 
1 No Catalyst  No product  
2 GP0  42 
3 GP1  61 
4 GP2  73 

abenzaldehyde (1 mmol), nitromethane (1 mmol), methanol (2 mL), 
catalyst (3.1 mol %), 50 °C, 4 h, bIsolated yield.  
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The influence of the amount of catalyst GP2 on the yield of the reaction 

was studied. When the amount of catalyst was increased from 3.1 to 9.3 mol %, 

the yield was also increased and the maximum yield was obtained for 9.3 mol 

% (Table 6.10, entries 1-3). When the amount of catalyst was further increased, 

there was no change in the product yield (Table 6.10, entry 4).  

Table 6.10 Optimization of amount of catalyst 

Entry Amount of 
catalyst (mg)  

Amount of catalyst 
(mol %)  

Yield (%)a, b 

1 0.002  3.1  73  
2 0.004  6.2  86  
3 0.006  9.3  91  
4 0.008  12.4  91  

abenzaldehyde (1 mmol), nitromethane (1 mmol), methanol (2 mL), 50 °C, 4 h, 
bIsolated yield. 

Various solvents were studied under optimized reaction conditions 

and it was interesting to note that maximum yield was obtained in methanol 

(Table 6.11). This may be because, in highly polar solvents the chances of 

hydrogen bonding interaction between the catalyst and the substrate would 

be high and hence increases the reaction yield. 

Table 6.11 Optimization of Solvents 
Entry Solvent Yield (%)a, b 

1 Methanol  91  
2 Ethanol  88 
3 Isopropanol  82 
4 Dichloromethane  69  
5 Ethyl acetate  81  
6 Tetrahydrofuran  84  
7 Chloroform  82  
8 No solvent 83 

abenzaldehyde (1 mmol), nitromethane (1 mmol), GP2 (9.3 mol %), 50 °C, 4 h, 
bIsolated yield.  
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Furthermore, the optimization was carried out at different temperature 

conditions. Higher yield was obtained at 50 °C (Table 6.12). After optimizing 

the reaction conditions, it was observed that after 4 h in the presence of          

9.3 mol % of GP2 the desired product was obtained in good yield without 

any side product in methanol. 

Table 6.12 Effect of temperature  

Entry Temperature, °C Yield (%)a, b 
1 30  15 
2 50  91 
3 60  91 

abenzaldehyde (1 mmol), nitromethane (1 mmol), methanol (2 mL), 
GP2 (9.3 mol %), 4 h, bIsolated yield. 
 

Based on the optimized results, the scope of Henry reaction for the 

synthesis of �-nitroalkanols was examined using different aromatic 

aldehydes. The results are shown in Table 6.13. A wide range of aromatic 

aldehydes having electron-donating and electron-withdrawing groups at the 

ortho-, meta-, and para positions was readily tolerated. Notably, the same 

trend which was seen in the synthesis of nitroalkenes was seen here also. 

Aromatic aldehydes bearing both electron-donating and electron 

withdrawing groups readily underwent the transformation, giving good 

yields and enantioselectivity of corresponding products. In addition, 

cinnamaldehyde gave good response to this reaction. Besides, the polycyclic 

aromatic aldehyde 2-naphthaldehyde gave 85 % yield and 80 % 

enantioselectivity.  
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Table 6.13 Synthesis of � -nitroalkanols 

 
Entry R Product Yield (%)a, b % eec 

1 H 91 86 

2 4-Methyl 82 79 

3 4-Chloro 93 83 

4 4-Methoxy 90 88 

5 4-Nitro 96 89 

6 4-Bromo 90 84 

7 Cinnamaldehyde 84 79 

8 Naphthaldehyde 85 80 

aaldehyde (1 mmol), nitromethane (1 mmol), GP2 (9.3 mol %), methanol (2 mL), 50 °C,            
4 h, bIsolated yield, cEnantiomeric excess was determined by HPLC on chiral column. 
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6.3.4.1 Mechanism for the formation of � -nitroalkanol 

Proposed mechanism for the reaction is given in Scheme 6.13. GP2 

catalyst form the hydrogen bonded intermediate 17 and another NH abstracts 

the hydrogen from the CH3 group to form the carbanion intermediate 19. In 

the next step, 19 undergoes nucleophilic attack on the aldehyde to form the  

�-nitroalkanol 11.  

