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                                                            Abstract 

 
         In the current scenario there is regular demand to eliminate waste and avoid the use of 

toxic hazardous reagents, solvents in the manufacture and application of commercial 

products.   Hence our attention was drawn to the problem of waste in the fine chemical 

industry (approx E factor-5 {kg of waste per kg of product}) that is less favorably viewed 

compared to the petroleum, gas, electricity and paper industries. The range of fine chemical 

products is enormous and these products make an invaluable contribution to the quality of 

our lives with manufacturing plants having capacities ranging from a few tonnes per year 

compared to 500,000 tonnes per year in the petrochemicals area. Hence a new approach is 

required which sets out to reduce the materials and energy intensity of chemical processes 

and products by maximizing the use of renewable resources and extending the durability, 

recyclability in a way which increases industrial competitiveness. 

                      Solid catalyst in this regard provides numerous opportunities for recovering and 

recycling catalysts from reaction environment with improved processing steps, better process 

economics and environmental friendly ways. So to achieve desired activity and selectivity, 

efforts were devoted to develop new heterogeneous systems.  Nanoporous materials offer 

such possibilities in this regard, exhibiting wide range of properties with desired 

functionalities and properties. These materials are of immense importance scientifically and 

industrially because of their advantages such as large surface area, small particle size and 

well-defined pore sizes; therefore at present there is focus for the development of 

nanocatalyst wherein the funding is raised from $116 million to $9 billion and still projected 

to increase further by 2014.  

                The thesis is composed of two separate projects. The first project deals with 

hydrotalcites (layered double hydroxides, LDH) wherein the flexibility in the composition 

led to increased interest in these materials. LDH represent an inexpensive, versatile and 

recyclable source of catalyst support or actual catalyst.  Particularly, mixed metal oxides 

obtained by controlled thermal decomposition of LDHs have large specific surface areas 

(100–300m2
/g), basic properties and a homogeneous thermally stable dispersion of the metal 

ion components. The interest emerged in studying the acid-base behavior of these materials 
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in carrying out fine chemical synthesis and replacing traditional homogeneous catalyst KOH, 

NaOH, Na2CO3 such as synthesis of phenytoin. Furthermore, transition metal based LDH’s 

are employed for selective oxidation reactions of benzoin and vanillin for the first 

time.Various kinds of transition metal cations can readily be incorporated into the 

hydrotalcite framework for liquid phase oxidation reactions via isomorphic substitution for 

Mg2+ or Al3+ so as to reduce the formation of large volume of toxic and corrosive wastes.  

                     The second part of the thesis aims at the synthesis of mesoporous material with 

high surface area (~1000 m2/g), narrow pore size distribution with tunable and accessible 

pore diameters (8-10 nm). The mesoporosity and very high surface area of these materials 

can be exploited for the immobilization of different catalytically reactive species via surface 

modification methods. Therefore, there is ample opportunity to explore new methods of 

surface modification which will be advantageous than the state-of-the-art methods. The 

principal aim of the second part of work is to design and create new organic-inorganic hybrid 

catalyst via immobilization of acidic, basic ligands on ordered mesoporous silica material 

that allows sufficient diffusion of the bulky reactant and product molecules and shows 

importance in fine chemicals and pharmaceutical industry. In-depth characterizations of these 

immobilized catalysts are highlighted to understand the mode of interaction of the ligands 

with the silicate network, to evaluate the stability of the composite system, and to explore the 

origin of catalytic activity. 
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1.1  Introduction 

Nanoporous materials are receiving tremendous attention because of their unique structural 

properties compared to bulk materials such as high surface area, tunable pore size, pore 

diameter, flexibility to incorporate different organic moieties and better dispersion of active 

centers. Porosity, volume ratio of pore space to the total volume of the material, is the major 

characteristic required for a solid to be used in various applications such as catalysis, 

storage and molecular separation etc. Generally nanoporous materials are a subset of porous 

materials having pore diameters between 1-100 nm and porosity < 0.41. According to 

IUPAC classification, nanoporous materials can further be subdivided into the following 

categories based on their pore diameters: 2, 3 

1. Micropores-  d<2nm 

2. Mesopores- 2nm<d>50nm. 

3. Macropores- d > 50nm. 

1.2 Mesoporus Materials 

 Microporous materials are of immense importance in various commercial applications but 

the small pore diameter, inability to incorporate larger organic functionalities and limited 

functional group densities limit their practical utilization for advanced applications4. 

Therefore mesoporous materials exhibit significant advantages over microporous materials 

because of the variable pore size, pore diameters and flexibility to incorporate larger organic 

moieties. The porosity in the materials can be generated during the growth of the 

nanoparticles via particle–interaction, almost most of the materials exhibit non uniform pore 

diameter. Anionic clays such as Layered Double Hydroxides (LDH) or otherwise referred as 

Hydrotalcites(HTs)  belong to this category and provide significant catalytic properties5. 

The mesoporosity can also be generated by liquid crystal templating techniques wherein the 

materials posses uniform pore sizes, pore diameters characteristics of surfactant properties6. 

Ordered mesoporous silcas (OMS), mesoporous carbons and their functionalized 

nanocomposites cover the wide range of this class of materials. 

In the present research work, emphases are devoted to synthesize and characterize both 

kinds of mesoporous materials namely, LDH and OMS materials, for their unique structural 

activity relationships for catalytic organic applications.  

The brief historical background of these materials is discussed one by one7-9. 
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1.3 Layered Double Hydroxides (Anionic Clays or Hydrotalcite like materials)  

Clays, one of the most common minerals present in the earth’s crust, forms a subset of large 

discipline of catalysis in particular as heterogeneous catalysts. In addition to their use as 

catalysts they find their potential applications in ceramics, building materials, adsorbents, 

ion exchangers and decolorizing agents 10-12. 

Clays can be broadly classified into two categories                           

1.3.1  Cationic Clays 

Cationic or smectite type clays having layered lattice structure in which two dimensional 

oxyanions are separated by layers of hydrated cations or most commonly  formed by 

negatively charged alumino–silicate layers with cations as counterions in the interlayer 

region. Cationic clays are abundant in nature. 

1.3.2 Anionic Clays  

Anionic Clays (Layered Double Hydroxides) in which the charge on the layer and the 

gallery anion is reversed are complementary to smectite-type clays. Anionic clays are 

relatively rare in nature. They are formed by metal hydroxide layers with compensating 

anions and water molecules in the interlayer region10, 11. 

1.4 Hydrotalcites 

1.4.1 Historical Background 

 Hydrotalcite (HT), the name transcended for these compounds was a mineral, first 

discovered in Sweden around 1842, a hydroxy carbonate of magnesium and aluminum 

occurs in foliated and contorted plates. The exact molecular formula of hydrotalcite  and 

other isomorphous materials was presented by Manesse12-14 , who recognized that carbonate 

ions were essential for this type of structure. Aminoff and Broome first recognized the 

existence of two polytypes of hydrotalcites with rhombohedral and hexagonal symmetry 

from X-ray investigation15. The structural features of these hydrotalcites in 1960 were later 

determined by Taylor and Allman based on X-ray crystallography. They concluded that 

both the cations (M2+and M3+) are confined in the same layer and only carbonate and water 

molecules are present in the interlayer. Miyata and coworkers16 have done the extensive 
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studies on the synthesis and physiochemical properties of these materials, especially on their 

anion exchange properties.  

1.4.2 Structural Features 

The structure of these HT-like materials (HTlc) is best visualized from the structure of 

brucite (Figure 1.1)15. In brucite structure, Mg2+is surrounded by six hydroxyl groups in an 

octahedral co-ordination and these octahedra are connected through edge sharing to form 

infinite sheets. These infinite sheets are stacked upon one another to give layered network 

held through hydrogen bonding. If one of the Mg2+ions is substituted by a trivalent cation 

having a similar radius like Al3+ (in hydrotalcite) the positive charge density of the layer 

increases. To maintain the electric neutrality, the anions occupy the interlayer positions 

where water of crystallization also finds a place. These sheets containing both bivalent and 

trivalent cations occupy randomly in the octahedral holes of the close packed configuration 

of hydroxyl ions and the interlayer constituents namely the anion and water are randomly 

located in this region and possess a high degree of mobility13, 14 (Figure 1.1). 

 

Figure 1.1 Layered crystal structure of hydrotalcite-like compounds 12 

 It is this net positive charge that makes HTlc extremely efficient with anionic uptake and 

has effective applications in various fields (Figure 1.2). Large variety of synthetic 

hydrotalcites can be prepared with different compositions of MII (divalent metal ion) as 

Mg2+, Ca2+, Zn2+, etc,  and MIII (trivalent metal ion) as Al3+, Cr3+, Fe3+, Co3+, etc and An− 

(anion )as Cl−, CO3
2−, NO3

−, etc. The anions occupy the interlayer region of these layered 

crystalline materials. The pure phase of hydrorotalcite is usually obtained for a limited 

range as  0.2 ≤ x ≤ 0.3315 where x = MII/(MII+ M III). 
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1.4.3 General Molecular Formula 

These materials are characterized by the general formula [M(II)
1-xM

(III)
x(OH)2]

x+ [An-

]x/n•yH2O where M(II) and M(III) are various divalent and trivalent metal ions, A is the 

interlayer anion, x can have the values between 0.20 to 0.35 and y can generally have the 

value four15, 17. Due to high versatility, easily tailored properties and low cost, hydrotalcite 

like materials can be designed to fulfill specific requirements. HTs can be effectively 

utilized as such or after calcinations (thermal decomposition) (Figure 1.2) for various 

applications in catalysis, ion–exchange, adsorption, pharmaceutics, photochemistry and 

flame retardants etc. 

 

Figure 1.2 Applications of Hydrotalcites 

1.4.4 Synthesis of Hydrotalcites 

Hydrotalcite-like materials can be synthesized by various techniques, namely, precipitation 

at constant pH, precipitation at variable pH, deposition or precipitation reactions, 

hydrothermal synthesis, anion exchange, sol-gel, structure reconstruction, microwave and 

ultraso-nification18. Most commonly used technique is co-precipitation method under low 

super saturation. Co-precipitation under low super saturation conditions usually give rise to 

precipitates which are more crystalline with respect to those obtained at the high super 

saturation conditions, because at low super saturation the rate of nucleation is higher than 

the rate of crystal growth and large number of particles is obtained which, however, are 
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usually small in size and have better catalytic activity5,16,20. Brief overview of this 

methodology (Figure 1.3) involves a large number of unit operations such as precipitation, 

aging, filtration, washing, drying, grinding and shaping. HTlc materials synthesized from 

this methodology showed rhomobohedral polytype with 3R lattice geometry, wherein 3R 

indicates, 3R indicates 3 layers per unit cell14. 

           

                         

Figure 1.3  Co-Precipitation method for synthesis of Hydrotalcites18 

1.5  Mesoporous Siliceous Materials  

Fumed silica, silica gels, layered silicates, zeolites and mesoporous silicas are currently the 

most common classes of silica materials. Silica materials are further divided into amorphous 

and crystalline substances. The amorphous silica materials include the polymeric silicic 

acids such as silica gel, aerosols, xerogels, fumed silicas, and porous glasses. The crystalline 

substances include zeolites, crystalline silicic acids19, and dense silicas 20 (quartz, 

cristobalite, and tridymite). Crystalline materials such as zeolites contribute to microporous 

materials with narrow uniform pore sizes limited to 1-1.2 nm. Mesoporous silicas having a 

meso-scale ordering are not truly crystalline materials but are frequently used as adsorbents 

and catalyst supports because of their high surface areas, large pore volumes and uniform 

pore size distribution21. Silica gels are widely used as catalyst supports and are macroporus 

M2++ M3+ 

Solution (A) (I) 

Slurry 

Crystallized Gel 

Dry Sample 

80-1100C, 12h 

(II) 

NaOH + Na2CO3 

Solution (B) 
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in nature with only textural porosity and non-uniform pore size distributions. Mesoporous 

silicas represent a good compromise between the high structural uniformity of zeolites and 

easily modified macroporous silica gel and thus hold the potential for a much larger range 

of effective chemical functions than micro- or macro- porous materials.  

1.5.1 Historical Background  

Ordered mesoporous silica (OMS) is a category of siliceous materials containing 

periodically arranged mesopores21-23. The first types of OMS were developed by the Mobil 

Corporation in the early 1990’s and are commonly referred to as M41S .Researchers of 

Mobil Oil Company combined sol-gel chemistry with surfactant liquid crystal micelles to 

form OMS materials. These materials possess extremely high surface areas (>700m2/g) and 

easily accessible, well defined tunable mesopores, by which pores size constraint of 

microporous zeolites can be overcome4.   

The most well-known representatives of this class included MCM-41 (with a hexagonal 

arrangement of the mesopores, space group p6mm), MCM-48 (with a cubic arrangement of 

the mesopores, space group Ia3d), and MCM-50 (with a laminar structure, space group p2) 

(Figure 1.4)6, 23. In the initial report of the synthesis of mesoporous M41S, long-chain 

quaternary ammonium surfactants such as cetyltrimethyl ammonium bromide (CTAB) were 

used as the structure-directing agents (SDA) under basic conditions, where the electrostatic 

charge matching between cationic surfactant (S+) and anionic inorganic precursors (I-)  

generate organic/inorganic hybrid mesostructures. Later, the synthesis approaches were 

extended to S-I+ (anionic surfactants such as sulfonates and cationic inorganic precursors), 

S-M+I- (M+ = metal ion) and S+X-I+ (X- =counter anion) to synthesize mesoporous materials 

with various compositions24, Pinnavaia and coworkers first demonstrated that neutral amine 

surfactants (S0) and neutral inorganic precursors (I0) could be used to prepare mesoporous 

metal oxides by a S0I0 pathway25. However, these ionic surfactants and neutral amine 

surfactants were relatively expensive and toxic, limiting the future applications of 

mesoporous materials in industries. A careful search in the surfactant categories by the same 

group shortly led to the nonionic polyethylene oxide (PEO) surfactants, which were 

relatively of low-cost, nontoxic and biodegradable 26, 27 and could also be used as templates 

to synthesize disordered mesoporous materials MSU-X in a near neutral condition. Stucky 

and coworkers employed commercial PEO block copolymers under acidic aqueous 
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solutions and successfully synthesized a family of mesoporous materials (SBA-n) with 

various ordered structures and large pore sizes (up to 30 nm) 21, 28. Since then, much 

attention has been paid to the synthesis, characterization and application of mesoporous 

materials by using PEO amphiphilic block copolymers as the templates. 

 

Figure 1.4 M41S type of ordered mesoporous silica materials 

1.5.2 Synthesis of Ordered Mesoporous Silica Materials (OMS) 

The synthetic strategy of these novel OMS material involves structure directing agents or 

template as supramolecular aggregates of long chain surfactants. These structure directing 

agents SDA’s are amphiphilic molecules (surfactants) that self organizes into aggregate 

structures in water by separating the hydrophilic and hydrophobic part of the molecule29. As 

a result, the aggregates can form structures such as micelles, vesicles or highly ordered 

assemblies with nanometer scale-geometries known as lyotropic liquid crystalline (LLC) 

phase. The LLC phase geometries are highly dependent on composition, temperature, pH, 

pressure and result in mesoporous strucures30. Based on the composition and temperature 

Figure 1.5 gives the surfactant/silica organization in aqueous solution and L, V1 and H1 

correspond to lamellar, cubical and hexagonal respectively.   
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Figure 1.5  Surfactant Silica organization in aqueous solution29 

1.5.3 Synthesis mechanism of Ordered Mesoporous Silica Materials 

The mechanism to synthesize OMS involves formation of a stable emulsion in which the 

inorganic precursor (silica source) surrounds a 3-dimensional template (surfactant) of 

organic micelles. The interaction between the inorganic precursor and the surfactant 

micelles is created via electrostatic forces, Van der Waals or hydrogen bonding. These 

interactions subsequently determine the textural characteristics of the final material. A 

condensation or cross-linking reaction occurs around the template to produce the ordered 

structure and the - template is subsequently removed by either refluxing in a suitable solvent 

 

Figure 1.6 Synthetic strategy for synthesizing ordered mesoporous silica 33 
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or calcining at higher temperatures as shown in Figure1.6. This kind of synthesis is 

described as soft-templating approach 6, 31, 32. Wide range of materials has been reported 

with different porous and non-porous forms. Table1.1 gives a naming system for materials 

with range of structures and pore sizes. 

Table 1.1 Ordered Mesoprous Silicas34 

Material acronym 
 

Full name 
 

Typical pore size 
(nm) 

FSM 
 

Folded sheet material 
 

2 – 4  
 

HMS 
 

Hexagonal mesoporous silica 
 

2 – 4  
 

MCM 
 

Mobil composition of matter 
 

2 – 4  
 

MSU 
 

Michigan state university 
 

2 – 4  
 

MTS 
 

Micelle templated silica (generic term) 
 

Up to 10 
 

PMO 
 

Periodic mesoporous organosilica 
 

Potentially up to 10 
 

PMS 
 

Periodic mesoporous silica 
 

Up to 10  
 

SBA 
 

Santa Barbara Amorphous 
 

 Up to 30  
 

1.5.4 Mesoporous Materials of M41S family 

MCM-41 material has a one-dimensional, hexagonally ordered pore structure while MCM-

48 has a three-dimensional bicontinuous cubic (space group Ia3d) ordered pore structure 

and MCM-50 has an unstable lamellar structure. In their pioneering work on the M41S 

materials35, Mobil researchers used combinations of sodium silicate, tetraethoxy silicate 

(TEOS), fumed silica and Ludox as the silica source36. Alkyltrimethyl ammonium halides 

were used as surfactants under alkaline conditions using sodium hydroxide or tetraethyl 

ammonium hydroxide to control pH of the solution23. 

1.5.5 Ordered Mesoporous SBA-n family ( n=1,2….11, 15, 16 etc.)  

In 1998, Stucky and coworkers reported a new synthesis method for the SBA-n class of  

materials, with variable pore sizes of 3 to 30 nm. SBA-n type of materials are synthesized 

using nonionic surfactant triblock poly (ethylene oxide)-poly (propylene oxide)-poly 
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(ethylene oxide) (PEO-PPO-PEO) copolymers, as structure-directing agent22,27,28. Most 

prominent member of this family is SBA-15 synthesized using Pluronic P123, a triblock 

copolymer with molecular weight 5800 and units{(EO)20(PO)70(EO)20}, as a structure-

directing agent where ethylene oxide (EO) and propylene oxide (PO) are hydrophilic and 

hydrophobic groups respectively. Block copolymers have the advantage that their ordering 

properties can be continuously tuned by adjusting solvent composition, molecular weight or 

copolymer architecture. Moreover, the critical miceller concentration (CMC) can be 

achieved at lower concentration of these block copolymer surfactants. Mesoporous silicas 

thus obtained using block copolymers are more stable than the MCM materials, due to the 

increase in the wall thickness of the silica framework37. 

       In view of various advantages discussed, we have synthesized SBA-15 mesoporous 

material in our thesis work to carry out catalytic applications. Ordered Mesoporous Silica 

OMS materials cannot be used as such because of their inactive nature. To utilize these 

mesoporous materials for several specific applications including catalysis, adsorption, ion 

exchange, sensing etc., the introduction of reactive organic functional groups by modifying 

the inner surfaces of these materials, to form inorganic–organic hybrid materials, is 

essential.38 The inorganic components of these inorganic–organic hybrid materials can 

provide mechanical, thermal or structural stability, while the organic components can 

introduce flexibility into the framework and can more readily be modified for specific 

applications39. The functionalization process introduces distinct functionality to the 

material, through changes in the physical and/or chemical properties of the mesoporous 

material. Organotrialkoxysilanes are frequently used to incorporate organic functional 

groups, which include alkyl halides, amines, alkenes, or thiols, onto the mesostructure40, 41.  

Three pathways are generally available for the synthesis of inorganic–organic hybrid 

materials based on organosilica units:  

1. Grafting- Grafting involves the post synthesis modification (i.e. after removal of the 

 surfactant) of a mesoporous material by reacting organic groups with the surface hydroxyl 

(silanol) groups (Figure 1.7) 38. 
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Figure 1.7 Grafting (postsynthetic functionalization) of mesoporous pure silica with 

(R’O)3SiR. R=organic functional group33 

2. Co-condensation- (or one pot synthesis) involves the direct incorporation of the organic  

functional group during the synthesis of OMS material42 as shown in (Figure 1.8) (silica 

precursor, surfactant, and functional groups precursors are simultaneously introduced). 

 

Figure1.8 Co-condensation method (direct synthesis) of mesoporous pure silica 

R=organic functional group33. 

3. Periodic Mesoporous Organosilicas (PMOs)- Synthesis of PMO’s involves the 

incorporation of organic groups as bridging components directly into the pore walls by the 

use of bissilylated single-source organosilica precursors43-45. 
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4. Surface Modification (Polymerization route) – This polymerization route involves the 

surface modification by in-situ growth of the vinyl monomers (via free radical method) 

inside the silica framework (Figure 1.9) while maintaining the well defined mesoporous 

structure46. 

 

Figure 1.9 Polymerization Mechanism  (a)Selective adsorption of vinyl monomers on 

the silica mesopore walls and (b) subsequent thermal polymerization46. 

Surface modification via this method provides an advantage of incorporating the organic  

moieties within the silica framework via the formation of C-C bond rather than hydrolysis  

susceptible siloxane bond as shown in above methods 44. 

1.6 Catalytic Applications of Mesoporous Materials 

The stringent environmental regulations has forced the chemical industry for the 

development of cleaner methods of chemical production, to eliminate the effluent treatment 

problems, to avoid the use of toxic and/or hazardous reagents and solvents, recovering and 

reusing the catalysts and separation of the desired products47. In this respect, heterogeneous 

catalysts can play a major role to overcome the above cited problems. 

Microporous materials such as zeolites have shown tremendous potential as solid acid 

catalyst for many commercial applications. However, the small pore diameter (<2nm) 

prevents them to incorporate bulky substrates for advanced application. Therefore a strong 

need is desired to fabricate new nanomaterials/composites with variable pore sizes 2-20 nm 

to achieve better conversion, yield and selectivity of desired product(s)4. Recent 

development of mesoporous materials with pore diameter (2-50nm) especially OMS and 

hydrotalcites like materials have shown credibility in many liquid or gas phase catalytic 



 14 

conversions. Therefore in the present section a brief overview of the catalytic applications is 

discussed mainly over hydrotalcites like materials and ordered mesoporous silica materials. 

1.7 Catalytic Application of Hydrotalcites 

Hydrotalcites have been tremendously used in various forms such as fresh (as-synthesized), 

calcined, rehydrated and functionalized48for various catalytic conversions  

Table 1.2 Catalytic Applications of Hydrotalcites 

Synthetic 
Processes/Compounds 

Product Importance Reference 

Citronitril Perfume and Soap Industry, 15, 41, 45 
Chalcones and Flavanoids via 
Aldol, Michael condensation 

Pharmaceuticals industry 55, 56 

Diacetone Alcohol , α-
isophorone, glycol ethers 

Fine chemical 46-50 

O-Methylation of catechol to 
guaiacol 

Fine chemical 57 

Vesidryl (chalcone) 
Pharmaceuticals 

importance in diuretic and 

choleretic 

58 

Isomerization of Eugenol, 
Saferole, estragole 

Fragrances, oil and 

pharmaceutical industry 
53-55 

Synthesis of methylisobutyl 
ketone (MIBK) 

Fine chemical 59 

Epoxidation of olefin Fine chemicals 60 

Hydroxylation of phenols 

Photographic chemicals, 

antioxidants, flavoring 

agents, drugs and 

pharmaceuticals 

 

61, 62 

Oxidation of Isophorone with 
TBHP 

Fine chemical 51, 63 

Oxidation of allylic and 
benzylic alcohols 

Fine chemicals 51 

Oxidation of diphenylmethane 
to benzophenones 

Pesticides, radical initiator 64 

such as steam reforming49, methanol and higher alcohol synthesis50, base-catalyzed organic 

trans-formations18,52,53, selective oxidation51,52, N2O/NOx/SOx decomposition53,54, hydro-

genation, alkylation of phenol with alcohols and isomerization of allylic compounds57-59.  

Important catalytic applications of hydrotalcites for the synthesis of important organic 

compounds are summarized in Table 1.2. 
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1.7.1 Base Catalysis 

HTlc are used in the catalysis as such and largely after calcination. These materials upon 

calcination result in non-stochiometric mixed oxides70-72 with unique properties such as:  

   1. High surface area (100–300 m2/g). 

   2.  Basic properties. 

 3.  Homogeneous interdispersion of the elements that is thermally stable with formation of   

       small metal crystallites. 

        4.  Memory effect, which allows reconstruction under mild conditions of the original  

             structure by contact with solutions containing various anions.5  

In the present research work, the basic properties of the calcined hydrotalcites were studied 

for the liquid phase synthesis of phenytoin. 

1.7.1.1 Liquid phase synthesis of phenytoin 

1.  Historical Background 

Phenytoin (diphenylhydantoin) was first synthesized by German chemist Heinrich Biltz in 

190865. In 1938, H. Houston Merritt and Putnam neurologists discovered phenytoin's 

usefulness in controlling seizure66. 

An epileptic seizure is a transient symptom of excessive or synchronous neuronal activity 

in the brain. It can manifest as an alteration in mental state, tonic or clonic movements, 

convulsions, and various other psychic symptoms
67

. 

Phenytoin (5,5 diphenyl hydantoin) (Figure 1.10) is a highly effective and widely prescribed 

anticonvulsant drug used alone, or in combination with phenobarbital or other 

anticonvulsants68 to treat grand mal epileptic patients with focal and psychomotor 

seizures69-71. Phenytoin has been used in the treatment of Parkinson’s syndrome to control 

involuntary movements72, for the treatment of trigeminal neuralgia66, 73, migraine74, 

polyneuritis of pregnancy75 and acute alcoholism76. Phenytoin has been investigated as a 

treatment for more than 100 diseases70, 77. Recent studies have shown that 5,5-

diphenylhydantoin inhibits binding of human immunodeficiency virus (HIV) to 

lymphocytes78, 79. 
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Phenytoin sodium has been marketed as Phenytek by Mylan Laboratories, and Dilantin 

by Australia also Dilantin Kapseals,  Dilantin Infatabs in the USA, Eptoin by Abbott 

Group in India and as Epanutin in the UK80, 81. 

phenytoin

NH

N
HO

O

 

Figure 1.10 Structure of phenytoin 

In US phenytoin sales for 1990 and 1995 were 1,093,290 and 984,527 standard dosage 

units, respectively. Phenytoin is imported as a sodium salt around 25,000 lb in US alone 

itself82.  

2.  Methodology 

Generally, 5,5 diphenyl hydantoin (phenytoin) compound is a N-1 and N-3 unsubstituted 

form of hydantoin83, 84 (Figure 1.11). The synthetic methodology involves the introduction 

of two carbonyl and two nitrogen unit in the structure. One of the C=O and N-1 nitrogen 

can be introduced in the phenytoin moiety by a reaction of a carbonyl compound with 

inorganic cyanide and the other carbonyl unit and second nitrogen (N-3)  by the use of 

ammonium carbonate70.  

NH

N
H

O O

Ph

Ph

1

3

 

Figure 1.11  Phenytoin 

I. Homogeneous methods 

1. Bucherer–Bergs method- This method involves the condensation of benzil and urea in 

the presence of ethanolic sodium hydroxide solution which 75% yields of product 

phenytoin85 (Scheme 1.1). 
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Scheme 1.1 Burcherer-Bergs synthesis of phenytoin 

2. Similar to the Burcherer Berg’s method phenytoin is also synthesized by treating 

carbonyl compound with KCN and ammonium carbonate86, 87which undergoes benzillic 

rearrangement  to form product with yield around 80-90% depending on the type of 

reactant used (Scheme 1.2).  

O

OH

O
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N
H

NH

O

O

phenytoin

benzoin

benzophenone
KCN, EtOH

(NH4)2CO3

 

Scheme 1.2 Modified synthesis of phenytoin 

3. Phenytoin synthesis can also be performed from benzaldehyde (Scheme 1.3) followed by 

reaction with KCN and ethanol to form benzoin, this benzoin formed is oxidized further 

with KMnO4, to generate benzil which undergoes Burcherer- Berg’s reaction to form the 

product phenytoin88. 
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Scheme 1.3  Benzaldehyde to phenytoin 

4. Another method for synthesis of phenytoin was devised by two phase system wherein 

KOH/n-BuOH and PEG 600 as phase transfer catalyst was used to reduce the quantity of 

side product89 and improved the separation of product. 

Various methodologies provided in the literature are all homogeneous and use toxic 

reagents such as KCN, NaOH which cannot be reused further85. Apart from these materials 

many other homogeneous methods are also available but most of them are toxic reagents 

and suffer 

 from various disadvantages. 

II. Heterogeneous Method 

Based on the best of the literature knowledge no heterogeneous methods have been reported 

for the synthesis of this important compound phenytoin. Hence we have investigated for the 

first time and liquid phase synthesis of phenytoin selectively over calcined MgAl–HTlc 

heterogeneous catalyst (discussed in Chapter 2). 

1.7.2 Redox Catalysis 

All redox catalysts prepared from HT-like materials contain transition metal ions. HTs can 

be synthesized using transition bivalent metal ions for many interesting oxidation 

transformations in liquid or gas phases. For example, epoxidation of cyclohexene was done 

over M(II)Al-HTs and M(II)M’(II)Al–HTs where M(II)=Mg2+ and M’(II) = Zn2+, Ga2+ 

hydrotalcites, in liquid phase with (58-66%) yield and (66-76% ) product selectivities 56, 90. 

Baeyer–Villiger oxidation of cyclohexanone over Mg/Al/Sn hydrotalcites to form 



 19 

cyclohexane ester is an efficient heterogeneous method to replace organic oxidants with 

more environmentally benign reagents 91. 

HTlc especially transition metal containing ions were used for various selective 

oxidation/hydroxylation of aromatics61. Having known the above properties, in the present 

research work, the transition metal containing HTs were used efficiently for the first time 

for the oxidation of vanillin and benzoin. A brief literature background on the oxidations of 

vanillin and benzoin is given below (discussed later in detail in chapter). 

1.7.2.1  Oxidation of vanillin to vanillic acid 

Vanillic acid a kind of polyphenol, is widely studied for its chemical, biological, 

agricultural and medicinal applications.  

Vanillin and vanillic acid are components of natural vanilla extract which has inhibitory 

activity against a range of microorganisms92 including molds, yeast, spoilage bacteria and 

human pathogens such as Listeria monocytogenes and E. coli O157:H. Vanillin and its 

derivatives can be used as flavoring agents and as preservatives93. There are reports for 

vanillic acid as one of the ten phytotoxins which retard the growth of weeds and act as 

herbicides94. Few herbs such as chicory (Cichoriumintybus L.), Coriander 

(Coriandrumsativum L.), Fennel (Foenicilumvulgare L.) consist of vanillic acid which has 

analgesic, anti HIV effect and aids in the inhibition of free radicals and show anticancerous 

effects95.  

Apart from the use of vanillic acid in biological applications it can be effectively used in 

chemical industry for the production of polymers96, 97, as a catalyst for polymerization, as 

antimicrobial agents in production of building and textile materials98, 99.Very often key 

flavor chemicals such as vanillin and vanillic acid cannot be obtained from nature via 

natural routes at reasonable prices100, 101. If the waste product kraft lignin, is employed for 

vanillin products extraction then only 10% yield is obtained with a market price of below 

U.S. $15/kg. Approximately, 12,000 t/yr of vanillin based products are consumed alone in 

US102. In comparison, natural vanillin from vanilla beans has a market price 300 times 

higher than the synthetic one103, 104.  

 Thus the high market price of vanillin derivatives has led to extensive research in the 

synthesis of vanillin derivatives.  

 Methodology 
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Vanillin can be oxidized to vanillic acid both via chemical or biological routes. A brief 

overview of this interesting synthesis is given below. 

I Homogeneous Methods - All the methods given below were carried out under 

homogeneous medium. 

A. Chemical Methods 

1. Oxidation of vanillin in presence of sodium perchlorate gave vanillic acid with 70-  

80% yield105 (Scheme 1.4). 

CHO

OH

MeO

COOH

OH

MeO

vanillin vanillic acid

NaOCl2

 

Scheme 1.4 Oxidation of vanillin 

2. I.A.Pearl et.al. has reported another improved method wherein vanillin is initially treated 

with potassium hydroxide (Scheme 1.5) and subsequently with sulfuric acid to yield vanillic 

acid with  55-65% yield106. 

CHO

OH

MeO

COOH

OH

MeO

vanillin vanillic acid

1.KOH,140 -240 °C
                                                

   2. H2O, H2SO4

 

Scheme 1.5 Synthesis of vanillic acid in presence of alkali 

3. Oxidation of vanillin to vanillic acid can also be carried out by using catalysts such as 

diperiodonickelate 107(IV), Hexacyanoferrate108(II) and sodium N-chlorop-toluene sulfona 

mic acid109 (Scheme 1.6). 



 21 

CHO

OH

MeO

COOH

OH

MeO

vanillin vanillic acid

1. Diperiadatonickelate(IV)

2.Hexacyanoferrate(III)

Sodium N_ chloro p_ toluenesulfonamide3.

1 or 2 or 3 

 

Scheme 1.6 Synthesis of vanillic acid 

4. Simple and efficient homogeneous process (Scheme 1.7) for converting vanillin to 

vanillic acid in presence of silver oxide and aqueous alkali exhibited 80% yield110. 

CHO
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MeO

COOH

OH

MeO
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AgNO3

NaOH

RCHO
AgNO3

NaOH
RCH2OH + RCOONa

AgO

RCOONa + 2Ag H2O+
 

Scheme 1.7 Oxidation of vanillin in presence of AgNO3 

B. Biological Methods 

Varied methods are reported in the literature for biological synthesis of vanillic acid. 

1. Degradation of the complex materials such as lignosulfonates, (Scheme 1.8) affords a 

large variety of compounds useful in fine chemical synthesis. Particularly, vanillin and 

vanillic acid are also produced by oxidation of lignosulfonates103, 111. 
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Scheme 1.8 Synthesis of vanillic acid from lignosulfonates 

2. Wheat bran is initially converted to ferulic acid by ferulic acid esterase which is further 

converted to vanillin and vanillic acid 116-119(Scheme 1.9). 
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a – ferulicacid esterase from Aspergillus. Niger,  

 b- Further oxidation by enzymes from Streptomyces setanii or Pseudomonas putida or 

Pycnoporuscinnabarinus or Halomonas elongataDSM2581T. 

Scheme 1.9 Synthesis of vanillic acid from ferulic acid 

II. Heterogeneous Method 
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So far no reports for oxidation of vanillin are reported in the literature, we attempted to 

oxidize vanillin to vanillic acid in presence of CuMgAl-HTlc which will be discussed in 

detail in further chapters. 

1.7.2.2 Oxidation of benzoin to benzil 

Benzil, an alpha diketone is one of the important organic intermediate that has received a 

great deal of attention because of its practical implications in organic and pharmaceutical 

industry112, 113.Benzil and its analogues are found to be non-toxic selective carboxylesterases 

inhibitors where carboxylesterase is a protein involved in the metabolism of esterified drugs 

(including cocaine and heroin) and xenobiotics114.  

Benzil is extensively used as substrate in benzylic rearrangements and also act as a starting 

material for the synthesis of heterocyclic compounds115, 116 such as  anticonvulsant 

derivative dilantin117 (Figure 1.12).  
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Figure 1.12 Benzil derivatives 

Apart from this benzil plays an important role in synthesis of pesticides and act as a 

photosensitizer in U.V resin118, 119. Essentially benzil possess high absorption in far UV 

region (λmax = 300-400 nm, εmax ≥100-200 l mol-1 cm-1) and exhibit relatively short triplet 

state and therefore they are widely used as photoinitiators for the radical polymerization of 

vinyl monomers120. In order to seek for the direct and selective conversion of benzoin to 

benzil, many efforts have been devoted during the last two to three decades some of which 

are summarized below. 
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I. Homogeneous Method 

1. Oxidation of secondary alcohols to ketones was reported using stoichiometric amounts of 

RuCl3 (1.0 mol %) and trichloroisocyanuric acid (TCCA; 1.0 equiv) in the presence of n-

Bu4NBr (2.0 mol %) and K2CO3 in 1:1 MeCN/H2O or 1:1 AcOEt/H2O. The product benzil 

in 77%  yield was  achieved (Scheme 1.10) 121.  

2. Alternative routes were also reported for the oxidation of benzoin which used KMnO4 

adsorbed on the solid support such as alumina or carbon. After the completion of reaction, 

catalyst was filtered off and found to be coated with MnO2.  The product benzil was 

reported with 97% of yield122.  

H5C6 CO CH

OH

C6H5 H5C6 CO C

O

C6H5

benzoin benzil

Catalyst

 

Scheme 1.10 Oxidation of benzil to benzoin 

Both the methods described above, suffered from limitations such as in the initial method 

RuCl3 catalyst is a complex and cannot be reused hence very unlikely to be feasible for 

commercial process. Similarly in the second method catalyst is no more active once MnO2 

coats the solid support. Therefore HTlc can be effectively employed for carrying out these 

reactions in an environmentally friendly. 

II. Heterogeneous Method 

1. Oxidation of benzoin in heterogeneous medium employed vanadyl and molybdenyl 

complexes anchored on organic polymer and alumina. The catalyst effectively utilized t-

butylhydroperoxide as oxidant to oxidize benzoin with 85-89% yield of benzil123. 

2. Hetrolpolyacids were reported as a catalyst for the oxidation of benzoin to benzil in 

presence of dioxygen as oxidant and t-butanol as solvent with 96% of yield and 50% of 

product selectivity124. 

The overall yield of benzil may be high over these heterogeneous catalysts but the control on 

selectivity of the product benzil, remains a challenge. Therefore we have attempted to use 

copper containing ternary hydrotalcites for the first time for this conversion (discussed in 

Chapter 3). 
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1.8 Catalytic Applications of Ordered Mesoporous Silica Materials. 

Ordered Mesoporous Silica materials are versatile supports that can host a variety of 

catalytically active functional groups. A brief summary of the catalytic applications over these 

functionalized materials is summarized in Table1.3 

Table 1.3 Organic Moieties functionalized –Organic Inorganic Hybrid Material 

Organic Group 
Mesoporous 

Silica/ 
Method 

Catalytic 
Activity Importance References 

NH2Si

O

O

OEt

Et

Et

 
Aminopropyl 
triethoxysilane (APTS) 

MCM-41 
SBA-15 
Grafting,  Co-
condensation 

Knovengal 
Condensation 
Michael 
Addition for 
Synthesis of 
flavones 

Alkene 
intermediate
s 
Pharma 
products 

31, 70-75 

   

N

N N
  

1,5,7-triazabicyclo[4.4.0] 
dec-5ene (TBD) 

MCM-41 
Grafting 

Transesterificati
on 
Michael addition 

Pharma 
products 

31, 76, 77 

N

NNH2 NH2

NH2  
2,4,6 triaminopyrimidine 

MCM-41 
Grafting 

Glycerides 
synthesis 

Fine 
chemicals 

40 

Si

(CH2)3

O
N

+
Me

Me

OH
-

Me  
PropylN,N,N, 
trimethylammonium 
hydroxide 

MCM-41 
Co-
condensation 

Transesterificati
on 

Fine 
industry 

 
125 

Si S
O

O

OH  
Propylsulfonic acid  

SBA-15 , 
MCM-41 
Co-
condensation, 
Grafting 

Alkylation of 
phenol, 
Coupling of 
alcohols to ether, 
Esterification of 
fatty acids, 
Bisphenol A 
synthesis 

Industrial 
reaction, 
Food , soap 
and 
detergents 

31, 79-89 
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Si

F

F

F

CF3

S O

O

OH  
Perfluorosulfonic acid 

MCM-41 
SBA-15 Co-
condensation 

Alkylation of 
alcohols 

 Food and 
oil industry 

126, 127 

Si

O

O

O

S

O

O

Cl

 
2-(4-
Chlorosulfonylphenyl)eth
yltr-imethoxysilane 
 

 
SBA-15 
Co-
condensation 

Fries –
rearrangement of 
phenylacetate 

Pharma, 
dyes and 
agrochemic
als 

128 

 

In view of the above applications of SBA-15 with various ligands, our interest emerged to 

functionalize SBA-15 material with suitable new acidic and basic ligands for various 

organic transformations. The selection of the ligands and the importance of their products 

will be discussed in the relevant chapter. However, brief overview of the catalytic reactions 

studied in the present research work is discussed below.  