 
Scheme 6.8 Proposed mechanism for the formation of �-nitroalkanol 

6.3.4.2 Reusability of the catalyst GP2 

After completion of the reaction, the solution was filtered, washed 

with methanol, acetone and dried under vacuum at 120 °C for about 2 h. The 

catalyst recovered was reused without loss of significant activity. Details 
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regarding catalyst reuse with percentage yield are presented in Table 6.14.  

Successive runs were carried out in order to examine the recyclability of the 

catalyst. After fifth cycle, catalyst was reused with 86 % yield which 

indicated that the catalyst was still active for Henry reaction. 

Table 6.14 Reusability studies 

No. of cycles Yield (%)a, b

1 91
2 90
3 89
4 87
5 86

abenzaldehyde (1 mmol), nitromethane (1 mmol), methanol (2 mL), 
GP2 (9.3 mol %), 50 °C, 4 h, bIsolated yield. 
 

6.4  Conclusion 

In conclusion, chemoselective synthesis of conjugated nitroalkene 

derivatives and �-nitroalkanols were developed by using two different 

catalysts viz. G2 and GP2. The presence of high concentration of amino 

groups on G2 and GP2 makes the catalysts active enough for this reaction 

with in short time at 50 °C. The present studies showed that G2 and GP2 

catalysts can be used as specific catalysts for the synthesis of conjugated 

nitroalkene derivatives and �–nitroalkanols respectively. The synthesis of 

nitroalkenes and �-nitroalkanols from aryl aldehydes constitute an 

advantageous alternative to the methods previously described in the 

literature due to the following reasons: (a) catalyst was stable under the 

reaction conditions (b) low catalyst loading (c) this process took place under 

very mild reaction conditions and no additional basic media was necessary 

(d) recycling without loss of activity up to fifth run (e) the reaction took 
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place with total stereoselectivity affording (E)-nitroalkenes and �-nitroalkanols 

with high enantioselectivity (ee> 79%). All these advantages make G2 and 

GP2 competitive catalysts and thus can be clean and convenient alternatives 

for other industrially important reactions. 

6.5  Experimental 

6.5.1  Materials  

Boc-L-Proline, DCC, NMP, HOBt, aldehydes, nitromethane and TFA 

were all purchased from local vendors and used as received. All solvents 

were purified by standard procedures prior to use. 

6.5.2 Synthesis of amine functionalized mesoporous silica (G0, G1 
and G2) 

Detailed synthetic procedure was given in the Chapter 5 

6.5.3 Modification of G0, G1 and G2 with Boc - L-Proline 

Active ester of amino acid was prepared by adding HOBt (1.69 g,           

2.5 mmol) and DCC (2.58 g, 2.5 mmol) to a solution of Boc-L-Proline 

(2.69 g) in NMP. This was stirred for 5 min. and the HOBt ester of amino 

acid was added to 2 g of amine functionalized mesoporous silica             

(G0, G1 & G2). The mixture was shaken for 48 h until the disappearance 

of blue colour with ninhydrin. DMSO was added to the mixture and 

shaken for 15 min. At the end of 15 min., DIEA was added. The 

unreacted reagents and by-products were filtered off. The solid silica 

product was washed with DCM: MeOH (66:33 v/v), DCM, NMP and 

dried under vacuum at 50 °C. 
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GE0: Yield: 1.72 g, Brown powder, IR (KBr, cm-1): 3400-3500, 2934, 1742, 

1528, 1412, 1024, 595. 

GE1: Yield: 1.70 g, Brown powder, IR (KBr, cm-1): 3400-3500, 2928, 1730, 

1538, 1430, 1054, 595. 

GE2: Yield: 1.78 g, Brown powder, IR (KBr, cm-1): 3400-3500, 2954, 1738, 

1526, 1448, 1095, 595. 