1.8.1 Acylation of Naphthalene 

Acylation reactions represent the most important method to synthesize various aromatic 

ketones, which are valuable intermediates129-132 for the production of fine chemicals such as 

pharmaceutical, fragrance, flavor, dye129, and agrochemical industries133. 

A significant effort has been devoted to the acylation of naphthalene and naphthalene 

derivatives in which several positional isomers can be formed. Acylated product such as 6-

acetyl-2-methoxynaphthalene is of particular interest because of its usage in the production 

of anti-inflammatory drug Naproxen134. 2-acetyl naphthalene is important because it is 

widely used in perfume formulations, mainly in Neroli Orange Blossom, Sweet Pea, 

Magnolia, Honeysuckle, Wistaria, Narcisse, Jasmin, various exotic florals, Vanilla 

flavour135 etc.  

1. Methodology 

Conventionally, the electrophilic acylation of naphthalene (Scheme 1.11) were catalyzed by 

Lewis acids (such as ZnCl2, AlCl3, FeCl3, SnCl4, and TiCl4)
136-138 or strong protic acids 
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(such as HF and H2SO4). These catalysts were used in stochiometric amounts and the 

workup commonly required hydrolysis of the complex, leading to the loss of the catalyst 

with large amounts of corrosive waste streams. For these reasons, emphases are presently 

laid on heterogeneous acid-catalysts in liquid phase acylation of naphthalene139. 

+
(CH3CO)2O

COCH3

+

COCH3

+ CH3COOH

 CH3COCl

or

2acetylnaphthalene 1acetylnaphthalene

varied catalyst

  

Scheme 1.11 Acylation of Naphthalene 

I. Homogeneous Methods 

1. Friedel Craft acylation of naphthalene in presence of AlCl3 with acetyl chloride yields   

      60% of 2-acetylnaphthalene with 50% product selectivity129, 131. 

2. Acylation of naphthalene was also carried out in presence of ZnCl2, BF3, H3PO4  showing  

     different selectivites of product.130, 136 

3.Acylation of naphthalene was also investigated in presence of copper trifluorosulfonate140. 

II. Heterogeneous Methods 

1. Liquid phase acylation of naphthalene with acetic anhydride over large pore zeolites 

faujasite, mordenite and beta was investigated which gave 25% conversion with 80% 

selectivity140-143.   

2. Liquid phase reaction of naphthalene with acetic anhydride yield 2-acetyl naphthalene 

over sulfated zirconia as catalyst which gave very low yields 5-10%144, 145. 

Apart from the usage of solid catalyst, the selectivity (2-acetyl naphthalene) of the reaction 

is the main concern, which has been tackled in the thesis with mild acidic sites. 

1.8.2 Nitroaldol Condensation 

The Henry or Nitroaldol reaction is particularly useful for carbon-carbon bond-forming 

reaction giving highly functionalized products of considerable synthetic utility146. 

One of the most important features of this reaction is in its potential products β-

nitroalcohols and nitroalkenes147, 148. Nitroalcohols are valuable intermediates for the 
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synthesis of pharmacologically active149 β -amino alcohols and α-nitroketones β -amino 

alcohols the key elements present in β -blockers150, 151 and agonists are highly effective in 

the treatment of cardiovascular disease, asthma, and glaucoma152, 153. Apart from this, β-

amino alcohols are of particular significance in the synthesis of biologically important 

compounds such as epinephrine154,155and anthracycline antibiotics156. Similarly, Nitro-

alkenes derived from nitroalcohols possess significant biological activities such as 

insecticidal, fungicidal, insecticidal157 fungicidal, bactericidal, rodent-repellent and 

antitumor agents and are also utilized for the preparation of prostaglandins, pyrroles, and 

porphyrins158. 

 1. Methodology 

 I. Homogeneous Methods 

Traditional synthesis of β-nitroalcohols involves condensation of the carbonyl substrates 

and a nitroalkane in the presence of an ionic base such as alkali metal hydroxides, alkaline 

earth oxides, carbonates, bicarbonates, alkoxides, alkaline earth hydroxides, or magnesium 

and aluminum alkoxides148, 149, 159, 160. All these classical methods are associated with a 

problem one of which is the formation of side product nitroalkenes by elimination of water 

which can lead to polymerization and Cannizaro products in the presence of base148, 159. 

Furthermore, the acidification required during the work up of reaction may lead to Nef 

reaction if not done with care161. Therefore attempts were made in overcoming the 

drawbacks of classical methods wherein heterogeneous catalysts were also employed. 

II. Heterogeneous Methods 

1. Arai and co-workers reported the synthesis of β-nitroalcohols using binaphthyl-based 

ligand (Scheme1.12). Utilizing this ligand with CuCl and with pyridine as an additive with 

the desired adducts are obtained in high enantiomeric excess (up to 93%)162.  
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Scheme 1.12 Assymetric synthesis of β-nitroalcohols 

2. Recently supercritical CO2 was used to carry out nitroaldol condensation for the selective 

synthesis of nitroalcohols in high yields (Scheme1.13). The reaction was promoted under 

very high pressure ~ 8kbar and triethyl amine as catalyst 163. 
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Scheme 1.13 Nitroaldol condensation under supercritical CO2 

3. Another solvent-free, green technology for the production of nitroalcohols (Scheme 1.14) 

was reported in literature with dual catalytic system consisting of a mineral base and a 

Trition surfactant under homogeneous conditions. 
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Scheme 1.14 Synthesis of β-nitroalcohols in surfactants 

The drawbacks of these reactions with different catalyst in literature have led us to develop 

and design new catalyst. Hence the reaction discussed above will be part of our study in 

detail over different catalyst in the following chapters. 
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1.9 Physiochemical Characterization 

Characterization methods are critical in evaluating various structural parameters of 

mesoporous materials. The techniques used to characterize mesoporous materials during the 

work can be categorized into the following. 

1.9.1 Powder X-ray Diffraction (PXRD) 

X-ray diffraction (XRD) is an extensively used technique to determine crystallographic and 

textural properties 164, 165. From the diffraction patterns, the uniqueness of mesoporous 

structure, phase purity, degree of crystallinity and unit cell parameters166, 167of the semi-

crystalline hybrid materials can be determined.  

In this thesis hydrotalcites (anionic clays) and the ordered mesoporous silica (OMS) were 

characterized by PXRD technique both at wide angles as well as low angles. 

 Powder X-ray diffraction (PXRD) for hydrotalcites analysis was performed using wide 

angle x-ray scattering with Cu Kα radiation (λ = 1.5418Ǻ, 40 kV, and 35 mA) using 

Panalytical's X'Pert Pro XRD over the 2θ range from 5 to 70°. Identification of the 

crystalline phases were done by comparison with JCPDS files.  

SAXS spectrum was recorded on Hecus X-Ray Systems S3 Model using Cu Kα radiation (k 

= 1.5404 Ǻ) from 0-50. It is performed by focusing an X-ray beam onto a sample and 

observing a coherent scattering pattern that arises from electron density inhomogeneities 

within the sample.  

1.9.2 Fourier Transform Infra-red spectroscopy (FT-IR) 

The FT-IR spectra of samples (as KBr pellets) were recorded using a Shimadzu FTIR 

spectrophotometer in the range of 400–4000 cm-1. The powdered samples were ground with 

KBr in 1:20 ratio and pressed into pellets for recording the spectra (recorded with a nominal 

resolution of 4cm-1). FT-IR spectroscopy deals with the vibration of chemical bonds in a 

molecule at various frequencies depending on the elements and types of bonds. FT-IR 

spectroscopy is useful if there is an oscillating dipole associated with a particular vibrational 

mode168, 169
.  
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1.9.3 Solid State Nuclear Magnetic Resonance Spectroscopy (SS-NMR) 

SS-NMR of samples was recorded on AV500S - 500 MHz High Resolution Multinuclear 

FT-NMR Spectrometer. Modern high-resolution solid-state NMR spectroscopy allows to 

elucidate the chemical and structural environment of several atoms (e.g. 
13C, 29Si, 31P, etc.) 

in a solid matrix like that of porous materials.170, 171 The most popular technique to get high-

resolution NMR spectra with narrow line width is the magic angle spinning (MAS), where 

the solid sample is fast rotated about an axis inclined at a "magic" angle θ = 54°44' to the 

direction of B0.
 Cross-polarization (CP) involves indirect excitation of the less abundant 

nucleus through magnetization transfer from an abundant spin system (e.g. 
1H) to 

13C. 

1.9.4 Microscopy 

 In catalysis, microscopy aids in studying the surface topography and morphology of 

particles, composition and crystal arrangement. Scanning electron microscopy (SEM) are 

important tools in textural analysis of solids172, 173. SEM images were recorded on Digital 

Scanning Electron Microscope - JSM 6100 (JEOL). Scanning electron microscopy (SEM) is 

an important tool for morphological characterization of mesoporous molecular sieve 

materials employed to view synthesized catalysts. 

1.9.5 N2 Adsorption-Desorption Isotherms 

Nitrogen adsorption–desorption isotherms were measured by using Micromeritics ASAP 

2020 analyzer at -196oC. Before the adsorption measurements, all samples were out gassed 

for 12 h at 300oC in the degas port of the adsorption analyzer. The specific surface area was 

calculated by the BET method and the pore size distribution was calculated by Barrett–

Joyner–Halenda (BJH) method from the desorption isotherm of the sample. The adsorption-

desorption isotherms is a most widely used method for the evaluation of surface area, pore 

volumes and pore size distributions of porous solids 174. N2 is often used as an adsorbate 

because of its inert nature. IUPAC has classified 174the different shapes of isotherms into six 

types, and the different types of hysteresis loops into four types to distinguish the porous 

structure.  
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1.9.6 Temperature Programmed Desorption studies (TPD) 

 The number of acidic sites on the catalyst surface was determined by ammonia TPD 

method on Micrometrics ChemiSoft TPx V1.02 with (20ml min-1) of gas flow. 

Temperature-Programmed Desorption (TPD) is one of the most widely used and flexible 

techniques for characterizing the acid and basic sites. Species are adsorbed on the surface of 

a catalyst at low temperature. A solid is first exposed to an adsorbate gas (NH3, CO) under 

well-defined conditions (wide range of pressure and temperature) and then heated under 

inert conditions with a temperature program. By monitoring the gas phase concentration of 

species desorbed, due to a linear increase in surface temperature, key information is 

obtained. 

1.9.7 Thermal Analysis 

Various thermal analysis such as Thermo gravimetric analysis (TGA) and Differential 

thermal analysis (DTA), Differential Scanning Calorimetry (DSC) have been widely used to 

establish the thermal stability of mesoporous materials. Differential Scanning Calorimetry 

of the samples was recorded on Shimadzu, DSC-60. The differential scanning calometry 

(DSC) have been widely used to establish the thermal stability of mesoporous materials. 

DSC can be used to study thermal properties and phase changes and hence act as a finger 

print for identification purposes 175, 176. 

1.9.8 Energy-dispersive X-ray fluorescence (EDXRF) 

EDXRF of the samples to find out the content of extra element present in samples was 

recorded on PANalytical Epsilon-5 EDXRF System. XRF is used normally to determine the 

concentrations of different elements in a sample with advantages of good sensitivity. 

1.10 Organization/Outline of thesis    

Mesoporous materials are getting tremendous attention due to their remarkable properties 

such as large surface area, tunable pore size and flexibility of incorporating organic 

moieties. These functionalized materials are innovative materials for ion-exchange, 

adorption, electronic and mechanical devises, sensors and recyclable stable heterogeneous 

catalysts.  
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Mesoporosity can be generated either by particle-particle interaction such as in layered 

materials (e.g. Layered Double Hydroxides) that show disordered pore systems with broad 

pore-size distributions or can be tuned through careful choice of surfactant and co-solvents 

as templating agents as in ordered mesoporous silica (OMS) materials177. Materials with 

pores of 2-50 nm possess a potential combination of high surface area and flexibility in pore 

sizes that will be useful in catalysis. Thus the thesis focus was laid on the synthesis, 

characterization and catalytic applications of two different types of mesoporous materials 

particularly hydrotalcites and OMS. 

 The thesis is divided into eight chapters 

Chapter 1 Introduction 

Chapter 1 presents the general introduction and summarizes the available literature on 

heterogeneous catalyst especially nanoporous materials. A brief physiochemical aspect such 

as synthesis of mesostructured materials (hydrotalcites and ordered mesoporous materials) 

and their catalytic applications is provided in the chapter. It also describes the 

characterization techniques used in the characterization of these materials. Based on these 

reviews, the scope and objective of the present work have been outlined. 

 

Chapter 2 Synthesis, characterization and catalytic applications of calcined M(II)Al 

hydrotalcites (where M(II)=Mg, Ni, Zn, Co, Cu). 

Chapter 2 presents a brief preface on the synthesis and characterization of M(II)Al binary 

hydrotalcite like materials. The chapter deals with the catalytic application of basic property 

of M(II)Al HTlc  for one step synthesis of phenytoins in the liquid phase. The mechanism 

for the formation of phenytoins over calcined HTlc are also proposed and explained.  

 

Chapter 3 Synthesis, characterization and catalytic applications of CuM(II)Al-ternary 

hydrotalcites 

Chapter 3 deals with the synthesis, characterization of CuM(II)Al HTlc  and the redox 

 property was studied for liquid phase synthesis of vanillic acid and benzil via oxidation of 

vanillin and benzoin respectively. The detailed catalytic activities for these reactions with 

plausible mechanism were also investigated. 
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Chapter 4 Liquid phase one pot multicomponent synthesis of Dihydropyrimidinones 

(DHPM’s) over Aluminated mesoporous SBA-15 

Chapter 4 deals with novel heterogeneous system with aluminum impregnated in ordered 

mesoporous materials SBA-15. These mild acidic nanocomposites are then employed for 

catalytic studies for biginelli’s reaction. Subsequently the synthesized SBA/Al materials are 

characterized by XRD, N2 adsorption, FTIR and NH3 TPD methods. 

 

Chapter5 Synthesis, characterization and catalytic application of SBA-15 Poly-

phosphoric acid nanocomposites. 

Chapter 5 deals with PPA functionalized via different methodologies such as (in-situ, 

impregnation methods) into the ordered mesoporous silica framework SBA-15. The chapter 

aims at introducing mild acidic property in mesoporous material for acylation of 

naphthalene. The synthesis methods for immobilization and characterization of these 

heterogeneous catalysts by XRD, N2 adsorption, FTIR, 31P CP MAS NMR, SEM and 

EDXRF and NH3 TPD are discussed in detail. 

 

Chapter 6 Synthesis, Characterization and catalytic applications of Chloroacetic acid 

grafted on to Ordered Mesoporous Silica (OMS) 

Chapter 6 deals with post synthetic functionalization of acidic-organic moiety chloroacetic 

acid on SBA-15. The characterization of chloroacetic acid functionalized SBA-15 by a 

range of analytical techniques is described. The catalytic application of these materials 

involves investigation for Knoveneganel Condensation of Cinnamaldehyde with 

Ethylcyanoacetate. 

 

Chapter7 Synthesis, Characterization of polymer functionalized piperazine nano-

comoposites for nitroaldol condensation. 

 

This chapter focuses on a novel radical polymerization method for the synthesis of surface 

modified SBA-15 and functionalization with piperazine. The surface modification is carried 

out by free radical polymerization of vinyl monomers with different loadings. The detailed 

characterization of these materials by XRD, N2 adsorption, FTIR, 31P CP MAS NMR, SEM 



 35 

and NH3 TPD is discussed. The catalytic activity of these materials is investigated for a 

selective nitroaldol condensation 

Chapter 8 Summary and conclusions 

The summary of the results obtained and the basic findings of the present work are 

presented in this chapter. The scope for future work is also discussed at the end of this 

chapter. 
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2.1 Introduction 

Hydrotalcites (HTs) are known to exhibit basic as well as redox properties with different 

combinations of divalent and trivalent metal ions. Particularly the basic properties of calcined 

hydrotalcites M(II)Al are universally acknowledged. The calcinations of fresh (as- 

synthesized) Mg/Al catalysts at different temperatures generate mixed metal oxides with the 

formation of spinel and inverse spinel phases. With this view in the present chapter, we 

report the synthesis, characterization of calcined M(II)Al-HTs  for one step synthesis of 

phenytoins in the liquid phase for the first time under milder reaction conditions. The 

mechanism for the formation of phenytoins over calcined HTs has also been proposed and 

explained.  

2.2 Liquid phase synthesis of phenytoin over Mg/Al-HTs 

Phenytoin (dilantin or 5,5-diphenylhydantoin), is a useful pharmacological compound, the 

vast scope and applications of this compound and its derivatives have been already discussed 

in introductory section. Many homogeneous methods were developed to synthesize 

hydantoin and their derivatives1 such as α-amino amides with triphosgene2, amino acids with 

acetic anhydride and ammonium thiocyanate (thiophenytoin), carbodiimides with α, β-

unsaturated carboxylic acids, nitriles with organometallic reagents,3-5 α- amination of esters 

by Cu(I)6 and gallium (III) salts7. In addition,  microwave synthesis,  solid phase 

technologies8, 9 and the  esoteric syntheses of hydantoins involving complex rearrangements 
10, 11 have also been developed for the synthesis of phenytoins. Very recently, 5,5-diphenyl-

2,4-imidazolidinedione (phenytoin) derivatives were synthesized using Almonds12. However, 

the use of homogeneous reagents for the synthesis of phenytoins limits their practical 

utilization because of the difficulties in the product purification, to overcome the effluent 

treatment problems and environmental concerns. Therefore, the development of 

heterogeneous catalysts for the one step synthesis of phenytoin still remains a serious 

challenge and according to the best of literature knowledge no report is available for the 

synthesis of phenytoins over calcined hydrotalcites. Hence in the present chapter we report 

the synthesis characterization and the potential use of M(II)/Al (where M(II) = Mg, Ni, Co, 

Zn) calcined hydrotalcites for the liquid phase synthesis of phenytoins under environmental 

friendly conditions. 
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2.3 Synthesis of M(II)Al Calcined Hydrotalcites. 

The hydrotalcites were synthesized by co-precipitation method via the low supersaturation 

technique. Two solutions; solution (I) containing the desired amount of metal nitrates M(II) – 

Mg, Ni, Zn, Co, Cu and M(III)–Al, and solution (II) having precipitating agents (i.e. NaOH 

and Na2CO3), were added simultaneously, while maintaining the pH around 9-10 under 

stirring at room temperature. The addition took around 100 minutes and the final pH of the 

solution was adjusted to 10. The samples were aged at 338K for 18 h, filtered, washed with 

hot water (until total absence of nitrates and sodium in the washing liquids) , dried in an air 

oven at 353K for 12 h and the solids synthesized were hand ground. In all cases, the atomic 

ratio between the divalent and trivalent cations was varied between 5:1 and 1:5. The samples 

were named as M(II)Al-HT. Similarly ternary hydrotalcites M(II)M´(II)Al-HT, 

M(II)/M´(II)=3 and (M(II)+M´(II))/Al=3) with different combinations of co-bivalent metal 

ions were also synthesized to compare the activity and selectivity. The fresh samples were 

calcined at different temperatures depending upon their decomposition pattern to obtain the 

mixed oxides with different acid-base properties.  

2.4 Physiochemical Characterizations  

2.4.1 PXRD 

Figure 2.1(A) shows the PXRD pattern of Mg/Al-3 calcined at different temperatures. The 

calcinations temperatures were chosen depending upon the decomposition pattern of 

hydrotalcites. At 150ºC the dehydroxylation of interlayer occurs and the hydrotalcite phase 

starts decreasing. At 450ºC, dehydroxylation and decarboxylation of the sheet occur and the 

HTs phase is completely destroyed resulting in the formation of mixed metal oxides (Mg-O-

Al).At 600ºC and 800oC, the hydrotalcite phase completely disappears and with the  

formation of mixed oxides (Mg-O-Al)  and spinel Mg/Al2O4 phase. The peak at 2θ =  36º, 

42º and 65º can be indexed to the presence of MgO and γ-Al2O3 and Mg/Al2O4 respectively 

according to JCPDX classification13. Based on the catalytic activity results it was observed 

that Mg/Al-3 HTs at 600ºC exhibits maximum conversion and yield (discussed in detail in 

catalytic section) and therefore the interest emerged to study the catalytic activity over 

Mg/Al-HTs with different Mg/Al compositions. (Figure2.1 (B)) showed the PXRD 

diffraction pattern of different atomic compositions of Mg/Al and also indicates the 



 47 

formation of spinel Mg/Al2O4 and mixed oxides, MgO and γ-Al2O3
 phases. The formation of 

spinel phase is facilitated more with the samples having higher concentration of Mg contents.  