6.5.4 Deprotection of Boc from Boc -Proline modified mesoporous 
silica (GP0, GP1 & GP2) 
The Boc-Proline modified mesoporous silica GE0, GE1 & GE2 (1.5 g) 

was treated with 30 % TFA in DCM for 5 h. The reaction was monitored 

using ninhydrin test. The TFA solution was filtered and the resin was 

washed with DCM. This was treated with 5 % DIEA in DCM (5 min) & 5 

% DIEA in NMP: DCM mixture (1:1 v/v) to get the desired product. 

Finally, product was dried at 50 °C. 

GP0: Yield: 1.34 g, Brown powder, Amino capacity: 9.3 mmol/g, IR 

(KBr, cm-1): 3400- 3500, 2945, 1682, 1518, 1024, 595. 

GP1: Yield: 1.28 g, Brown powder, Amino capacity: 11.4 mmol/g, IR 

(KBr, cm-1): 3400- 3500, 2975, 1674, 1548, 1035, 595. 

GP2: Yield: 1.36 g, Brown powder, Amino capacity: 15.4 mmol/g, IR 

(KBr, cm-1): 3400- 3500, 2915, 1670, 1528, 1045, 595. 

6.5.5  General procedure for the synthesis of (E)-nitroalkenes 

In a typical reaction, aldehyde (1 mmol), nitromethane (1 mmol), 

methanol (2 mL) and amine functionalized mesoporous silica (G2, 9.6 mol %) 

as catalyst were added to a 100 mL round bottomed flask equipped with a 
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thermometer and a magnetic stirrer. The mixture was kept in a water bath 

under stirring at 50 °C for 3 h. The product was analyzed by thin layer 

chromatography (TLC) and LC-MS. After the reaction, the mixture was 

cooled to room temperature, ether was added to the mixture which was 

filtered to remove the catalyst. Upon evaporation of the solvent, crude 

product was obtained. By adding ethanol to the resulting mixture, yellow to 

orange solid was obtained and it was recrystallized from ethanol. The 

product was characterized by 1H NMR and 13C NMR. 

6.5.6  Reusability of the catalyst G2 

The reusability of the catalyst G2 for subsequent catalytic cycles was 

examined using benzaldehyde and nitromethane as the substrates. After the 

completion of the reaction, the solid catalyst was separated from the reaction 

mixture by filtration, washed with dichloromethane, methanol and acetone. 

It was dried in vacuum at 120 °C for about 2 h. The dried solid catalyst was 

weighed and added to a fresh reaction mixture of benzaldehyde (1 mmol), 

nitromethane (1 mmol) and methanol (2 mL) at 50 °C for  3 h. The progress 

of the reaction was monitored by thin layer chromatography (TLC) and LC-

MS. The procedure was repeated for five reaction cycles. 

6.5.7  General procedure for the synthesis of �-nitroalkanols 

In a typical reaction, aldehyde (1 mmol), nitromethane (1 mmol), 

methanol (2 mL) and proline functionalized mesoporous silica (GP2, 9.3 

mol %) as catalyst were added successively into a 100 mL round bottom flask 

equipped with thermometer and magnetic stirrer. The mixture was kept in a 

water bath under stirring at 50 °C for 4 h. The product was analyzed by thin 

layer chromatography (TLC) and LC-MS. After the reaction, the mixture was 
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cooled to room temperature, ether was added to the mixture which was 

filtered to remove the catalyst. Upon evaporation of the solvent, pure product 

was obtained. The product was characterized by 1H NMR and 13C NMR. 

The enantiomeric excess was determined by HPLC, Chiral (OJ-H columns), 

270 nm, hexane: isopropyl alcohol 90 : 10, flow rate: 1 mL min-1, was used.  

6.5.8  Reusability of the catalyst GP2 

The reusability of the catalyst GP2 for subsequent catalytic cycles was 

examined using benzaldehyde and nitromethane as the substrates. After the 

completion of the reaction, the solid catalyst was separated from the reaction 

mixture by filtration, washed with DCM, methanol and acetone. It was dried 

under vacuum at 120 °C for about 2 h. The dried solid catalyst was weighed 

and added to a fresh reaction mixture of benzaldehyde (1 mmol), nitromethane 

(1 mmol) and methanol (2 mL) at 50 °C for 4 h. The progress of the reaction 

was monitored by thin layer chromatography (TLC) and LC-MS. The 

procedure was repeated for five reaction cycles. 