  

 

Figure 2.1 PXRD patterns of (A) Mg/Al-3 calcined at different temperatures and (B)  

with different Mg/Al ratio calcined at 873K. 

2.4.2 FT-IR   

Figure 2.2 showed the FT-IR spectrum of fresh (as-synthesized) Mg/Al HTs. Generally four 

kinds of vibrations υ1, υ2, υ3 and υ4 are observed for the hydrotalcite phase in Mg/Al fresh 

hydrotalcites14. The υ1 broad peak at 3560 cm-1 is attributed to the vibrations of structural  O-

H groups or due to the vibrations of O-H--OH stretching. A shoulder peak υ2 at 3060 cm-1 is 

a characteristic stretching vibrations of CO3
2----OH- in hydrotalcites. A weak absorption band 

υ3 at 1650- 1620 cm-1 is due to the deformation mode of interlayer water molecules. The 

intensity of the band depends upon the amount of water present in the hydrotalcite layers. 

CO3
2- anion with different symmetries shows different peaks in HTs phase. A sharp intense 

peak observed at 1360 cm-1 is due to the anti-symmetric stretching of interlayer CO3
2- anion 

that indicates D3h kind of symmetry15. The symmetry of CO3
2- anion will change from D3h to 

C2v geometry if a peak at 1080 cm-1 was present.  
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Figure 2.3 FT-IR of (a) Mg/Al -5, (b) Mg/Al-3, (c) Mg/Al-2, (d)Mg/Al-1, (e) Mg/Al-0.2 

HTs calcined at 873K. 

Figure 2.3 showed the FT-IR spectrum of Mg/Al-HTs with different Mg/Al ratio’s calcined 

at 873K. Despite the complete dehydroxylation of samples at calcination temperature 873 K, 

peak at 1627 cm-1 indicated the deformation mode of O-H stretching of adsorbed water 
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molecules. And also the disappearance of peak at 1360cm-1 indicated complete 

decarboxylation of hydrotalcite phase in Mg/Al-HTs and resulted in mixed oxides. 

2.4.3 Surface area Measurements 

Table 2.1 showed the specific surface area, pore volume and pore diameter of mixed oxides 

Mg/Al-HTs calcined at 873K. The specific surface area increases with increase in Al content 

and maximum surface area is observed with Mg/Al= 0.2. The surface area and the pore 

volume of the samples increase with increase in the Al-content for which the reasons were 

not clear. The increase in the pore volume of Al- rich samples may be due to the formation of 

porous network. 

Table 2.1 Structural parameters of Mg/Al-HTs calcined at 873K 

Catalyst Surface area 
(m2/g) 

Pore volume 
(cm3 g−1) 

 

Average pore 
Width (Å) 

 
Mg/Al-5 41 0.705 710 
Mg/Al-3 152 1.19 311 
Mg/Al-2 117 0.95 323 
Mg/Al-1 171 1.08 248 

Mg/Al-0.2 304 0.663 85 

2.4.4 Basicity Measurements 

Basic strength of the calcined Mg/Al-HTs was qualitatively determined by using Hammett 

indicators. Bromthymol blue (H= 7.1), phenol red (H= 7.4), cresol purple (H= 8.3), thymol 

blue (H= 8.9), phenolphthalein (H= 9.7), and alizarine yellow (H= 11.0), 4-nitroaniline 

(H=18.4) and 4-chloroaniline (H=26.5) were chosen as Hammett indicators. 

1ml of Hammett indicator was added to 25mg of the samples followed by the dilution with 

10ml of methanol.  The colour of the catalyst was noted after equilibrating the reaction 

mixture for 4h (Table 2.2). 

The soluble basicity was also determined by titration method using 0.02 mol/l anhydrous 

methanolic solution of benzoic acid. The calcined hydrotalcite (Mg/Al-3) was added to 50ml 

distilled water and stirred vigorously for 1h and filtered, and then titrated with benzoic acid. 

The soluble basicity was found to be 0.64mmol/g and is in agreement with the previously 

reported results 16, 17. 

Table 2.2 Base strength of Mg/Al HTs calcined at 873K. 
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Catalyst Base Strength 

Mg/Al-5 12< pKBH+< 18.5 

Mg/Al-3 18.4 < pKBH+< 26.5 

Mg/ Al-2 11 < pKBH+ < 18.4 

Mg/Al-1 11< pKBH+< 18.4 

Mg/ Al-0.2 11< pKBH+ < 15 

 

Different ranges of basicity using Hammett indicator of Mg/Al-calcined hydrotalcites shows 

that basicity is due to (Mg-O pairs), (O2-), and low (OH- groups). Furthermore, maximum 

basic strength was attained for Mg/Al molar ratio 3. However with increase in Mg content 

i.e. (Mg/Al-5) the basicity decreases. These results are in agreement with the which was in 

consistent with the results obtained on hammett indicators16 and results in drop of catalytic 

activity (Table 2.4). Similar trends were also reported by other researchers qualitatively. 

Conventionally, the Hammett indicator measurements are performed using non-polar solvent. 

However, since methanol was employed as both solvent and reactant in the present reaction, 

so it was appropriate to use methanol and thus giving a better measure of the catalyst basicity 

under reaction conditions. Additionally, the basicity of Mg/Al-3 was measured at different 

calcinations temperature and it was found that maximum basicity is achieved at 873 K rather 

than at 723K.  

2.5 Catalytic Studies 

2.5.1 Synthesis of phenytoin 

2mmol of benzil, 4mmol of urea and 15ml of solvent (methanol) were mixed at desired 

temperature (298 -373K) in a glass reactor and different amount of catalyst (10-500mg) was 

added at once to the previously stirred solution.  The course of the reaction was monitored by 

TLC by taking samples periodically for 24h. The product identification was also done by gas 

chromatography after considering the response factors of the authentic samples. After the 

completion of the reaction, the catalyst was vacuumed filtered and removed under reduced 

pressure to isolate the product A (Scheme 2.1) and unreacted benzil by solvent extraction 

method to account for the mass balance. Finally, the product (A) was recrystallized with 

ethanol, dried and weighed to calculate the isolated yield.  
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Scheme 2.1 Synthesis strategy for the production of hydantoin 

The product extraction was little difficult due to the solubility constraints of the product with 

the reactants and therefore comparatively low yield of product (A) was obtained. Similarly 

benzil was also isolated from the reaction mixture and the total conversion is estimated on 

the basis of benzil reacted. The product was extracted by adding water from the left over 

semi-liquid mixture to obtain white colored phenytoin product (A). The product (A) was 

recrystallized with ethanol, dried and finally the weight of the isolated product was calculated 

and reported as the isolated yield. 

2.5.2 Effect of different bivalent metals in binary M(II)/Al  

The catalytic activity (Table 2.3) of the fresh binary hydrotalcites with M(II)/Al-3 (where M 

(II) =Ni, Zn, Co, Cu) showed very low conversion, yield and the selectivity of the desired 

product A (Scheme 2.1). It is generally known that the thermal decomposition of 

hydrotalcites at 873K results in the formation of mixed oxides with enhanced basic properties 

M(II)-O-Al) and hence the catalytic activity was tested on  all the binary calcined M(II)Al-

HTs. Table 2.4 showed very high conversion, yield and selectivity of the product (A) in all 

the calcined hydrotalcites indicating the influence of enhanced acidic-basic properties 

(bronsted or Lewis) 18-20 compared to the fresh hydrotalcites.  

Table 2.3 Effect of different fresh hydrotalcites M(II)Al-3 on the conversion of 

phenytoin. 

Catalyst 
 

aConversion 
(%) 

Product Selectivity (%) 
 
          (A)                    (B)                                        

bYield  
(%) 
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Mg/Al 40 100 0 24  
Ni/Al  35 93 6 19   
Zn/Al  30 95 4 16   
Cu/Al  12 92 7 7    
Co/Al  0 - - - 

   Conditions: Benzil- 420 mg, Urea-240 mg, Solvent- methanol, Catalyst weight- 50mg,    
   Temperature-338 K, Reaction time -24h. 
    aconversion is based on the benzil reacted..             
     bbased on isolated phenytoin (A) 
 
Table 2.4 Variation of total conversion, product selectivity and product yield over 

different catalysts (Hydrotalcites used are calcined at 873K)   
 Catalyst Conversion 

 (%) 
Product Selectivity (%) 

 
 

          (A)                      (B)          

Yield 
 (%) 

  
    

Blank 0 - - - 
MgO 60 71 28 44  

Al2O3 (basic) 15 80 19 9    
KOH 80 77 22 61  

Mg/Al-3 94 95 5 73  
Ni/Al -3 44 91 8 31  
Zn/Al -3 40 90 9 27  
Cu/Al -3 18 89 10 12  
Co/Al -3 5 90 9 - 

     Conditions as in Table 2.3  
 

Among all the calcined binary hydrotalcites with different M(II)/Al atomic compositions, 

highest yield (73%) and the selectivity (95%) of the product (A) was obtained on the Mg/Al-

3. It is to be mentioned here that no conversion was obtained in the blank reaction (without 

catalyst) and very low conversion and selectivity of the desired product (A) was obtained on 

commercial MgO, Al2O3 (basic) and KOH further indicate the necessity of the mixed oxides 

(both acid-base properties) in controlling the selectivity of the product (Scheme 2.2, proposed 

mechanism). FT-IR and 1H-NMR of the sample was compared to prove the structure of 

phenytoin (Figure 2.4). 
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Figure 2.4 FT-IR and 1H-NMR of the desired product (phenytoin) 

2.5.3 Effect of calcined ternary hydrotalcites 

The catalytic can be significantly enhanced in the presence of co-bivalent metal ion in ternary 

HTs. Therefore in order to see the effect of M(II)M´(II)Al HTs (Table 2.5), the catalytic  

 
Table 2.5 Effect of different calcined  hydrotalcites on conversion of phenytoin 

 
Catalyst 

 
Conversion  

(%) 
Product Selectivity (%) 

 
(A)                        (B) 

Yield 
(%) 

 
MgNiAl 35 91 8 26  
MgZnAl 56 90 9 43  
NiZnAl 18 89 10 10 

     Conditions as in Table 2.3  
 
activity was also studied on calcined ternary hydrotalcites but very low conversion of 

phenytoins was observed compared to binary calcined hydrotalcites. These results were 

similar to the earlier reports14 and may be due to the formation of different mixed oxide 

phases responsible for activity and selectivity.   
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2.5.4 Effect of M(II)/Al catalyst ratio on M(II)/Al-HTs 

Although, Mg/Al catalyst calcined at 873K proved to be the most active catalyst at the fixed 

metal composition (Mg/Al-3) yet the nature of the mixed oxides in each individual series 

(e.g. Mg/Al, Zn/Al etc)  may vary at different metal composition (M(II)/Al).  

Table 2.6 Effect of different ratio of M(II)/Al-HTs calcined at 873K  on the yield of 

phenytoin. 

      Mg /Al Zn/Al Ni/Al Co/Al M(II)/Al 
Yield (%) Yield (%) Yield (%) Yield (%) 

5 53 16 37 - 
3 73 27 32 4 
2 26 20 27 33 
1 19 40 24 41 

0.2 17 28 25 - 
             Conditions as in Table 2.3  
 
Each series of bivalent metal ions exhibited maximum conversion of the desired product at 

different metal composition and infers the different nature of the mixed oxides with different 

metal combination (Table 2.6). However, the catalytic results of different atomic 

compositions on Mg/Al indicates that the catalytic activity increased with increase in the Mg 

contents up to Mg/Al-3 (Table 2.7) and then decreased with further increase in the Mg 

concentration at Mg/Al-5. This is due to the decrease in the basicity of the Mg/Al-5 HTs and 

low surface area compared to Mg/Al-3 (Table 2.1).  Therefore, the best catalyst (Mg/Al-3, 

calcined at 873K) was selected for further detailed catalytic study.      

Table 2.7 Variation of the yield of phenytoin over different Mg/Al compositions 

        calcined at 873K. 

Catalyst ratio 

Mg/Al 
Conversion 

(%) 
Yield  
(%) 

Surface area  
(m2/g) 

0.2 20 17 304 
1 28 19 171 
2 40 26 117 
3 94 73 152 
5 70 53 41 

          Conditions as in Table 2.3  
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2.5.5  Effect of calcinations temperature on Mg/Al-3 

The calcinations temperature plays an important role in altering the acid-base properties of 

the mixed oxides (Mg-O-Al). Therefore the catalyst (Mg/Al-3) was calcined at different 

temperature (423K, 723K, 873K, and 1073K) in order to seek for better activity and 

selectivity (Figure 2.1 (A)). It was observed that the catalytic conversion and the yield of the 

desired product increased with increase in the calcinations temperature up to 873K and 

slightly decreased at 1073K under our experimental conditions. This reduction in the activity 

may be due to the decrease in the basicity of the catalyst (Table 2.1). These results (Table 

2.8) clearly demonstrate the generation of different acidic-basic properties of the mixed 

oxides generated at different calcinations temperatures responsible for this reaction.  Hence 

the catalyst calcined at 873K was chosen for further studies. 

Table 2.8 Variation of calcination temperature on the conversion of the phenytoin over 

calcined Mg/Al-3 HT 

Calcination temp 
(K) 

Conversion 
(%) 

Yield (%)                          Product selectivity (A) 
 (%) 

 
423 24 15 95 
723 86 61 95 
873 94 73 95 

1073 83 63 90 
      Conditions as in Table 2.3 

2.5.6 Effect of the catalyst weight 

Figure 2.5 showed the effect of catalyst weight on the conversion and the yield of the product 

(A). The conversion as well as the yield of the product increased with the increase in the 

weight of the catalyst up to 75mg and then started decreasing slightly with further increase in 

the weight of the catalyst. Moreover, the time on stream studies (TOS) indicated that the 

conversion is kinetically faster initially for higher catalyst concentration but decreased 

slightly with further course of time compared to the lower catalyst concentration. This may 

be due to the fact that some amount of the secondary or the interconverted products (although 

not detected by GC &TLC) might be forming on the catalyst surface which might block the 

active centers of the catalyst thereby reducing the conversion. 
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Figure 2.5 Influence of catalyst weight on the conversion of phenytoin over Mg/Al-3 HT 

 

To confirm this, both the catalyst (50mg and 250mg) were filtered after the reaction and 

washed thoroughly with the acetone, water and again calcined at 873K. The weight of the 

catalyst (250mg) was observed slightly more (0.02%) whereas no increase in the weight was 

observed in 50mg of the catalyst. When subjected to fresh reaction for second cycle, small 

decrease in the conversion (75%) and the product yield (62%) was observed for 250mg of the 

catalyst but no significant difference in the activity and selectivity was observed for 50mg 

catalyst.  These results explain the cause for the reduction in the conversion at higher catalyst 

concentration and also confirm the reusability of the catalysts. 

2.5.7 Time-on-stream studies (TOS) 

In order to compare the activity and selectivity of the desired product, the time-on-stream 

studies (Figure 2.6, A) were carried out using calcined Mg/Al-3 and KOH. The catalytic 

results on Mg/Al-3 catalyst indicated the increasing trend on the conversion and the yield of 

the product (A). Careful examination of the catalytic results showed that the reaction was 

almost completed within 10h of the reaction time with 95% selectivity of the product. The 

reaction was allowed to proceed further for 24 h to see the formation of secondary products 

or the inter conversion of the product(s). However, no difference in the activity and 

selectivity was noted indicating that the product formed is quite stable under our 

experimental conditions. 
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Figure 2.6 Variation of total conversion (A) and product selectivity of phenytoin (B) 

with the reaction time over KOH and Mg/Al calcined hydrotalcites 

On the other hand the initial kinetics of the reaction was observed slightly faster with KOH 

but the conversion and the selectivity of the product (A) decreased significantly after 6h of 

the reaction time (Figure 2.6, B) with the formation of other side products (Scheme-2.1, 

product B) clearly indicating the necessity of both the acid-base properties (solid support) to 

control the product selectivity (Scheme 2.2).   

2.5.8 Effect of substrate: urea molar ratio 

Table 2.9 showed that the conversion as well as yield increased with increase in the molar 

concentration of urea up to 1:2 with 95% selectivity of the desired product (A).  

Table 2.9 Effect of the molar ratio (benzil: urea) on the conversion of phenytoin over 

    Mg/Al-3 HTs 

 Benzil:Urea Conversion 

(%) 

Yield (%) Product selectivity (A)  

(%) 

1:1 57 44 95 
1:2 94 73 95 
1:3 78 57 90 

     Conditions as in Table 2.3 

However, the conversion decreased with further increase in the ratio (1:3) without 

significantly affecting the selectivity. These results are opposite to the results observed under 

homogeneous conditions and therefore the present catalyst Mg/Al-HTlc 21 and hence offers a 
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significant advantages over  homogeneous systems in controlling the selectivity of the 

product 22. 

2.5.9 Effect of the reaction temperature 

The influence of the reaction temperature indicated (Figure 2.7) that the conversion increased 

with increase in the temperature from 308K to 338K and the maximum conversion and 

selectivity of the desired product was observed at 338K. The conversion as well as the yield 

of the product decreased with further increase in the reaction temperature at 358K with the 

formation of other side products. This may be due to the cleavage of C-C bond in benzil 

structure at higher temperature leading to the formation of some secondary products 23. 
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Figure 2.7 Variation of conversion of phenytoin with temperature over Mg/Al-3 HT 

2.5.10 Effect of the different Solvent 

Figure 2.8 showed the effect of different solvents on the conversion and the yield of the 

product. Maximum conversion and yield was obtained using methanol as a solvent.  
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       Figure 2.8 Effect of different solvents over Mg/Al HT. 

This may be due to the better solubility of the reactants and products in methanol compared 

to other solvents. It also seems that the conversion of benzil depends directly on the polarity 

and the nature (protic or aprotic) of the solvent because the hydride transfer is considered to 

be easier in protic solvent. 

2.5.11 Plausible Mechanism of the reaction 

The probable reaction mechanism is proposed in Scheme 2.2. Initially the nucleophilic 

substitution on carbonyl carbon by urea forms an intermediate (X) followed by ring closure 

via proton abstraction in presence of Mg-O-Al mixed oxide. We believe that the selectivity 

of the desired product (A) is controlled by the relative stability of the cyclic intermediate (Y) 

in the presence of the acidic sites on the solid support. Additionally, the presence of this solid 

support follows the pathway (I) and prevents the reaction pathway (II) which might be 

possible in homogeneous conditions (KOH). Therefore, the formation of the desired product 

should essentially proceed via pathway (I) followed by pinacol-rearrangement. Overall the 

selectivity of the desired product depends on the competitive reaction pathways (I) and (II). 

Furthermore, the solid support prevents the attack of urea molecule leading to the formation 

of product (B).  
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Scheme 2.2 Plausible Mechanism 

2.5.12 Reusability of the catalysts 

In order to see the reusability of the catalysts, the catalyst after the reaction was filtered, 

washed thoroughly first with methanol, acetone and finally with water. The catalyst was 

dried, calcined at 873K and finally subjected to fresh reaction. No difference in the activity 

and selectivity was noted. Subsequently the catalyst was repeated for three cycles without 

significant loss in the activity indicating the non -leaching behavior of metal oxides from the 

catalyst during the course of reaction.   
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2.6 Conclusions 

1. Mg/Al calcined HTs were synthesized and characterized by PXRD, FT-IR and surface 

area measurements. PXRD pattern confirms the formation of mixed oxides without 

further impurity. 

2. Among different atomic compositions of Mg/Al, Mg/Al-3 calcined hydrotalcite showed 

the highest activity and selectivity for the desired product. 

3. Various reaction parameters such as effect of different catalysts, solvent catalyst weight 

and calcinations temperature etc were studied in detail. 