6.5.9  Spectral characterization of representative products 

6.5.9.1 Characterization of (E)-nitroalkenes (Table 6.5) 

1) (E)-(2-Nitrovinyl) benzene  

 

Yellow solid, m. p. 59 °C (58-62 °C)58, LC-MS 
(M+) m/z 149; 1H NMR (CDCl3, 400 MHz) �: 7.80 
(d, J = 18 Hz, 1H), 7.48 (d, J = 7.95 Hz, 2H), 
7.62-7.65 (m, 3H), 6.40-6.44 (d, J = 18 Hz, 1H); 
13C NMR (CDCl3, 100 MHz) �: 139.1, 137.2, 
132.2, 130.2, 130.1, 128.5. 
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2) (E)-1-Hydroxy-4-(2-nitrovinyl) benzene  

 

Yellow crystals, m. p. 166 °C (166-172 °C)58, LC-
MS (M+) m/z 165; 1H NMR (CDCl3, 400 MHz)   
�: 10.45 (s, 1H),  8.12 (d, J = 18 Hz, 1 H), 7.28 
(d, J = 9.0 Hz, 2 H),  7.76 (d, 2 H, J = 8.5 Hz), 
6.58 (d, J = 18 Hz, 1 H); 13C NMR (CDCl3, 100 
MHz) �: 156.8, 139.1, 138.0, 131.0, 123.4, 114.9. 

 

3) (E)-1-Methyl-4-(2-nitrovinyl) benzene  

 

Yellow solid, m. p. 102 °C (102 °C)59, LC-MS 
(M+) m/z 163; 1H NMR (CDCl3, 400 MHz) �: 7.98 
(d, J = 13.6 Hz, 2 H), 7.56 (d, J = 13.6 Hz, 2 H), 
7.44 (d, J = 8.1 Hz, 2 H, ), 7.25 (d, J = 8 Hz, 1 H), 
2.40 (s, 3 H); 13C NMR (CDCl3, 100 MHz) �: 
143.1, 139.1, 136.3, 130.1, 129.1, 127.3, 21.6. 

 

4) (E)-1-Chloro-4-(2-nitrovinyl) benzene  

 

Yellow solid, m. p. 113 °C (113 °C)60, LC-MS 
(M+) m/z 183; 1H NMR (CDCl3, 400 MHz) �: 7.95 
(d,  J = 13.7 Hz, 1H), 7.56 (d, J = 13.7 Hz, 1H), 
7.46 (dd, J = 6.6 Hz, 18.8 Hz, 4 H). 13C NMR 
(CDCl3, 100 MHz) �: 128.5, 129.7, 130.2, 137.4, 
137.6, 138.3. 

 

5) (E)-1-Methoxy-4-(2-nitrovinyl) benzene  

 

Yellow solid, m. p. 86 °C (86 °C)59, LC-MS (M+) 
m/z 179; 1H NMR (CDCl3, 400 MHz) �: 7.97  (d, 
J = 13.6 Hz, 1H), 7.48-7.54 (m, 3H), 6.95  (d, J = 
8.8 Hz, 2H), 3.86 (s, 3H); 13C NMR (CDCl3, 100 
MHz) �: 162.9, 139.0, 135.0, 131.1, 122.5, 114.9, 
55.5. 
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6) (E)-1-Hydroxy-2-(2-nitrovinyl) benzene 

 

Brown yellow solid, m. p. 133 °C (133 °C)61, LC-
MS (M+) m/z 165; 1H NMR (CDCl3, 400 MHz) �: 
8.14 (d, J = 13.6 Hz, 1H), 7.97 (d, J = 13.6 Hz, 1H), 
7.47 (dd, J = 1.46 Hz, 1H), 7.33 (t, J = 7.6, 9.48 Hz 
1H), 7.0 (t, J = 7.6, 7.5 Hz, 1H), 6.31 (br, 1H), 6.84 
(d, J = 11.3 Hz, 1H); 13C NMR (CDCl3, 100 MHz) 
�: 156.4, 138.6, 135.9, 133.4, 132.7, 121.6, 117.8, 
116.6. 

 
7) (E)-1-Nitro-3-(2-nitrovinyl) benzene 

 

Yellow solid, m. p. 125 °C (125 °C)62, LC-MS 
(M+) m/z 194; 1H NMR (CDCl3, 400 MHz) �: 8.05 
(d,  J = 13.7 Hz, 1H), 7.88 (d, J = 7.7 Hz, 1H), 
7.66-7.71 (m, 2H); 13C NMR (CDCl3, 100 MHz) �: 
148.9, 139.4, 136.4, 134.6, 132.0, 130.7, 126.3, 
123.6. 

 
8) (E)-1,2-Dimethoxy-4-(2-nitrovinyl) benzene 

 

Yellow solid, m. p. 144 °C (144 °C)63, LC-MS 
(M+) m/z; 1H NMR (CDCl3, 400 MHz) �: 7.95 (d, 
J = 13.6 Hz, 1H), 7.52 (d, J = 13.6 Hz, 1H), 7.18 
(dd, J = 1.9 Hz, 1H), 7.0 (d, J = 2 Hz, 1H), 6.91 
(d, J = 8.1 Hz, 1H), 3.94 (s, 3H), 3.92 (s, 3H); 
13C NMR (CDCl3, 100 MHz) �: 152.8, 149.6,  
139.3, 135.1, 124.6, 135.2, 127.6, 122.8, 110.2, 
56.1, 56.0. 
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9) (E)-2-(2-Nitrovinyl) naphthalene 

 

Yellow solid, m. p. 129 °C (129 °C)64, LC-MS 
(M+) m/z 199; 1H NMR (CDCl3, 400 MHz) �: 8.14 
(d, J = 13.6 Hz, 1H), 8.0 (s, 1H), 7.86-7.89   (m, 
3H), 7.68 (d, J = 13.6 Hz, 1H), 7.54-7.62 (m, 3H); 
13C NMR (CDCl3, 100 MHz) �: 139.2, 137.1, 
134.9, 133.2, 132.3, 129.4, 128.9, 128.4, 128.0, 
127.6, 127.3, 123.3. 

 
6.5.9.2 Characterization of �-Nitroalkanols (Table 6.13) 
 

1)  2-Nitro-1-phenylethan-1-ol  

 

Yellow oil, LC-MS (M+) m/z 167; 1H NMR 
(CDCl3, 400 MHz) �: 7.33-7.20 (m, 5H), 5.39 
(dd, J = 8.3, 5.5 Hz, 1H), 4.58-4.43 (m, 2H), 3.19 
(br, 1H); 13C NMR (CDCl3, 100 MHz) �: 138.1, 
129.8, 129.7, 127.9, 77.9, 71.5.  

 
 

2)  2-Nitro-1-(p-tolyl)ethan-1-ol 

OH
NO2

H3C  

Colourless oil, LC-MS (M+) m/z 181; 1H NMR 
(CDCl3, 400 MHz) �: 7.48-7.45 (m, 1H), 7.32-7.28 
(m, 1H), 7.28-7.18 (m, 1H), 5.62 (dd, J = 9.3, 5.2 
Hz, 1H), 4.51-4.36 (m, 2H), 3.04 (br, 1H), 2.36 (s, 
3H); 13C NMR (CDCl3, 100 MHz) �: 136.4, 134.6, 
130.9, 129.9,128.2, 125.6, 78.1, 68.2, 21.4. 