4. The mechanism of the formation of the desired product was proposed and explained. 

5.  The use of calcined hydrotalcites may pave the new pathways for the synthesis of 

hydantoin derivatives with multifunctional substitutions for which the efforts are 

currently underway. 
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3.1 Introduction 

The basic properties of the calcined MgAl HTs were efficiently utilized in the previous 

chapter. The interest emerged to explore the catalytic activity of transition metal containing 

HTs especially Cu-containing HTs, having known their oxidation behavior. It is known in the 

literature of hydrotalcites that binary CuAl- HTs are difficult to synthesize due to the strong 

John-Teller distortion associated in the octahedral environment of Cu-complexes. But HT-

phase in Cu-HTs can be stabilized in the presence of other co-bivalent metal ions, which 

itself forms hydrotalcite, resulting in ternary CuM(II)Al-HTlc1. Therefore in this chapter the 

copper containing ternary hydrotalcites were synthesized and characterized for the 

environmentally benign liquid phase oxidations of vanillin and benzoin.  

3.2 Synthesis of M(II) Al and CuM (II)Al Hydrotalcites. 

M(II)Al-HTs and CuM(II)Al-HTlc, where M(II)-Mg, Ni, Co, Mn, Zn and Cu, were 

synthesized by co-precipitation method under low supersaturation1. Two solutions; solution 

(A) containing the desired amount of metal nitrates and solution (B) having precipitating 

agents (i.e., NaOH and Na2CO3), were added simultaneously, while maintaining the pH 

around 9-10 under stirring at room temperature. The addition took around 100 minutes and 

the final pH of the solution was adjusted to 10. The samples were aged at 338K for 18 h, 

filtered, washed (until total absence of nitrates and sodium in the washing liquids) and dried 

in an air oven at 353K for 12 h. The samples obtained were powdered and denoted as 

CuM(II)Al-X, where X stands for Cu/M(II) atomic ratio at fixed composition of 

(Cu+M(II))/Al=3. In all cases the atomic ratio of (Cu + M(II))/ Al was maintained at 3, while 

Cu/M (II) was varied from 5:1 to 1:5. 

3.3 Physiochemical Characterizations  

3.3.1 PXRD 

 PXRD pattern (Figure 3.1) for as synthesized CuMgAl-HTlc showed sharp, intense peaks at 

low diffraction angles (peaks close to 2θ = 11º, 24 º, and 35 º; indicating basal planes at 

(003), (006), and (009), respectively)2. The peaks at 2θ = 38 º, 46 º, and 60 º indicates (105), 

(108), and (110) planes. These peaks confirm the presence of pure hydrotalcite phase without 

the formation of any impurities2. However the sharp peak at 620 due to the average distance 

between the two cations clearly signifies the presence of hydrotalcite phase. 
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Figure 3.1 PXRD pattern of fresh CuMgAl-HTs, top(a) , bottom (e). 

3.3.2 FT-IR  

Figure 3.2 showed FT-IR of fresh CuMgAl samples, the peak at 3605cm-1 corresponds to the  
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Figure 3.2 FT-IR of (a) CuMgAl-5 (b) CuMgAl-3 (c)CuMgAl-1 (d) CuMgAl-0.5 (e) 

CuMgAl-0.2 HTs. 

υ(OH) stretching mode of H-bonded hydroxyl groups in the lattice of HTlc and of interlayer 

water molecules. The broad band at 2865cm-1 also indicates the presence of hydrogen 

bonding between hydroxyl group and interlayer carbonate groups. The water deformation 

a- CuMgAl-5 
b-  CuMgAl-3 
c-  CuMgAl-1 
d-  CuMgAl-0.5 
e –CuMgAl-0.2 
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band was also recorded at 1650cm-1 which overlaps with band from 1340 to 1550cm-1. 

Furthermore, the presence of CO3
2- was indicated by sharp band at 1340cm-1 and 1516 cm-

1which confirms the structure of HTlc 2-4. 

3.3.3 Surface Area Measurements 

The specific surface area was calculated by the BET method. CuMgAl-HTlc showed increase 

in surface area with increase in Mg content; this may be attributed to the differences in the 

morphology arises during the crystallite formation. Furthermore the pore size distribution 

also varies with Mg content, as it is well known in hydrotalcites that pore formation in 

hydrotalcites is through interparticle packing, and the distribution of pores is influenced by 

the crystallite size and packing arrangement of crystallites5. The detailed structural 

parameters of CuMgAl-HTlc are given in Table 3.1. 

Table 3.1 Structural parameters of CuMgAl-HTs. 

Catalyst Surface area 
(m2/g) 

Pore volume 
(cm3 g−1) 

 

Average pore 
width (Å) 

 
CuMgAl-5 65 0.54 312 
CuMgAl-3 77 0.53 223 
CuMgAl-1 110 0.76 170 
CuMgAl-0.5 120 0.91 210 
CuMgAl-0.2 132 0.90 211 

The synthesized CuMgAl-HTlc were tested as a catalyst for the liquid  phase oxidation of : 

(A) Liquid phase oxidation of vanillin   

(B) Liquid phase aerial oxidation of benzoin 

(A) Liquid phase oxidation of Vanillin over CuM(II)Al-HTlc 
One step catalytic oxidation of vanillin is a very important reaction due to the wide 

applications of its product vanillic acid (Scheme 3.1). Vanillic acid is a kind of polyphenol 

which has utility in diverse fields such as chemical, biological, agricultural and medicinal 

applications6-11. Very few reports are provided for vanillin oxidation via chemical method 

such as silver oxide10, 12 Hexacyanoferrate(III)13, Diperiodatonickelate(IV)14 in aqueous 

alkaline medium, Sodium N-Chloro-p-toluenesulfonamide15, 16. In a quest for a simple 

process in converting vanillin directly into vanillic acid; hydrotalcites under environmental 
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friendly conditions were employed. Since no report on oxidation of vanillin over 

heterogeneous catalyst was found17, 18, and very few reports concerning the effects of pH on 

the  kinetics of vanillin degradation under homogeneous conditions are available.19, 20 In this  

part of the chapter, one step liquid phase oxidation of vanillin is reported for the first time 

over fresh CuM(II)Al-HTlc, (where M(II) = Ni, Co, Mg and Zn) with different atomic 

compositions of Cu/M(II)  using water and H2O2 as a solvent and an oxidant respectively. 

 

OH

MeO

CHO

OH

COOH

OMe

CuM(II)Al-HT

vanillin vanillic acid

+ other oxidized products

 

Scheme 3.1 Oxidation of vanillin to vanillic acid 

3.4 Catalytic Studies 

Oxidation of vanillin was carried out in a two-neck glass reactor (50 ml) fitted with a 

condenser and a septum. Hydrogen peroxide (30%) was added through the septum to the 

magnetically stirred solution of vanillin (10 mmol) containing catalyst (as-synthesized HTlc) 

and water (10ml) as solvent kept at the desired reaction temperature. The course of the 

reaction was monitored periodically drawing small samples (0.05 cm3), which were analyzed 

by gas chromatography (GC; Shimadzu-14B, Japan) fitted with SE-30 packed column using 

a flame ionization detector. Quantification was done after considering the response factors of 

the reagents and products obtained using standard mixtures. The product was extracted from 

ethyl acetate and dried over Na2SO4 to remove the solvent to obtain the desired product. The 

yield of the product was calculated as isolated yield.  

3.4.1 Effect of different co-bivalent metal in CuM(II)Al-HTs 

Screening of different binary M(II)Al-HTs  showed highest conversion and product yield 

over CuAl-HTs (although CuAl does not form pure HT phase). Based on our earlier reports, 

it was concluded that copper containing ternary hydrotalcites exhibit maximum conversion 

and yield over liquid phase oxidation/hydroxylation of aromatics3, 5,therefore the catalytic 
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activity of oxidation of vanillin was tested over CuM(II)Al-HTlc. The results showed 

maximum activity and selectivity for CuMgAl-5 followed by Co, Ni and Zn co-bivalent 

metal ions (Table3.2). The atomic composition of Cu/M(II) = 5 was found to be the best 

catalyst for this conversion. In all the samples only vanillic acid was observed as the major 

product with 100% selectivity.   

Table 3.2 Variation of conversion and yield of vanillin over different CuM(II)Al-HTs 

Catalyst Conversion 

(%) 

Yield (%) Product selectivity 

(%) 

CuAl-3 57.2 50.2 100 
CoAl-3 22.5 18.2 100 
NiAl-3 17.2 15.3 100 
ZnAl-3 15.8 13.9 100 

CuCoAl-5 77.2 69.2 100 
CuNiAl-5 80.4 76.3 100 
CuZnAl-5 67.4 30.2 100 
CuMgAl-5 90.2 82.5 100 

         Reaction conditions: catalyst–10 mg, substrate-vanillin (10 mmol), solvent-H2O, 
       Temp.–313 K, reaction time–6 h, sub:oxi–1:1 (molar ratio). 
 

The higher activity and selectivity of these catalysts suggest that although copper is acting as 

the active centers but the overall activity and selectivity of these catalysts is influenced by 

geometric and electronic factors around the active centers i.e. the influence of co-bivalent 

metal (Co, Ni, Zn, Mg) ions in ternary hydrotalcites. We attempted variation of different 

solvents (THF, acetonirile, MeOH CHCl3) and oxidants, to our delight H2O and H2O2 were 

the best solvent and oxidant for this reaction proving to be quite significant for industrial 

applications. Based on the screening observations on various co-bivalent metals, CuMgAl-5 

was selected for further study. 

3.4.2 Effect of the substrate:catalyst ratio 

In order to see the effect of catalyst weight on the conversion of vanillin, different amount of 

catalyst weight were chosen (Figure 3.3). It was observed that the catalytic activity decreases 

with increase in the weight of the catalyst. This may be due to the coke formation (the 

reaction mixture turns black) during the reaction which blocks the active centers of the 

catalyst thereby reducing the overall conversion. The maximum conversion was noted with 



 69 

10 mg weight of the reaction. To verify, we have estimated the coke formed for the reaction 

having substrate: catalyst ratio of 10:1 and observed around 0.1–0.2 g of coke per gram of 

catalyst (calculated after taking due consideration of weight loss due to catalyst upon 

calcination in air). We believe, once coke is formed in the reaction, it masks the active 

centers of the catalyst thereby inhibiting the access of the reactant molecule to further 

undergo the reaction. 
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1 2 3 4 5

 

Figure 3.3 Effect of catalyst weight on the conversion of vanillin over CuMgAl-5 HT. 

3.4.3 Effect of the reaction time 

In order to see the influence of the reaction time, samples were carefully withdrawn from the 

reaction mixture at different intervals using syringe filters and analyzed (Figure 3.4). It was 

observed that the conversion increased with increase in the reaction time and the reaction was 

completed within 3 h of the reaction time and then became constant with further increase in 

the reaction time. The reaction was then allowed to proceed for 24 h to see the formation of 

other secondary products or inter conversions of the products (due to the possibility of 

formation of over oxidized products). However, no difference in the activity and selectivity 

of the product was observed.  
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Figure 3.4 Effect of the reaction time on the conversion of vanillin over CuMgAl-5 HT 

3.4.4 Effect of the substrate:oxidant ratio 

Table 3.3 showed the variation of the conversion of vanillin with substrate:oxidant ratio. The 

results indicated that the conversion as well as yield increased with increase in H2O2 

concentration. This proportionate increase in the conversion and yield inferred that the H2O2 

is essentially used for the desired product vanillic acid only.  

Table 3.3 Effect of subs:oxidant ratio on the conversion of vanillin over CuMgAl-5 HT 
 

Sub:Oxi Conversion 
(%) 

Yield 
(%) 

Product 
Selectivity 

(%) 
1:1 90.2 80.2 100 
2:1 44.2 38.2 100 
3:1 27.2 23.8 100 
5:1 18.2 17.7 100 

10:1 9.4 9.2 100 
                       Conditions as in Table 3.2 

3.4.5 Effect of pH on the reaction  

Effect of pH on the reaction was studied to determine the participation of the radicals in the 

mechanism of this reaction. The catalytic activity results showed that there is no effect of the 

pH on the conversion of vanillin from pH 5.2 (which is the original pH of the reaction) up to 
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pH 7 but completely dropped at pH 9. This could be due to the better stabilization of the 

hydroxyl radicals at this pH range (5.2–7) and further drop in the conversion at higher pH 

may be due to generation of OH- species, which would approach the active centre thereby 

inhibiting the adsorption of hydrogen peroxide, and in turn affecting the generation of 

hydroxy radicals 2, 3. 

3.4.6 Effect of ethanol addition 

In order to verify the participation of hydroxyl radicals further, ethanol (which is a very good 

scavenger for hydroxyl radicals) was used as a co-solvent with water.  

Table 3.4 Effect of C2H5OH:H2O (molar ratio) on conversion of vanillin over CuMgAl-5  

C2H5OH:H2O 
 

Conversion 
(wt%) 

Yield (%) Product 
Selectivity (%) 

Pure H2O 90.2 82.5 100 
0.02 70.5 62.5 100 
0.04 55.4 46.4 100 
0.06 28.3 18.4 100 
0.08 15.2 6.4 100 

Pure ethanol 0 0 0 
            Conditions as in Table 3.2 

The results showed (Table 3.4) that the conversion decreased with increase in the ethanol 

concentration and no conversion was observed with pure ethanol confirming the participation 

of the hydroxyl radicals in bringing this conversion. 

3.4.7 Effect of the calcination temperature 

The catalysts used for the catalytic reaction were dried at 353K and 383K depending on the 

metal composition. The effect of calcination temperature (673K, 873K and 1073K) studies 

showed the decreasing trend in the activity with increase in the calcinations temperature. This 

may be due to the loss of hydrotalcite phase (due to the dehydroxylation and decarboxylation 

of the layers at higher temperatures) and structural order responsible for the activity. 

However, no difference in the activity was noted up to 423K (near to first weight loss 

transition during thermal analysis) indicated that major drop in activity at higher calcinations 

temperature necessitates the presence of hydrotalcite. 
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3.4.8 Reusability of the catalysts 

In order to see the reusability of the catalysts, the catalyst after the reaction is filtered, 

washed thoroughly first with methanol, acetone, water and then dried in air and finally 

subjected to fresh reaction. The catalytic yield is slightly reduced to 78% with 100% 

selectivity of the product.  

Furthermore, no leaching of active metal ions from the catalyst during the course of reaction 

was observed that was confirmed by several experiments according to the earlier reports 21, 22. 

In order to see the leaching of the metal ions during course of the reaction; initially the 

catalyst along with the solvent and oxidant was stirred for 24h at the reaction temperature. 

The catalyst was filtered from the reaction mixture and was subjected to fresh reaction with 

both filtrate and solvent. No measurable conversion was obtained with the filtrate indicating 

the non-leaching behavior of the metal ions in the hydrotalcite framework 22  

(B)Liquid Phase Aerial Oxidation of benzoin over CuM(II)Al-HTlc 

Benzil, an alpha diketone, is one of the important organic intermediates, has received an 

enormous attention (Scheme 3.2). Various homogeneous reagents such as nitric acid 23, 

Fehling’s solution23, thallium nitrate24, ammonium nitrate–copper acetate 25, bismuth nitrate–

copperacetate26 and ferric chloride 27 were employed in stochiometric amounts for oxidation 

of benzoin to benzil. However, the use of these reagents limits their practical utilizations over 

heterogeneous catalysts in terms of product recovery, product selectivity and environmental 

concerns. 

+ Air (O2) Ph
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Scheme 3.2 Aerial Oxidation of Benzoin in presence of CuMgAl-3 catalyst 

In continuation, many heterogeneous catalysts such as zeolite28, VOCl3 
29, ferric nitrate on 

graphite30, wet carbon-potassium bromate 31 and Amberlite IRA 400 resin32  were exploited 

to overcome these difficulties. Very recently, transition metal doped MCM-41 mesoporous 

material is also reported for one step oxidation of benzoin to benzil 33 but the desired product 

selectivity still remains a challenge for this interesting reaction and in the current industrial 
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scenario, efforts are highly acknowledged in order to develop for simpler, efficient and 

recyclable heterogeneous catalyst. Among the heterogeneous catalysts, hydrotalcite catalysts 

are one of such materials whose potential has been exploited for various redox-mediated 

catalytic transformations 21, 34, 35.  

Therefore, in this section, CuM(II)Al is reported for the first time in the liquid phase 

oxidation of benzoin under milder reaction conditions. The possible reaction mechanism of 

was also proposed and discussed. 

3.5 Catalytic Studies 

Oxidation of benzoin was carried out in liquid phase conditions using air as an oxidant 

(Scheme 3.2). Typically, 212mg (1mmol) of the substrate (benzoin) and 10ml of solvent was 

added in a glass reactor at desired temperature (298-363K) under stirring conditions. 

Different amount of the catalyst weights (5-500mg) was added at once to the reaction 

mixture. The products of the reaction mixture were analyzed through TLC with authentic 

benzil sample. The product was extracted from the reaction mixture using petroleum ether 

and finally the yield of the pure product was reported as isolated yield. 

3.5.1 Effect of the different metal ion concentration 

 Table 3.5 showed the catalytic activity results on various binary hydrotalcites.  In all, only 

benzil was formed as a major product with 100% product selectivity.  

No conversion was obtained on blank reaction (i.e. without catalyst) infers the 

necessity of the catalyst to drive this transformation. Based on our earlier studies on 

hydrotalcites, it was also concluded that the binary hydrotalcites are generally inactive for 

liquid phase oxidation of aromatics but are significantly active when combined with other 

bivalent metal ions in ternary hydrotalcites2, 21.  

 

Table 3.5 Effect of different binary M(II)/Al=3 HTs on the conversion of benzoin. 

Catalyst  aConversion 
(%) 

bYield(%) Product Selectivity 
(%) 

NiAl 10 7 100 
CoAl 18 14 100 
MnAl 20 15 100 
ZnAl 14 10 100 
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CuAl 15 12 100 
MgAl 0 0 - 

     Reaction Conditions: (benzoin-214mg, air-1atm, catalyst-10mg, solvent- methanol   
     (15ml), temp.-325K, Time-24h) 
        a % based on the product benzil. 
        b % based on product isolated. 

Therefore, the interest emerged to see the effect of Cu (having known its redox properties) as 

co-bivalent metal ion in ternary CuM(II)Al-HTs with (CuM(II)/Al-3 and different 

compositions of  Cu/M (II). The catalytic activity results (Table 3.6) showed remarkably high 

conversion and the product yield (10-90%), with 100% selectivity of the product 

corroborating our endeavor and hence the subsequent detailed study was carried out on 

CuM(II)Al-ternary hydrotalcites.  

Table 3.6 Variation of the product yield with different solvents on CuMgAl HTs 

CuMgAl CuNiAl CuCoAl CuZnAl CuMnAl Product 
Sel(%) 

Cu/M(II) 

Yield  
(%) 

Yield 
(%) 

Yield 
(%) 

Yield 
(%) 

Yield  
(%) 

 

5 51 28 67 46 76 100 
3 90 62 57 70 74 100 
1 66 70 69 82 64 100 

0.5 44 55 35 52 37 100 
0.2 13 32 31 25.7 11 100 

Conditions as in Table 3.5, (Cu+M(II))/Al=3 
 

Among the screening of different co-bivalent metal ions, maximum conversion and yield was 

obtained on CuMgAl-3 catalyst. This difference in the higher activity of CuMgAl-3 catalyst 

is due to the higher surface area of the catalyst compared to other CuM(II)Al catalysts (Table 

3.7 and 3.8)2, 21.   

Table 3.7 Variation of different CuM(II)Al-3 HTs on the yield of benzil 

Catalyst Conversion 
(%) 

Yield 
(%) 

SBET 

(m2/g) 
CuMgAl-3 98 90 77 
CuNiAl-3 74 62 48 
CuCoAl-3 65 57 38 
CuZnAl-3 81 70 n.d 
CuMnAl-3 84 74 n.d 
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          Conditions as in Table 3.5 
 

Table 3.8 Variation of different Cu/Mg composition on the conversion of benzil 

      Conditions as in Table 3.5 
           aTON = no of moles of reactant / no of moles of active center (Cu)  times the  % yield of   
       the product. 
 
Owing to the inherent properties of the calcined hydrotalcites (mixed oxides); the catalytic 

activity was also tested on calcined hydrotalcites but the catalytic activity was found to be 

lower than the fresh hydrotalcites clearly demonstrating the necessity of hydrotalcite phase2. 