 
 

3) 1-(4-Chlorophenyl)-2-nitroethan-1-ol  

 

Colourless oil, LC-MS (M+) m/z 201; 1H NMR 
(CDCl3, 400 MHz) �: 7.30-7.27 (m, 2H), 7.20-7.17 
(m, 2H), 5.40 (dd, J = 8.7, 4.2 Hz, 1H), 4.57-4.45 
(m, 2H), 3.28 (br, 1H); 13C NMR (CDCl3, 100 MHz)   
�: 138.1, 133.2, 129.7, 127.9, 77.9, 70.5. 
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4) 1-(4-Methoxyphenyl)-2-nitroethan-1-ol  

 

Colourless oil, LC-MS (M+) m/z 197; 1H NMR 
(CDCl3, 400 MHz) �: 7.34-7.31 (m, 2H), 6.93-6.87 
(m, 2H), 5.40 (dd, J = 9.1, 4.1 Hz, 1H), 4.60 (dd, J 
= 16.1, 4.3 Hz, 1H), 4.47 (dd, J = 12.3, 8.1 Hz, 1H), 
3.76 (s, 3H), 2.90 (br, 1H); 13C NMR (CDCl3, 100 
MHz) �: 159.6, 129.3, 128.3, 114.5, 78.0, 70.7, 
55.3.  

 
5) 2-Nitro-1-(4-nitrophenyl)ethan-1-ol 

 

Yellow solid, m. p. 83 °C (82-84 °C)65; LC-MS   
(M+) m/z 212; 1H NMR (CDCl3, 400 MHz)  �:  
8.29-8.26 (m, 2H), 7.65-7.62 (m, 2H), 5.62 (dd, J = 
8.6, 2.5 Hz, 1H), 4.64-4.55 (m, 2H), 3.12 (br, 1H); 
13C NMR (CDCl3, 100 MHz) �: 147.9, 143.8, 
129.4, 124.2, 79.9, 70.7. 

 
6) 1-(4-Bromophenyl)-2-nitroethan-1-ol 

 

Colourless oil, LC-MS (M+) m/z 244; 1H NMR 
(CDCl3, 400 MHz) �: 7.51 (d, J = 4.8 Hz, 2H), 
7.27 (d, J = 6.4 Hz, 2H), 5.38 (dd, J = 10.4, 3.6 Hz, 
1H), 4.57-4.44 (m, 2H), 3.23 (br, 1H); 13C NMR 
(CDCl3, 100 MHz) �: 137.3, 132.2, 127.9, 123.1, 
81.9, 70.3. 

7) 1-Nitro-4-phenylbut-3-en-2-ol 

 

Yellow colour oil, LC-MS (M+) m/z 193; 1H 
NMR (CDCl3, 400 MHz) �: 7.39-7.27 (m, 5H), 
6.78 (d, J = 9.0 Hz, 1H), 6.13 (dd, J = 19.2, 9.4 Hz, 
1H), 5.08-5.05 (m, 1H), 4.51 (d, J = 4.4 Hz, 2H), 
2.89 (br, 1H); 13C NMR (CDCl3, 100 MHz) �: 
135.2, 133.4, 128.3, 127.9, 126.0, 125.3, 82.2, 
69.4.  
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8) 1-(Naphthalen-2-yl)-2-nitroethan-1-ol 

 

Yellow colour oil, LC-MS (M+) m/z 217; 1H 
NMR (CDCl3, 400 MHz) �: 7.89-7.83 (m, 4H), 
7.54-7.44 (m, 3H), 5.60 (dd, J = 18.4, 5.3 Hz, 1H), 
4.68 (dd, J = 8.2, 2.6 Hz, 1H), 4.62 (dd, J = 10.5, 
3.7 Hz, 1H), 2.91 (br, 1H); 13C NMR (CDCl3, 100 
MHz) �: 135.8, 133.5, 132.9, 129.0, 128.4, 128.2, 
126.2, 125.4, 123.6, 77.8, 71.9.  
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SUMMARY AND OUTLOOK 
 

In the past few decades, numerous important ligands, metal salts, and 

selective reagents have been developed to fulfill synthetic chemists’ needs 

for catalysts for new bond formation, functional group transformation, and 

the construction of complex organic frameworks. However, the separation, 

reuse, and recycling of catalysts remained unresolved issues in most cases. 

Different types of organocatalysts have recently received heightened 

attention as alternatives to transition-metal catalysts, because, they avoid the 

use of expensive and sometimes toxic transition metals. However, high mol % 

loading and their separation, recovery, and reuse are the important problems 

faced by organocatalysts. To solve these problems, immobilization of 

organocatalysts on polymer supports which facilitates recovery and reuse of 

these catalysts is an attractive strategy. Immobilization can more efficiently 

separate catalysts and can serve as a way to reuse these catalysts. If the 

number of catalytically active centers on the catalyst surface can be 

increased, the problem of high mol % loading of the catalyst can be 

overcome.  The synthesis of dendrimers can be thought of in this instance 

for achieving high loading of functional groups or organically active 

catalytic centres. In this thesis, the synthesis and characterization of 

dendritic catalysts on mesoporous silica support have been discussed. These 

systems were used as organocatalysts for a series of organic reactions. 
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The thesis contained seven chapters. Chapter 1 provided a detailed 

review on the synthesis of dendrimers, their major use as catalysts and 

need of heterogeneous support for dendrimer catalysis. Major advantages of 

mesoporous silica as heterogeneous support, its synthesis and functionalization 

with organic groups were amply highlighted. Besides, some recent examples 

of supported dendrimer catalysts and mesoporous silica supported dendrimer 

catalysts for various organic reactions were also included in this chapter. 

In Chapter 2, synthesis of Brønsted acidic dendrimer on mesoporous 

silica was discussed. Three generations of dendritic sulfonic acid and 

carboxylic acid functionalized mesoporous silica were prepared. Both 

classes of dendrimers were well characterized with different characterization 

techniques and results strongly supported the formation of desired dendritic 

structures on mesoporous silica surface. Estimation of acidity showed that 

third generation of both samples had high acid loading.  

In Chapter 3, use of dendritic sulfonic acid functionalized mesoporous 

silica as Brønsted acidic catalyst for two important multicomponent reactions 

viz. Biginelli reaction and trisubstituted imidazole synthesis were discussed. 

The experimental parameters were optimized, scope of the substrates  

and reusability of the catalyst were studied. Results showed that third 

generation catalysts showed high catalytic activity towards both the 

reactions. Both the reactions were conducted under solvent free condition 

and comparatively low temperature. The proposed mechanism was 

consistent with the observation that high acidity of the catalyst facilitated 

formation of the pure product without any side products within short 

reaction time.  
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Chapter 4 of the thesis has described Ullmann type coupling reaction 

catalyzed by dendritic carboxylic acid functionalized mesoporous silica. To 

the best of our knowledge, this is the first metal free catalyst for Ullmann 

type coupling reaction. Reaction was optimized with various parameters like 

generation of catalyst, amount of catalyst, temperature, solvent and base. 

Results showed that reaction carried out with K2CO3 as base and DMSO as 

solvent at 90 �C for 8 h gave good results. Furthermore, product yield 

obtained under these optimized reaction conditions rivalled those reported 

for metal salts as catalysts. C-O and C-N coupling reactions were performed 

with phenol derivatives and amine derivatives respectively. The catalyst 

showed excellent activity and all substrates gave very good yield within 8 h. 

A new pathway for the formation of C-O and C-N coupling products was 

proposed and mechanism was driven by hydrogen bonding capacity of the 

catalysts. Reusability of the catalyst was also studied, which showed 

outstanding recyclability with minimal loss of catalytic activity over five 

consecutive cycles.  

Chapter 5 has dealt with the synthesis and characterization of dendritic 

amine functionalized mesoporous silica and its catalytic application for the 

synthesis of pyrroles via Paal-Knorr reaction. As with the previous chapter, 

reaction conditions were optimized and scope of substrates was studied. The 

third generation catalyst showed high activity towards this reaction. 

Reactions gave mono pyrroles and bispyrroles selectively. The green aspects 

of the present method were: use of metal free catalyst, low catalyst loading, 

shorter reaction times, organic solvents were not needed, facile work-up, 

purification of the products by non-chromatographic methods, excellent yield 

of the products, need of only room temperature and the reusability of the 



Chapter 7 

 244  Department of Applied Chemistry, CUSAT 

catalyst. A plausible mechanism was proposed highlighting hydrogen 

bonding capacity of the catalyst as the major contribution for the highly 

efficient formation of pyrrole derivatives. 

In Chapter 6, a detailed study of Henry reaction was reported. 