These results on CuMgAl-HTlc have advantages over some of the Cu-MCM-41 mesoporous 

materials33 indicating that the desired activity and selectivity over CuMgAl-3 catalyst does 

not essentially depend on the Cu as active centers but also on the overall geometric and 

electronic environment around the catalyst (Table 3.8). 

3.5.2 Effect of the weight of the catalyst 

Table 3.9 showed the effect of the weight of the catalyst on the conversion and yield of the 

product. The yield of the product decreased with the increase in the weight of the catalyst up 

to 200mg of the samples but remained constant with further increase in the weight up to 

500mg of the catalyst. This may be due to the different amount of tar (coke) formation 

(reaction mixture turns black) at higher catalyst concentration which selectively blocks the 

active centers of the catalyst thereby reducing the activity.  We tried to estimate the tar 

formation with 500mg of the catalyst and it was observed that only 0.001g coke was formed 

per gm of the catalyst.  

Table 3.9 Effect of the weight of the catalyst on the product yield over CuMgAl-3 HTs 

Catalyst Wt  
(mg) 

Yield (%) Product Selectivity 
(%) 

5 64 100 

Catalyst Conversion 
(% ) 

Yield  
(%) 

SBET 

(m2/g) 
 

aTON (w.r.t 
Cu as active 

site 
CuMgAl-5 60 51 65 1324 
CuMgAl- 3 98 90 77 2513 
CuMgAl- 1 72 66 110 2441 

CuMgAl-  0.5 51 44 120 2443 
CuMgAl- 0.2 20 13 132 1203 
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10 90 100 
20 75 100 
50 60 100 

100 56 100 
200 55 100 
500 54 100 

                    Conditions as in Table 3.5 

3.5.3 Effect of the reaction temperature 

Table 3.10 showed the effect of the catalytic conversion of benzoin on the reaction 

temperature. The results indicated that the conversion and the yield increased with increase in 

Table 3.10 Effect of the reaction temperature on the product yield over CuMgAl-3 HTs 

Temp. (K) Yield (%) Product Selectivity 
(%) 

298 60 100 
308 65 100 
325 90 100 
345 46 100 
363 28 80 

                  Conditions as in Table 3.5. 

 

Ph
C

CH
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OH + O2

PhCOOH

PhCHO  

Scheme 3.3 Cleavage of Benzoin at high temperature. 

 temperature up to 328K but decreased with further increase in temperature. This decrease in 

the yield may be due to the cleavage of carbon – carbon bond (Scheme3.3) in the reactant at 

higher temperatures 36, 37.  

3.5.4 Effect of the solvent 

Figure 3.5 showed the conversion of benzoin on different solvents and maximum conversion 

and yield was obtained using methanol as a solvent.   
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Figure 3.5 Effect of different solvent on conversion of benzil over CuMgAl-3 catalyst. 

It seems that the conversion of benzil depends directly on the polarity and the nature (protic 

or aprotic) of the solvent because benzoin is more polar and hence making the hydride 

transfer easier in protic solvent. 

3.5.5 Effect of different oxidants with oxidant: substrate molar ratio  

Among the various oxidants (H2O2, m-perchlorobenzoic acid and air), it was concluded that 

the best activity and selectivity can be achieved by air itself under optimized reaction 

conditions (Table3.11). We further observed that air present inside the reaction mixture itself 

is sufficient enough to derive this reaction and hence no additional supply of the air was 

pumped into the reaction mixture. Moreover, in order to see the effect of the air present in the 

reaction mixture, different reactions with increased amount of the substrate (Table3.12) were 

carried out under similar experimental conditions.  

Table 3.11 Effect of different oxidants on the product yield over CuMgAl-3 HTs 

H2O2:benzoin Conversion 
(%) 

m-chloroperbenzoic 
acid: benzoin 

Conversion 
(%) 

2:1 81 2:1 75 
1:1 70 1:1 66 

0.5:1 63 0.5:1 52 
         Conditions as in Table 3.5 
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Table 3.12 Variation of different Cu/Mg composition on the product yield  

 Reactant wt. 
(g) 

Yield (%) aTON (w.r.t Cu 
as active site 

Product 
Selectivity (%) 

0.106 96 1340 100 

0.212 90 2513 100 

0.424 77 4301 100 

1.060 22 3072 100 

2.120 18 5027 100 

       Conditions as in Table 3.5 
          a TON = no of moles of reactant / no of moles of active catalyst times the %yield of the 
         product 

The results showed that the conversion and the product yield decreased with increase in the 

amount of the reactants but no difference in the product selectivity was observed.  This 

decrease in the conversion and yield is obvious because the air present in the reaction 

mixture is not sufficient for the conversion of increased amount of reactants. Furthermore 

higher conversion (100%) and the yield (96%) were obtained using higher oxygen 

concentration (0.2 atm) under our reaction conditions.  Here we have not used the external 

supply of the air and optimum concentration of the reactant was chosen for further study 

3.5.6 Time on stream studies (TOS) 

TOS studies (Figure3.6) showed that the catalytic activity of the reactant increased 

continuously up to 18 h and then became constant with further increase in the reaction time.  

No difference in the product selectivity was noted during the course of reaction time. Further, 

to calculate the yield of the product with time, separate eight batches (to take the samples at 

different times) of the reactions were put under similar reaction conditions. The yield of the 

products was calculated periodically up to 48hrs to see the formation of secondary or-  
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Figure 3.6  Variation of the product yield with time over CuMgAl-3 catalyst 

interconverted products. However no difference in the conversion, yield and selectivity of the 

products was observed indicating the product formed is quite stable and thus may be 

beneficial industrially. 

3.5.7 Effect of the pH on the reaction and plausible mechanism 

In order to see the influence of the pH on the reaction, different experiments were performed 

at different pH (6-13) range. Figure 3.7 showed that the reaction is feasible both at lower as-  
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Figure 3.7 Variation of the product yield with pH of the reaction over CuMgAl-3 

catalyst 
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well as in the high pH range than the original (without adjustment) pH ~6.8 of the reaction. 

However some interesting trend is observed at relatively higher pH range wherein the 

conversion decreased initially with the pH (7-10) and then again increased with pH~12. 

These observations were repeated and found reproducible under our reaction conditions.  

Mechanistically, we believe this peculiar behavior may be due to the better stabilization of 

the reactive intermediate (A) and (B) either in radical or ionic form (Scheme 3.4) responsible 

for the formation of product 38, 39.  

Table 3.13 Effect of molar ratio of methanol: ethanol at different pH  

Methanol:ethanol 
 

pH=4 
Yield (%) 

pH=13 
Yield (%) 

         0.25: 0 76 61 
0.22 : 0.01 56 58 
0.12 : 0.10 35 55 
0.02 : 0.16 19 57 
     0 : 0.18 6 60 

                              Conditions as in Table 3.5 
 
In order to investigate the presence of radical or ionic mechanism, the reactions were carried 

out using ethanol (well known radical scavenger) as a co-solvent at both higher pH ~13 and 

lower pH ~ 4 (Table 3.13). Interestingly the conversion as well as the yield of the products 

decreased at lower pH but no significant difference in the activity was observed at higher pH 

indicating the influence of radical mechanism at lower pH and possibility of the ionic 

mechanism at higher pH.  

The presence of the intermediates was chemically identified with the formation of 

purple color (semiquinone species) under alkaline conditions38. Therefore, we believe, the 

interaction of the oxidant with the catalyst surface generates the peroxy compounds which 

via proton abstraction leads to the formation of the resonance stabilized intermediates (A) 

and (B) (Scheme 3.4). Finally, the competitive transformation of these intermediates into the 

stabilized semiquinone species under different reaction conditions leads to the formation of 

the product 25, 38.  
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Scheme 3.4  Plausible mechanism 

 

3.5.8 Effect of calcinations temperature 

It is known that the thermal decomposition of hydrotalcites at different temperatures results 

in mixed oxides of different acid-base properties. Having known the inherent reactivity of 

these mixed oxides, the catalyst CuMgAl was calcined at 423K, 673K, 873K and 1073K 

according to the thermal decomposition pattern of the hydrotalcites. The catalytic activity of 

these mixed oxides was found to lower than the fresh hydrotalcites. These results further 
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indicate that the optimum concentration of the active species and proper hydrotalcite phase is 

responsible for the conversion and selectivity. 

3.5.9 Reusability of the catalysts 

In order to see the reusability of the catalyst CuMgAl-3;redox-catalysts for benzoin 

oxidation, after the first run, catalyst was filtered, washed thoroughly with excess water and 

acetone, dried completely at 120 ºC and again subjected to fresh reaction. The catalytic 

activity reduced slightly to 85% but remained constant for almost four cycles indicating their 

promise use in this interesting conversion. This small reduction in the activity may be 

attributed to slight decrease in the crystallinity of the catalyst after the first cycle or due to the 

absorption of the tar during the reaction, which block the active center of the catalyst. 

Subsequently the catalyst was repeated for three cycles without any significant loss in the 

activity. Also no leaching of the metal ion Cu from CuMgAl-3 was observed which was 

confirmed by the experiment already discussed in section 3.4.8.  

3.6 Conclusions 

1. CuM(II)Al-HTs were synthesized by co-precipitation method and characterized by 

PXRD, FT-IR, surface area measurements. PXRD pattern confirmed the presence of 

hydrotalcite phase without the formation of any impurities. 

2. CuM(II)Al as heterogeneous catalyst were employed for the oxidation of vanillin and 

benzoin in liquid phase. 

3. Various parameters such as effect of catalyst, weight, solvent, pH etc. were investigated 

for the oxidation of vanillin and benzoin over these CuM(II)Al-HTs.  

4. Among the CuM(II)Al catalyst with different co-bivalent metal ions, CuMgAl-5 showed 

highest activity and selectivity for oxidation of vanillin using water as solvent and 

hydrogen peroxide as oxidant.   

5. Among the various CuM(II)Al catalyst for aerial oxidation of benzoin, CuMgAl-3 

showed highest activity and selectivity of the product benzil in liquid phase. 
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4.1 Introduction 

The basic and redox properties of binary and ternary hydrotalcites have been exclusively 

employed in previous chapters. In the coming chapters the attempts have been devoted to 

functionalize the ordered mesoporous SBA-15 materials as mild acid and base catalyst for 

significant organic transformations. In this chapter, SBA-15 is functionalized with different 

amount of aluminum by simple post-impregnation method for one pot multicomponent 

synthesis of 3,4-dihydropyrimidin-2(1H)-ones.  

4.2  Liquid phase synthesis of 3,4-dihydropyrimidin-2(1H)-ones 

3,4-dihydropyrimidine-2(1H)-ones (DHPM’s) and their derivatives show an indispensable 

pharmacological and biological profile including antiviral, antitumor, antibacterial, and anti-

inflammatory effects1-3. A number of marine alkaloids with broad spectrum of biological 

activities contain DHPM framework as a part of their structures1, 4. Moreover functionalized 

DHPM’s have emerged as antihypertensive agents due to their metabolism in vivo to the 

potent calcium channel blockers5-7. Monastrol is the only cell-permeable molecule currently 

known to block mitosis by specifically inhibiting the motor activity of the mitotic kinesis Eg5 

for the development of new anticancer drugs8. The dihydro-pyrimidine-5-carboxylate core 

unit is also found in many natural marine products including batzelladine alkaloids that are 

found to be potent HIVgp-120-CD4 inhibitors9. The syntheses of DHPMs is carried out by 

Biginelli reaction involving acid catalyzed three-component condensation of 1,3-dicarbonyl 

compound, aldehyde and urea3, 4, 10. Several homogeneus reagents including Lewis and 

Bronsted acids such as Cu(OTf)2, CuCl2, Ag3PW12O40, FeCl3·6H2O, Me3SiCl 11-14, NH2SO3H, 

NH4Cl 15 were employed for the synthesis of DHPM’s. In addition, ionic liquids, microwave 

irradiation, trimethylsilyl-triflate, hetropolyacids L-proline and I2 were also tested16-20 for 

these transformations. With this view aluminated SBA-15 (SBA/Al) is tested as the 

heterogeneous catalysts for this interesting conversion in liquid phase. 

4.3 Synthesis of SBA-15 

 The synthesis of SBA-15 is carried out using Pluronic (P123) (EO20PO70EO20, MW = 5800, 

Aldrich) and TEOS as the surfactant and silica source respectively. In a typical synthesis 

batch with TEOS, 3 g of P123 was dissolved in 100 g of distilled water and 5.9 g of conc. 

HCl (35%). After stirring for 1h 7.3 g of TEOS (ACROS, 98%) was added at 35ºC 
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maintaining the molar ratio of   P123: H2O: HCl: TEOS as 1: 5562.9: 86.29: 42.51 and 

stirring for 24h21. Subsequently the mixture was heated for 24 h at 100 ºC under static 

conditions in a closed polypropylene bottle. The solid product obtained after the 

hydrothermal treatment was filtered and dried at 80 ºC. The template was removed by 

calcinations at 550 ºC for 6h. 

4.4 Synthesis of Al/SBA-15 catalyst 

Aluminum contents were incorporated into the SBA-15 framework via impregnation method. 

Different amounts of AlCl3 (5, 10 and 15 wt(%)) were impregnated to 1 g of calcined SBA-

15 material using acetone as solvent. Typically for 15wt%, 270mg of AlCl3 was dissolved in 

20 ml acetone and stirred at 50ºC for 24h to impregnate AlCl3 into 1g of SBA-15 material. 

After complete impregnation, the samples were dried and characterized using standard 

characterization techniques. The samples were named as SBA/xAl where x denotes the 

percentage of Al in SBA-15. 

4.5 Physiochemical Characterizations  

4.5.1  PXRD 

PXRD pattern of Al/SBA-15 (Figure 4.1) at low angle showed the characteristic peaks at- 

 

Figure 4.1 PXRD patterns of SBA-15 and 15 wt.%Al/SBA-15 
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(100), (110), and (200), similar to SBA-15 material. The base peak intensity in the case of 

Al/SBA-15 was reduced compared to SBA-15 indicating that the Al was uniformly 

incorporated inside the pores of SBA-1521 

4.5.2 N2 Adsorption-Desorption Studies 

N2 Adsorption-Desorption (Figure 4.2 and 4.3) showed type IV adsorption isotherm 

according to IUPAC classification22 with sharp capillary condensation step at P/P0= 0.5-0.6 

region and H1 hysteresis loop indicates the mesoporous nature of the samples.  
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Figure 4.2 N2-adsorption –desorption isotherm of SBA/(15)Al. ( Inset: Pore size 

distribution (BJH, desorption branch of isotherm). 

Table 4.1 Structural Parameters of Al/SBA-15 samples 

Entry Materials Surface 
area 
(m2/g) 
 

Pore 
Volume 
(cm3/g) 

Pore  
Size 
BJHAds 
(nm) 
 

No of 
acidic 
sites 
(µmol/g) 
 

1. SBA-15 672 1.2 8.1 - 
2. SBA/(15)Al 244 0.21 4.0 670 
3. SBA/(5)Al 668 0.66 4.5 8.8 
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Figure 4.3 N2-adsorption –desorption isotherm of SBA/(5)Al. ( Inset: Pore size 

distribution (BJH, desorption branch of isotherm). 

The pore size distribution curves were computed from the BJH model (shown as an inset). It 

was observed that the pore size distribution of the Al/SBA-15 samples (Table 4.1) were 

quite narrow indicating the uniform distribution of aluminum in mesopores. Total pore size, 

pore volume decreases with increase in aluminum content. 

4.5.3 TPD of Al/SBA-15 

NH3 Temperature Programmed Desorption (TPD) spectra of Al/SBA-15 samples Figure 4.4 

showed that most of the acidic sites are centered at temperature around 2220C. The peaks 

become sharper with increase in the Al contents (Table 4.1). 
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Figure 4.4 Temperature Programmed Desorption (TPD) of SBA/Al 

4.5.4 FT-IR 

FT-IR spectrum of the samples showed characteristic peaks similar to SBA-15. Careful 

examination of the spectrum Figure 4.5 (B) showed a slight variation in the vibrational 

frequencies (υ1, υ2, υ3, υ4, υ5)  of Al/SBA-15 samples as compared to SBA-15  in the 

wavenumber region of 1300- 400cm-1. 
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  Figure 4.5 FT-IR spectra of (a) SBA-15, (b) SBA(15)Al and (c) SBA(5)Al samples. 
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The shift in the vibration bands (Table 4.2) may be due to the change in silica bond length 

(Si-O) with the substitution of Al where (r Si4+ = 0.26 Å) and (r Al3+ =0.39Å) are the atomic 

sizes. 

Table 4.2 Vibrational Frequencies of SBA/Al samples 

                                    Wave number (cm-1) 

 

 

Samples 

υ1 υ2 υ3 υ4 υ5 

SBA-15 1229 1055 928 799 443 

SBA/(15)Al 1210 1076 944 794 445 

SBA/(5)Al 1222 1053 956 808 455 

4.6 Catalytic Studies 

4.6.1 Synthesis of 3,4-dihydropyrimidine-2(1H)-ones 

The catalytic activities of SBA/Al as heterogeneous catalyst was investigated for the 

synthesis of 3,4-dihydropyrimidine-2(1H)-ones in liquid phase. The catalytic reactions were 

optimized for the model reaction where R=Ph in Scheme 4.1 and further extended to a wide 

variety of aromatic aldehydes. The liquid phase reactions were carried out in a glass reactor. 

Aryl aldehyde (1 mmol), ethylacetoacetate (1 mmol) and urea (2 mmol) were kept at the 

desired temperature under stirring, and the catalyst was added to the stirred solution under an 

inert atmosphere using ethanol as solvent.  

RCHO + CH3COCH2COOEt NH

N
H

X

Et2OC

CH3

R

+ (NH2)2C=X SBA-Al

X=O,S

 

Scheme 4.1 Synthetic strategy for the 3,4-dihydropyrimidin-2(1H)-ones (DHPM’s). 

The progress of the reaction was monitored by TLC from 1 to 6 h. The yield of the product 

was calculated after 24 h. After the completion of reaction, catalyst was filtered and washed 

thoroughly with solvent. Solvent is evaporated from the reaction mixture and the product was 

extracted with ethyl acetate. Ethyl acetate was dried over anhydrous Na2SO4 and 
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concentrated in vacuum, to obtain the solid product which was recrystallized from hot 

ethanol.  

4.6.2 Effect of the different catalysts 

The catalytic activity studies (Table 4.3) showed an increasing trend with increase in the 

aluminum concentration and maximum yield of 80% was observed with 15% Al incorporated 

in SBA-15 framework. However, the product yield decreases with decrease in the aluminum 

content and no conversion was obtained with SBA-15 indicating that the acidic centers are 

required for further conversion.  Therefore SBA/(15) Al was selected for further studies.  

Table 4.3  Variation of different amount of catalyst loading on the yield of DHPM’s 

            Catalyst                    Yield (%) 

SBA-15 0 

SBA/(5)Al 14 

SBA/(10)Al 54 

SBA/(15)Al 80 

                        Reaction conditions: aryl aldehyde (1 mmol), ethyl acetoacetate                           
                       (1 mmol), urea (2 mmol), catalyst- 65mg, Time-24 h 

4.6.3 Effect of the solvents 

Variation of different solvents (Table 4.4) indicates that the conversion as well as the yield of 

3,4 Dihydropyrimidin-2(1H)-ones increases with polar protic solvents and the maximum 

yield was obtained with ethanol as solvent. It seems that the transition state obtained during 

the reaction is more stabilized in protic solvent than in aprotic or non-polar solvent. 

Table 4.4 Variation of solvent on the yield of DHPM’s over SBA/(15)Al catalyst 

Solvent Yield(%) 

Ethanol 80 
Methanol 78 

No solvent 66 
Acetonitrile 58 
Chloroform 27 

Hexane 18 
                                     Conditions as in Table 4.3 



 93 

4.6.4 Effect of the temperature 

Table 4.5 showed the variation of temperature on the yield of 3,4-Dihydropyrimidin-2(1H)-

ones and it was observed that maximum yield (80%) was obtained at 80ºC . Further increase 

in temperature decrease the yield of 3,4-Dihydropyrimidin-2(1H)-ones  which may be due to 

the decomposition of benzaldehyde at higher temperature. Variation of amount of catalyst 

showed that maximum conversion was achieved with 65mg of SBA/(15)Al catalyst. 

Table 4.5 Variation of temperature on the yield of DHPM’s over SBA/15Al catalyst 

Temp 
(ºC) 

Conversion (%) Yield (%) 

35 10 7 

55 50 34 

65 60 52 

80 85 80 

100 64 55 

                 Conditions as in Table 4.3 

4.6.5 Time on Stream Studies 

The time on stream studies (Figure 4.6) for the synthesis of 3,4-Dihydropyrimidin-2(1H)-

ones indicates that the reaction is completed within 6-12h of the reaction time. 
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Figure 4.6 Effect of the reaction time on conversion of product over SBA/(15)Al catalyst 
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No further increase in the yield was observed with increase in reaction time indicating the 

product formed is stable under the reaction conditions. 

4.6.6 Plausible Mechanism 

Synthesis of DHPM’s involves the reaction between benzaldehyde and urea to form a 

schiff’s base which in presence of acid results in the formation of N-acylium ion23(1) 

(Scheme 4.2).  Mechanistically the bimolecular reaction involves the interaction of this inium 

ion (1) with ethylacetoacetate in presence of SBA-Al which results in cyclization of product 

and form DHPM’s.  

+ NH2CONH2

CH3COCH2COOEt

PhCHO
Ph NH NH2

OOH

Ph

NH
+

NH2

O

Ph

N

ONH2
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NH

N
H

O
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EtOOC

Me

benzaldehyde urea

SBA-Al

-H2O
1

CH3

EtO

O

OH

Al
3+
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Scheme 4.2  Plausible mechanism for the synthesis of DHPM’s 
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Figure 4.7 FT-IR of DHPM 

The product structure was further confirmed by FT-IR (Figure 4.7). The same methodology was 

extended to substituted aldehydes but no direct correlation was found for the substituent 

effect on the yield (Table 4.6). The melting point of the products was confirmed from the 

literature17. 

Table 4.6 Effect of substituted aldehydes on the yield of DHPM’s over SBA/(15)Al 

catalyst 

S.No. Substituted  
aldehydes 

Reactant Product Yield (%) 
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NH

N
H
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11 
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Cl  
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+ 
CH3COCH2COOEt 

 

NH

N
H

SMe

EtOOC

Cl

 

 
 
 

        7524  
 

Conditions as in Table 4.3 

4.6.7 Reusability 

The catalyst was filtered from the reaction mixture and washed thoroughly with acetone, 

water and finally dried in vacuum. The catalysts were reused for the model reaction and it 

was observed that the product yield is slightly reduced to 75% for the first cycle and further 

reduced to 60% in second cycle, this indicates that minor leaching of Al may be occurring 

during the catalytic process. 

4.7 Conclusions 

1. Al-SBA-15 was functionalized by post impregnation method with the view to induce 

mild acidity in SBA-15 framework (SBA-15/Al). Different amounts of aluminum were 

incorporated inside the silica framework.  

2. SBA/Al catalysts were characterized by PXRD, N2 adsorption desorption, FT-IR and 

TPD techniques. 

3.  The catalytic activity studies of SBA/Al were tested for the synthesis of 3,4-

dihydropyrimidine-2(1H)-ones in the liquid phase. Various reaction parameters were 

optimized. The catalytic activity and the product yield increased with increase in the 
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aluminum contents.  Based on these results, the catalytic activity was extended to other 

substituted derivatives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 100 

4.8 References 

1. C.O. Kappe, Eur.J.Med.Chem. 35 (2000) 1043-1052. 

2. K. Folkers, T. Johnson, J. Am. Chem. Soc. 55 (1933) 3784-3791. 

3. C. Oliver Kappe, Tetrahedron 49 (1993) 6937-6963. 

4. C. Kappe, Acc. Chem. Res 33 (2000) 879-888. 

5. K. Atwal, B. Swanson, S. Unger, D. Floyd, S. Moreland, A. Hedberg, B. O'Reilly, J.  

      Med. Chem. 34 (1991) 806-811. 

6.   G. Grover, S. Dzwonczyk, D. McMullen, D. Normandin, C. Parham, P. Sleph, S.  

      Moreland, J. Cardiovasc. Pharmacol. 26 (1995) 289. 

7. D. Nagarathnam, S. Miao, B. Lagu, G. Chiu, J. Fang, T. Dhar, J. Zhang, S. Tyagarajan,  

       M. Marzabadi, F. Zhang, J. Med. Chem 42 (1999) 4764-4777. 

8. T. Mayer, T. Kapoor, S. Haggarty, R. King, S. Schreiber, T. Mitchison, Science 286  

       (1999) 971. 

9. A. Patil, N. Kumar, W. Kokke, M. Bean, A. Freyer, C. Brosse, S. Mai, A. Truneh, B.  

       Carte, J. Org. Chem. 60 (1995) 1182-1188. 

10. I. Ugi, A. Dömling, W. Hörl, Endeavour 18 (1994) 115-122. 

11. A. Manjula, B. Rao, P. Neelakantan, Synth. Commun. 34 (2004) 2665-2671. 

12. L. Xu, Z. Wang, C. Xia, L. Li, P. Zhao, Helv. Chim. Acta 87 (2004) 2608-2612. 

13. J. Yadav, B. Reddy, R. Srinivas, C. Venugopal, T. Ramalingam, Synthesis 2001 (2001)  

        1341-1345. 

14. A. Paraskar, G. Dewkar, A. Sudalai, Tetrahedron Lett. 44 (2003) 3305-3308. 

15. J. Li, J. Han, J. Yang, T. Li, Ultrason. Sonochem. 10 (2003) 119-122. 

16. A. Shaabani, A. Bazgir, F. Teimouri, Tetrahedron Lett 44 (2003) 2757. 

17. M. Zhang, Y. Li, Synth. Commun. 36 (2006) 835-841. 

18. Y. Yu, D. Liu, C. Liu, G. Luo, Bioorg. Med. Chem. Lett. 17 (2007) 3508-3510. 

19. C. Kappe, D. Kumar, R. Varma, Synthesis 1999 (1999) 1799-1803. 

20. B. Mishra, D. Kumar, V. Rao, Catal. Commun. 7 (2006) 457-459. 

21. M. Kruk, M. Jaroniec, C. Ko, R. Ryoo, Chem. Mater 12 (2000) 1961-1968. 

22. F. Rouquerol, J. Rouquerol, K. Sing, Adsorption by Powders and Porous Solids:  

       Principles (1999). 

23. X. Wang, K.S.K. Lin, J.C.C. Chan, S. Cheng, J. Phys. Chem. B 109 (2005) 1763-1769. 



 101 

24. M. Lei, D. Wu, H. Wei, Y. Wang, Synth. Commun. 39 (2009) 475-483. 

 

 



 102 

Chapter 5Chapter 5Chapter 5Chapter 5 

Synthesis, Synthesis, Synthesis, Synthesis, Characterization and Characterization and Characterization and Characterization and 

CCCCatalytic atalytic atalytic atalytic AAAApplication   of Ordered pplication   of Ordered pplication   of Ordered pplication   of Ordered 

MMMMesoporous Silica esoporous Silica esoporous Silica esoporous Silica Functionalized with Functionalized with Functionalized with Functionalized with 

PPPPolyphosphoric acid (SBAolyphosphoric acid (SBAolyphosphoric acid (SBAolyphosphoric acid (SBA----15/PP15/PP15/PP15/PPA).A).A).A).                        

    

    

    

  



 103 

5.1 Introduction 

The present chapter deals with functionalization of SBA-15 material with polyposphoric acid 

(PPA) inside the silica framework by direct (in-situ) and impregnation methods. The interest 

stems to heterogenize PPA because of the intricate problems associated with neat PPA 

(viscous liquid, solubility problems)1. Moreover according to the best of the literature 

knowledge, no report is available to functionalize PPA into the ordered mesoporous SBA-15. 

With this view the present chapter aims at the synthesis and characterization of SBA/PPA for 

acylation of naphthalene in the liquid phase. 

5.2 Liquid phase acylation of naphthalene over SBA/PPA. 

Friedel Craft’s acylation of naphthalene is an important process in chemical industry for the 

production of intermediates in pharmaceuticals, agrochemicals, dyes and in petrochemical 

sectors 2-5. Various heterogeneous catalysts such as clay6, 7, zeolites8-10, Nafion on silica11, 

sulphated zirconia12-15 and heteropolyacids16 have been employed for the acylation of 

naphthalene and their substituted derivatives but the selectivity of the desired product i.e. 2-

acyl naphthalene still remains a serious challenge. Hence, there is a need to develop non-

corrosive heterogeneous acid catalysts that can greatly improve the environmental impact of 

commercial production of acylated products. Several researchers have modified the catalytic 

properties of ordered mesoporous silica (OMS) by incorporating different acidic moieties 

such as propylsulfonic acid17-19, perfluoroalkylsulfonic acid20, inorganic metals (Al, Ti, W)21-

25 and heteropolyacids26, 27 into the different silica matrix28. However, not much attention has 

been paid to develop the catalyst having low to moderate acidity. Polyphosphoric acid (PPA) 

because of its mild acidity (pKa=2.1)29 and versatile use  in30, 31 alkylation, acylation, 

cyclization, halogenation, dehydration, hydrolysis, polymerization and phosphorylation 

reactions32, 33 can be one of the options to induce  milder acidity into the silica frame work. 

The use of silica gel-supported polyphosphoric acid (PPA/SiO2) has been reported for the 

conversion of carbonyl compounds to oxathioacetals34, Knoevenagel condensation35 and for 

the synthesis of 2H-indazolo36phthalazine-1,6,11(13H)-trione derivatives36, 37. 

5.3 Synthesis of SBA-15  

 The synthesis of SBA-15 is carried out using Pluronic (P123) (EO20PO70EO20, MW = 5800, 

Aldrich) and TEOS as the surfactant and silica source respectively. In a typical synthesis 
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batch with TEOS, 3 g of P123 was dissolved in 100 g of distilled water and 5.9 g of conc. 

HCl (35%)38. After stirring for 1h, 7.3 g of TEOS (ACROS, 98%) was added at 35oC 

maintaining the molar ratio and stirring for 24h. Subsequently the mixture was heated for 24 

h at 100oC under static conditions in a closed polypropylene bottle. The solid product 

obtained after the hydrothermal treatment was filtered and dried at 80oC. The template was 

removed by calcinations at 550oC for 6h. 

5.4 Direct synthesis of SBA/PPA(d) catalysts 

The direct synthesis of SBA/PPA is carried out by incorporating PPA directly during the 

SBA-15 synthesis by using Pluronic P123(EO20PO70EO20, MW = 5800, Aldrich) as the 

surfactant and TEOS (tetraethylorthosilicate) as silica source. For the direct SBA/PPA (d) 

synthesis, 7.3 g of P123 was dissolved in 100 g of distilled water and 4 g of conc. HCl 

(35%)38. After stirring for 3h, 11.6 g of TEOS (ACROS, 98%) and 2g of PPA   was added 

together at 35oC maintaining the molar ratio of P123: H2O: HCl: TEOS: PPA as  1: 

5562.9::86.29: 42.51: 4.645 respectively. The mixture was left under stirring for 24 h at 

35oC, and subsequently heated for 24 h at 100oC under static conditions in a closed 

polypropylene bottle. The solid product obtained after the hydrothermal treatment was 

filtered and dried at 80oC. The template was removed by calcining at 550oC for 6h and 

finally the solid obtained was grinded and named as SBA/x(d) where x represents the wt% of 

PPA incorporated. Similarly, the catalysts with different amounts of PPA were also 

synthesized under similar conditions.   

5.5 Post-impregnated synthesis of SBA/PPA(I) catalysts 

In the post-synthetic impregnation method, PPA is incorporated by impregnation method 

after calcining the SBA-15 materials at 550 oC. Typically for 15wt%, 450mg of PPA 

(calculation is based on the 85 wt% of P2O5 in PPA) was dissolved in 20 ml of methanol and 

impregnated into 1g of SBA-15 material. After the impregnation the solution was kept at 

reflux temperature for 24h. The mixture was cooled, filtered and washed with excess of 

methanol to remove the residual PPA and dried at 80oC for 12h.  The samples were named as 

SBA/x(I), where x represents the wt% of PPA incorporated. 
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5.6 Physiochemical Characterization 

5.6.1 PXRD 

Powder X-ray diffraction pattern of SBA/PPA samples (Figure 5.1) at low angles showed the 

characteristic peaks at (100), (110), and (200) similar to the SBA-15 materials38 indicating 

that the PPA has been incorporated uniformly inside the silica framework.  
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Figure 5.1 PXRD pattern of (a) SBA/15(d) and (b) SBA/15(I) catalysts 

5.6.2  N2 Adsorption-Desorption Studies 

N2 adsorption- desorption isotherms were measured at -196 oC using a Quantachrome AS-

1MP volumetric adsorption analyzer. Before the adsorption measurements, all samples were 

out gassed for 12 h at 300oC in the degas port of the adsorption analyzer. The adsorption-

desorption isotherm of the samples (Figure 5.2) showed a type IV adsorption isotherm 

indicating the mesoporous nature of the samples according to the IUPAC classification39.  

 

Table 5.1 Structural parameters of SBA/PPA catalysts 

Materials Surface 
area 
(m2/g) 
 

  Pore 
Volume 
(cm3/g) 

Pore 
Size 
(nm)  

P 
(%)  

P2O5 
(%)  
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SBA-15 678 1.2 8.2 0 0 
SBA/15(d) 473 0.36 3.6 1.21 21.54 
SBA/10(d) 391 0.43 4.7 n.d n.d 
SBA/15(I) 390 0.44 4.6 8.34 14.01 
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Figure 5.2 Nitrogen adsorption-desorption isotherms of (a) SBA/15(d) and (b) 

SBA/15(I) catalysts 

A sharp capillary condensation step at relatively high pressure with an H1 hysteresis loop 

indicates the presence of large mesopores with narrow pore size distributions The shape of 

the isotherms is slightly twisted compared to pure SBA-15 samples because of the strain 

generated during the incorporation of PPA inside SBA-15 framework in both SBA(d) and 

SBA(I) samples. The surface area, pore volume and pore diameter decreased with the 

incorporation of PPA indicating that the PPA has been incorporated inside the SBA-

framework. All the structural parameters are included in Table 5.1. 

5.6.3 SS-NMR 

The incorporation of the PPA into the silica framework was further identified by 31P magic 

angle spinning (MAS) SS-NMR. NMR spectrum of the samples (Figure 5.3) exhibits two 

different peaks at -0.2 and -11.44 ppm indicating the two types of phosphorus incorporated 

inside the silica framework40.  
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Figure 5.3 31P spectra of (A) SBA/PPA (I) and (B) SBA/PPA (d) 
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Figure 5.4 Distinct nature of phosphorus in PPA. 

The intense peak around -0.2 ppm is due to the presence of phosphorus (P1) in the middle of 

PPA chain whereas the signal at -11.44 ppm is attributed to phosphorus (P) present at the 

terminals of the PPA chain (Figure 5.4) 40. 

5.6.4 Energy Dispersive X-ray Fluorescence Spectrometry (EDXRF) 

The loading of PPA, in terms of pure phosphorous and in P2O5 form in SBA-15 was 

estimated by EDXRF (Table 5.1). The spectrum (Figure 5.5) was analyzed to obtain the 

number of P Kα counts per second and to determine the phosphorus content in SBA/PPA 

catalysts.  

A 

A 

B 

A 
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Figure 5.5 EDXRF spectrum of P in SBA/PPA (I) “orange” and SBA/PPA (d) “green” 

5.6.5 Scanning Electron Microscopy (SEM) 

The SEM images (Figure 5.6) of SBA-PPA (in-situ) shows rod shape particles with relatively 

1µm uniform size. These rod shaped structures are uniformly aggregated into macro- 

structures due to the polymerization of PPA along with silica during the synthesis of ordered 

mesoporous silica material. 

 

Figure 5.6 SEM images of SBA/PPA (I) 

This is a clear indication that PPA is tightly restored within the silica framework during its 

synthesis and assist in recyclability. 

5.6.6 FT-IR 

FT-IR spectrum of the samples (Figure 5.7) showed the vibrational frequencies of the 

functionalized SBA-PPA samples in accordance to neat PPA, clearly indicating the uniform 
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nature of PPA inside the SBA-15 mesopores. The shift in vibrations frequencies from the 

original PPA (Table 5.2) indicates that PPA is polymerized with in the silica framework.  
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Figure 5.7  FT-IR spectra of (a) Neat PPA  (b) SBA/10(d) (c) SBA/15(d) samples.  

Table 5.2 FT-IR peaks of the samples 

Peaks PPA(neat) 

(cm-1) 

SBA-PPA (10%) 

(cm-1) 

SBA-PPA (15%) 

(cm-1) 

O-H (str) 3612-3120 3603-3300 No peak 

PO-H 3120-2100 3300-2100 3006-2100 

P-O 933 912 913 

P=O 1272 1436 (b) 1436 (b) 

P-O-P (bending) 720 737 737 

5.6.7 TPD of SBA/PPA 

NH3-Temperature Programmed Desorption (TPD) spectra of samples (Figure 5.8) showed 

the desorption pattern centred at Tmax 228oC and  136oC indicating  two different types of 

acidic sites in PPA, which can be ascribed to the terminal proton and the central proton of 

PPA structure (Figure 5.3).  
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Figure 5.8 Temperature programmed desorption (TPD) of a) SBA/15(I) (b) SBA/15(d)   

(c) SBA/10(d) samples 

Furthermore the presence of two types of acidic sites in SBA-15 functionalized PPA was 

confirmed by differential calorimetric scanning (DSC) (Figure 5.9). The total number of 

acidic sites is higher for SBA/15(I) - 87.0 µmol/g compared to SBA/15(d) - 35.3µmol/g and 

SBA/10(d) - 11.0µmol/g.  

5.6.8 Differential Scanning Calorimetry (DSC)  

Figure 5.9 showed the DSC pattern of SBA/PPA (d) catalyst. The catalyst is fairly stable 

upto 600ºC and the two peaks at T1=386 ºC and T2= 512 ºC indicates that there are two types 

of acidic sites available in SBA/PPA catalyst. 
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Figure 5.9 Differential Scanning Calorimetry of SBA/PPA(d) 

5.7 Catalytic Studies 

To test the catalytic activity of this mild catalyst, we selected acylation of naphthalene 

(Scheme 5.1) as a model reaction.  

Acylation of naphthalene was carried out in the liquid phase using acetic anhydride as the 

acylating agent. Typically, 2 mmol of naphthalene, 2mmol of acetic anhydride were mixed in 

specially designed glass reactor. The desired amount of (SBA/PPA) catalyst was added to the 

reaction mixture at 90 oC under stirring conditions and the catalytic activity was monitored 

for 24 h by TLC. The products of the reaction were analyzed first by TLC and then later 

confirmed by gas chromatography after considering the response factors of the authentic 

samples using n-decane as internal standard. 
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CH3

SBA-PPA
+
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Scheme 5.1 Acylation of Naphthalene 
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5.7.1 Effect of the different Catalysts 

The catalytic activity results for acylation of naphthalene (Scheme 5.1) using acetonitrile as a 

solvent and acetic anhydride as acetylating agent showed around 23-25% conversion of 2-

acetylnaphthalene (Table 5.3) on both the SBA/PPA catalysts, but very high selectivity 

(95%) of the 2-acetylnaphthlene (A) was obtained on the SBA/PPA (d) catalyst compared to 

75% selectivity in the SBA/PPA (I) catalyst.  

Table 5.3 Effect of different catalyst on the conversion and selectivity of acylation of 

naphthalene 

Catalyst aConversion 
(%) 

Product 
Selectivity (%) 
A                     B 

SBA-15  0 0 0 
PPA (neat) 20 64 27 
SBA/15(d) 23 94 6 
SBA/10(d) 15 95 5 
SBA/5(d) 0 0 0 
SBA/15(I) 24 75 24 

              Conditions:  Naphthalene- 2mmol, acetic anhydride-2mmol, Temp.-90 oC, 
           acetonitrile (15ml),  Catalyst 100mg 
                a (%) conversion is based on both the products(A+B) 
 
This difference in the selectivity of the 2-acylated product may be due to the better dispersion 

of PPA into SBA-15 framework coupled with high surface area of the SBA/PPA (d) catalysts 

(Table 5.1). Furthermore, no conversion was obtained for 5wt% SBA/PPA (d) catalyst infers 

that the minimum concentration of the active centres is required to achieve the conversion.  