Dendritic amine on mesoporous silica gave conjugated nitroalkene derivatives 

in excellent yield under optimized reaction conditions. Dendritic amine on 

mesoporous silica selectively provided trans-nitroalkenes that were formed 

through the in situ dehydration of initially formed nitroalkanols. Due to their 

importance in synthetic organic chemistry, attempts were made to isolate the 

nitroalkanol intermediates. The dendritic amine on mesoporous silica was 

modified with L-proline and three generations of catalysts were synthesized. 

All of them showed activity towards Henry reaction with the reaction 

stopping at the intermediate nitroalkanol stage enabling their isolation in 

high yields. The third generation catalyst showed high activity under 

optimized reaction conditions. Enantiomeric excess of nitroalkanols 

determined using chiral HPLC was found to be high. It was attributed to the 

high hydrogen bonding ability of the catalyst with the substrate as the major 

driving force for the formation of both the products selectively. The 

catalysts could be recycled for five consecutive runs without significant loss 

of activity.  

The major achievements of the present work 

1) No reports are available on the development of dendritic sulfonic 

acid and carboxylic acid functionalized mesoporous silica for 

catalytic application yet. We have, for the first time, developed dendritic 

sulfonic acid and carboxylic acid functionalized mesoporous silica. 
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2) Dendritic sulfonic acid functionalized mesoporous silica showed 

excellent activity and recyclability towards the Biginelli reaction and for 

the synthesis of trisubstituted imidazoles under solvent free condition. 

3) One of the major achievements of the present work is the first report 

of a metal free catalyst for Ullmann type C-O and C-N coupling 

reactions under mild reaction conditions. A new pathway for the 

formation of both type of couplings based on hydrogen bonding 

ability of the catalyst was proposed. The catalyst showed excellent 

reusability. 

4) Highly loaded amine dendritic structure on mesoporous silica was 

developed. The catalytic activity of this system was utilized for the 

synthesis of pyrrole derivatives. To the best our knowledge, this is the 

first report on organo base catalyzed Paal Knorr reaction. 

5) Amine terminated and proline modified dendritic amines were used 

for chemoselective synthesis of trans-nitroalkenes and nitroalkanols 

under mild reaction conditions respectively. Both the catalysts were 

reused and showed high activity without significant reduction in 

activity. 

6) In summary, four types of organocatalysts were synthesized and were 

used efficiently for the above mentioned reactions. Plausible 

mechanisms based on hydrogen bond activation were proposed for 

these reactions. The high loading of catalytically active sites and 

strong mesoporous silica support made them to be suitable for solving 

the major problems of organocatalysis in the context of green 

chemistry. 
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7) After dendrimeric growth on mesoporous silica, surface area and XRD 

studies revealed that mesopore ordering of support was destructed, 

especially for the third generation of all the four catalysts. But catalytic 

studies showed that these catalysts were highly active towards various 

organic reactions. This is because of the presence of the high capacity 

of dendrimeric functionality on the surface of mesoporous silica. 

Reusability studies showed that the structure of dendritic functionalities 

was preserved on mesoporous silica after the organic reactions. This is 

because; the formation of dendrimers in the pores and channels of 

mesoporous silica was retained after each study. So, the four catalytic 

systems on mesoporous silica were superior in catalytic activity and 

reusability than the reported amorphous silica supported catalysts. 

Future outlook 

Due to the interest in the field of metal free catalysts, especially 

dendritic organocatalysts, attempts will be made to develop catalysts suitable 

for organic reactions, instead of metal catalysts. Dendritic sulfonic acid 

functionalized mesoporous silica can be extended to the synthesis of 

tetrasubstituted imidazoles and other important multicomponent reactions. 

Dendritic carboxylic acid functionalized mesoporous silica was used as 

catalyst for C-O and C-N coupling only and can be extended to the C-C and 

C-S coupling reactions also. In the present investigation, the synthesis of 

simple pyrrole derivatives was only investigated. Due to the importance of 

pyrrole derivatives in the biological field, more structurally complex pyrrole 

derivatives can be synthesized using dendritic amine functionalized 

mesoporous silica. Dendritic proline modified mesoporous silica can also be 

utilized for other asymmetric reactions. 
…..��….. 
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