5.7.2 Effect of the different Solvents  

Variation of the solvents showed high activity and selectivity using acetonitrile as a solvent 

(Table 5.4) under our experimental conditions. In order to see the influence of acetic acid 

generated during the reaction, the catalytic activity was also tested using acetic acid as a 

solvent, but no conversion of naphthalene was obtained indicating that the acetic acid 

generated during the reaction (Scheme 5.1) has no effect on the conversion and the 

selectivity of the desired product. In spite of having lower acidity of PPA (pKa = 2.1) the 

catalytic activity results of SBA/PPA catalysts can be compared with other heterogeneous 

catalysts such as sulphated zirconia, large pore zeolites and beta-zeolites already reported in 
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the literature8-13. Additionally, these results have advantages in terms of better selectivity of 

2-acylated product over 1-acylated product. The catalyst SBA/15(d) was selected for further 

studies 

Table 5.4 Variation of conversion of naphthalene with different solvents 

Solvent Conversion 
(%) 

Product Selectivity (%) 
       
            A                          B 

Ethanol 0 0 0 
1,2dichloroethane 7 97 3 

Carbontetrachloride 7 96 3 
cyclohexane 14 95 3 

Decalin 16 92 7 
1,4 Dioxane 21 94 5 
Acetonitrile 23 94 6 
Acetic acid 0 - - 

            (Conditions as in Table 5.3) 

5.7.3 Effect of the weight of catalyst 

Figure 5.10 showed the effect of the catalyst weight on the total conversion of the products 

with time. The total conversion of naphthalene increased with increase in the weight of the 

catalyst (100mg) but no change in the selectivity was observed indicating that the uniform- 

0

5

10

15

20

25

30

0 5 10 15 20 25 30

C
o

n
ve

rs
io

n
 (

%
) 

  .

100mg

75mg

50mg

 
Figure 5.10 Effect of weight of the SBA/15(d) catalyst on the conversion of naphthalene 

incorporation of PPA inside the SBA-15 catalysts is responsible for the selectivity of 2-

acylated product. 
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5.7.4 Time on Stream studies 

The time on stream studies (TOS) indicates that the maximum conversion can be achieved 

within 12h of the reaction time (Figure 5.11) but the reaction was allowed to proceed for 24h 

to see the stability of the product and the variation in the product selectivity.  
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Figure 5.11 Effect of time on the conversion and product selectivity of 2-acetyl 

naphthalene over SBA/PPA (d) and SBA/PPA (I) catalysts 

However no difference in the total conversion and selectivity of the 2-acetylated product was 

observed with time indicating that the products formed are stable and can be further scaled 

up industrially. 

5.7.5 Effect of the amount of acetic anhydride 

Variation of molar ratio of naphthalene: acetic anhydride indicated that the conversion 

increased with increase in the concentration of acetic anhydride initially (Table 5.5) and then 

decreased with further increase in the ratio infers that the use of excess acetic anhydride may 

block the active sites of the catalyst, reducing the accessibility of the reactants to the catalytic 

surface. 
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Table 5.5 Effect of different amount of acetic anhydride on the conversion and  

         selectivity of acylation of naphthalene 

Naphthalene:Acetic 
anhydride 

Conversion 

(%) 
Product Selectivity 

(%) 
A                       B 

1:1 23 94 6 

1:2 11 95 5 

1:0.5 5.2 95 5 
                           Conditions as in Table 5.3 

5.7.6 Reusability 

In order to see the reusability of the catalyst SBA/PPA (in-situ), the catalyst after first cycle 

was filtered washed thoroughly with solvent acetone and finally with water, dried at 150oC in 

the air oven and subjected to fresh reaction under identical reaction conditions. No difference 

in the activity and selectivity was observed up to three cycles (not tested further) indicating 

the promising use of these catalysts. The structure of the catalyst was retained after the 

reaction which was evident from the comparison of FT-IR spectrum (Figure 5.12) of the used 

catalyst with the starting one. 
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       Figure 5.12  FT-IR spectra of (a) PPA (b) After first run and (c) after second run of     

       SBA/15(d) catalyst 
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5.7.7 Plausible Mechanism 

The mechanism of acylation of naphthalene (Scheme 5.2) proceeds via protonation of acetic 

anhydride which cleaves to form acylium ion.  
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Scheme 5.2 Plausible Mechanism 

We presume that acylium ion formed gets stabilized by polymeric PPA via H-bonding and 

reacts with the nucleophilic center of naphthalene i.e. at 1 or 2-position. Moreover the 

reaction can follow two pathways either I or II but the pathway II is the major one that is 

followed in the present catalytic studies. This may be due to the better stability of the 

transition state2 due to ring like structure. However Pathway I can also be adopted by the 
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reaction because of the allylic carbocation stability of transition state I which is also 

confirmed by product selectivity. Furthermore this acylation reaction at β or 2-position is 

believed to be a second order reaction. 

5.8 Conclusions 

1. SBA/PPA nanocompsites with different amount of acidity were synthesized by two 

different methodologies by direct in-situ and post impregnation methods.  

2. SBA/PPA catalysts were characterized by PXRD, N2 adsorption desorption, EDXRF, FT-

IR, SS-NMR, TPD, SEM and DSC techniques which showed that PPA was uniformly 

incorporated inside the framework of SBA-15. 

3. The catalytic activity results for liquid phase acylation of naphthalene over SBA/PPA 

nanocomposites synthesized by in-situ method showed very high activity and selectivity 

of the 2-acylated product. 

4. Proper tuning of these SBA/PPA, mild acid catalyst may pave the way for other acid 

catalyzed reaction which are commercially important. 
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6.1 Introduction 

In continuation of our work to develop solid mild acid catalyst, SBA-15 was functionalized 

with chloroacetic acid via post-synthetic grafting method1. Grafting of chloroacetic moiety 

on to the surface permits more accessibility of catalyst to the reactants and provides better 

activity and selectivity in a reaction2, 3. In addition the covalent nature of the attachment 

achieved by grafting method can be exploited to increase the catalyst’s stability. Therefore 

the present chapter aims at the synthesis and characterization of chloroacetic acid 

functionalized catalyst for the knoevenagel condensation of cinnamaldehyde with 

ethylcyanoacetate. 

6.2 Knoevenagel Condensation of cinnamaldehyde with ethylcyanoacetate 

Knoevenagel condensation was chosen as a model reaction for investigating the catalytic 

property of SBA-15 functionalized with chloroacetic was chosen. Knoevenagel condensation 

is one of the most useful C–C bond forming reactions for the production of fine chemicals4. 

The products of this reaction5 e.g. ethyl (4E)-2-cyano-3-hydroxy-5-phenylpent-4-enoate have 

important applications in photosensitive composition and act as an intermediate for plant 

growth regulators 6. Ethyl α-cyanocinnamates or phenylcinnamate’s with alkoxy or hydroxyl 

substituents in the arenes are used in ultraviolet filters composition for protecting light-

sensitive foods, wood-products7, paper, dyes, fibers, plastics, cosmetics and fragrances 8-10.  

Several heterogeneous catalysts including oxides, zeolites11, ammonia, organic amines12, 

hydrotalcite in ionic liquid media13, 1,8-diazabicycloxx[5.4.0]undec-7-ene (DBU)14, ZnCl2 
15, 

CdI2 
16, KSF montmorillonite17and KF-Al2O3

18 have been reported for this interesting 

reaction. However, no report is available for chloroacetic acid (pKa = 2.85) functionalized 

SBA-15 mesoporous materials for the selective synthesis of phenylcinnamate’s (A, Scheme-

2).  

6.3 Synthesis of chloroacetic functionalized SBA-15 (SBA/CA) 

 The synthesis of SBA was carried out in accordance to the earlier reports19 using Pluronic 

(P123) (EO20PO70EO20, MW = 5800, Aldrich) as surfactant and TEOS as the silica source in 

Chapter 3 20.  

Chloroacetic acid was incorporated via post synthetic grafting technique into the silica 

framework (Scheme 6.1). Typically, to 1g of SBA-15, 10ml of amino-propyltriethoxysilane 
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(APTS) was stirred in dry toluene (20ml) under inert atmosphere (Scheme 1). The product 

SBA/APTS was filtered and exhaustively washed with ethanol in Soxhlet extractor for 24h. 

SBA-15 functionalized with APTS was dried under vacuum and used further for 

functionalization with dichloroacetic acid. Typically, 1g of SBA/APTS was mixed with 1ml 

of dichloroacetic acid (equivalent amount) in 15 ml of triethylamine (acts as a solvent for 

neutralizing HCl generated during the functionalization) and refluxed for 24h under stirring 

conditions. Finally chloroacetic acid functionalized SBA-15 (light brown coloured) was 

filtrated and washing thoroughly with dil HCl and water. No color change was observed in 

Ninhydrin test confirms the functionalization of SBA-15 with chloroacetic (absence of free 

primary amines). The sample was named as SBA/CA. 

 

Si
O

O

O

NH2

Si
O

O

O

NH

Cl

COOH

Et3N

Dichloroacetic acid

 

Scheme 6.1 Functionalization of SBA-15 with chloroacetic acid 

6.4 Physiochemical Characterizations  

6.4.1 PXRD 

 PXRD pattern of the samples at low angles (Figure 6.1) showed the diffraction pattern similar 

to SBA-15 sample.  The diffraction at (100), (110), and (200) planes can be indexed to 

reflections comprising of hexagonal p6mm space group indicating that the materials possess 

the ordered mesoporous structure3, 19. The intensity of the base peak in SBA/CA was lowered 

compared to pure SBA-15 indicating that chloroacetic acid has been incorporated into the silica 

framework.  
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Figure 6.1 PXRD pattern of a) SBA-15 and b) SBA/CA catalysts. 

6.4.2 N2 Adsorption-Desorption studies 

The specific surface area was calculated by the BET method and the pore size distribution was 

calculated by Barrett–Joyner–Halenda (BJH) method from the desorption isotherm of the 

sample.  

0

0.02

0.04

0.06

0.08

0.1

0.12

0 200 400 600 800

Pore Diameter(Å)

d
V

/d
lo

g
(D

)P
o

re
 V

o
lu

m
e(

cm
³/

g
).

Å
   

 . 
   

 

.

0.2 0.4 0.6 0.8 1.0

20

40

60

80

100

120

140

Q
ua

nt
ity

 A
ds

or
be

d 
(c

m
³/g

 S
TP

)

Relative Pressure (P/Po)

 

Figure 6.2 N2-adsorption –desorption isotherm and pore size distribution of SBA/CA 
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The nitrogen adsorption-desorption isotherm (Figure 6.2) of  the catalysts showed a type IV 

adsorption isotherm according to IUPAC classification 3, 21, with a sharp capillary condensation 

step at relatively high pressure with an H1 hysteresis loop indicative of  mesoporous nature of 

the samples.  

Table 6.1 Structural parameters of SBA/CA catalyst 

Catalyst Pore Size 
BJHAds 

(nm) 
 

Pore Volume 
(cm3/g) 

Surfacearea 
(m2/g) 

SBA-15 8.4 1.2 656 

SBA/CA 5.6 0.18 129 

 

The shape of the isotherm is slightly tilted indicative of little strain generated during 

incorporation of chloroacetic acid inside the silica framework. The surface area, pore volume 

and pore diameter decreased with the incorporation of chloroacetic acid, indicating that the 

chloroacetic acid has been incorporated inside the SBA-framework (Figure 6.2 and Table 6.1). 

The particle size of the SBA/CA is 46nm. All the structural parameters of the catalysts are 

included in Table 6.1.  

6.4.3 SS-NMR 

 The incorporation of chloroacetic acid into the silica framework was further confirmed by 13C 

CPMAS SS-NMR (Figure 6.3).  The spectrum of SBA/CA showed five types of carbon. The 

peak at 173 ppm indicates the presence of deshielded carbon due to the carboxylic acid carbon.  

The peak at 66ppm with low intensity indicates the presence of C1 in chloroacetic acid group. 

Furthermore, the three peaks at 41,20 and 8 ppm indicates the presence of aminopropyl group 

to which chloroacetic acid group is attached. 
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Figure 6.3 13C CPMAS NMR spectra of SBA/CA catalyst. 

6.4.4 Energy Dispersive X-ray Fluorescence Spectrometry (EDXRF) 

The amount of loading of chloroacetic acid in SBA-15 was estimated by EDXRF. The 

spectrum (Figure 6.4) was analyzed to obtain the number of Cl Kα counts per second and to 

determine the chlorine content in SBA/CA catalysts.  

 

Figure 6.4  EDXRF spectrum of chlorine in SBA/CA. 

The chlorine content present in the SBA/CA was 0.329% and is in agreement with the 

theoretical calculations 
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6.4.5 FT-IR 

The FT-IR spectrum (Figure 6.5) of the SBA/CA showed the presence of the peak at 3604 

cm-1 for O-H stretching in COOH group while peak at 1674 cm-1 indicates the presence of 

C=O stretching similar to chloroacetic acid (CA). Furthermore the peak at 1250 cm-1 

confirms the presence of C-Cl stretching bond. The stretching frequencies were well 

correlated with neat cloroacetic acid indicating the incorporation of acidic moiety inside the 

silica framework. 
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Figure 6.5 FT-IR spectra of a) chloroacetic acid and b)SBA/CA. 

6.4.6  Temperature Programmed Desorption (TPD) of SBA/CA 

Acidity of the catalyst was measured by TPD (NH3) method and the number of acidic sites 

(Figure 6.6) was found to be 24.2µmol/g indicating the low acidity content on SBA/CA 

catalyst. 
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Figure 6.6 Temperature Programmed Desorption (TPD) of SBA/CA. 

6.5 Catalytic Studies 

The catalytic activity studies were carried out in the liquid phase for Knoevenagel 

condensation (Scheme 6.2). 1mmol of cinnamaldehyde and 1.2 mmol of ethylcyanoacetate 

were stirred at 1000C in glass reactor. The desired amount of the catalyst (10-200mg) was 

added to the reaction mixture under inert atmosphere and the reaction was monitored for 12h. 

The products of the reactions were confirmed with authentic samples (prepared under 

homogeneous conditions) on TLC. After the completion of the reaction, the catalyst was 

filtered and washed with acetone. The solvent was evaporated and finally the product was 

isolated from the reaction mixture using ethanol and water. The solid product obtained was 

dried in vacuum and weighed to obtain isolated yield.  

+ CH2(CN)COOEt

OH

CN

COOEt
+

CHO

NC COOEt

CHO

A B

ethyl (4E)-2-cyano-
3-hydroxy-5-phenyl
pent-4-enoate

ethyl 2-cyano-
5-oxo-3-phenyl
pentanoatecinnamaldehyde

SBA/CA

100 °C

 

Scheme 6.2 Knoevenagel condensation of cinnamaldehyde with ethylcyanoacetate 
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6.5.1 Effect of the different catalysts 

The catalytic activity of SBA/CA was investigated for knoevenagel condensation of 

cinnamaldehyde with ethylcyanoacetate in liquid phase (Scheme 6.2). The catalytic activity 

results showed 98% conversion with 96% selectivity of desired product (A). The catalytic 

activity and selectivity was also compared with chloroacetic acid (homogeneous conditions) 

under similar reaction conditions. No difference in the activity was observed however very 

low selectivity (75%) of the desired product (A) was obtained under homogeneous conditions 

corroborating our endeavor to heterogenize the chloroacetic acid in SBA-15.   The increased 

product selectivity over SBA/CA is attributed to the high surface area and better dispersion 

of active sites on hetrogenization of chloroacetic acid (Table 6.1). It is important to mention 

here that 18% activity was observed without catalysts (blank) and 20% conversion was 

obtained with SBA-15 catalyst indicating that more acidic centers are required for the higher 

conversion of reaction. The blank or with SBA-15 activity (18-20%) may be due to the high 

electrophilic nature of the reactant cinnamaldehyde which was not observed for other 

substituted aldehydes. 

 

Table 6.2 Variation of conversion of products over different catalysts. 

Catalyst Surface 
area (m2/g) 

 aConversion 
       (%) 

Product 
Selectivity 

(%) 
 

   A               B         

bYield 
(%) 

Blank - 18 91 8 15 
SBA-15 656 20 90 10 14 

CA - 95 75 20 65 
SBA/CA 129 98 96 4 93 

           Conditions: 1mmol- cinnamaldehyde, 1.2 mmol- ethylcyanoacetate, Temp- 1000C,   
        SBA/CA catalyst-100mg.  
            a %Conversion is based on total products formed. 
            b isolated yield of desired product (A) 
        CA –stands for chloroacetic acid 

6.5.2 Effect of the solvent 

The variation of different solvents (Figure 6.7) infers that the highest activity and selectivity 

can be obtained under solvent free conditions.  
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Figure 6.7 Effect of different solvents on the conversion of product (A). 

Careful examination of the solvent concludes that the conversion of the product increased 

with increasing polarity of the solvent. However lower activity was observed using non polar 

solvents. This may be due to better stabilization of transition state in polar solvents than in 

non-polar solvents. We believe that ethylcyanoacetate, because of its high polarity itself, may 

act as a solvent and stabilize the transition state in a better way to generate the desired 

product.  

6.5.3 Effect of the catalyst weight 

Table 6.3 showed the effect of catalyst weight on the conversion of product (A).  

Table 6.3 Effect of catalyst weight on the conversion of product (A) over SBA/CA 

      catalyst. 

Catalyst Weight Conversion 
       (%) 

        Product Selectivity 
                   (%) 
       A                        B 

Yield (%) 

200 100  98 2 95 
100 98   96 4 93 
75 90 92 6 85 
50 85 91 6 78 
25 82 91 5 74 
10 57 90 7 50 

            Conditions as in Table 6.2 
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The results concluded that the conversion and the selectivity of the product (A) increased 

with increase in the weight of the catalyst and maximum conversion can be achieved with 

200mg of the catalyst within 2h. However, 100mg of the catalyst was selected for carrying 

out further studies. 

6.5.4 Effect of reaction temperature 

Figure 6.8 showed the effect of temperature on the conversion and selectivity of ethyl (4E)-2-

cyano-3-hydroxy-5-phenylpent-4-enoate (A). The results concluded that the conversion of 

the product (A) and the selectivity of the product increased with increase in the temperature 

up to 1000C and maximum conversion is achieved within 3h. Remarkable effect on product 

selectivity was observed at lower temperature wherein selectivity of product (A) is reduced. 

This may be due to the high electrophilic nature of transition state (C) at higher temperature 

compared to transition state (D) at lower temperature (Scheme 6.3) indicating the influence 

of thermodynamic vs kinetically controlled product.  
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Figure 6.8  Variation of reaction temperature on the conversion of product (A) over 

SBA/CA catalyst. 
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Scheme 6.3  Transition States 

6.5.5 Time on stream studies (TOS) 

Time on stream studies (Figure 6.8) also indicates that the total conversion increased with 

increase in the reaction time at all temperatures. Although maximum conversion is achieved 

within 3h at 100oC yet the reaction was allowed to proceed for 24h to check the formation of 

secondary products (either through product decomposition or inter conversions of the 

products). However no difference in the activity and selectivity was observed after 24h 

indicating the promising use of the catalyst. . 

6.5.6 Plausible Mechanism 

The probable mechanism (Scheme 6.4) for the synthesis of ethyl (4E)-2-cyano-3-hydroxy-5-

phenylpent-4-enoate (A) selectively over SBA/CA is due to the kinetically controlled 

formation of intermediate C. The reaction proceeds via SN2 mechanism in concerted manner 

wherein intermediate C subsequently reacts with deprotonated ethylcyanoacetate which 

further leads to the formation of product (A).  

6.5.7 Reusability 

In order to check the heterogeneity of the catalyst, a hot filtration test was carried out. The 

catalyst SBA/CA, after the completion of the reaction, was filtered and washed thoroughly 

with acetone and water. The catalyst was dried and again subjected to fresh reaction. No 

significant (5-8%) difference in the activity and selectivity of the product was noted after 24h 

indicating the stability of the functional group in SBA/CA catalyst.  
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Figure 6.10 1H-NMR of product (4E)-2-cyano-3-hydroxy-5-phenylpent-4-enoate 

6.5.8 Effect of the different aldehydes 

The interesting results obtained on this model reaction were extended to different substituted 

aldehydes (Table 6.4) having the universal utility of their products in photosensitive or 

ultraviolet absorbing compounds.  

Table 6.4 Knoevenagel condensation of aromatic aldehydes with ethyl cyanoacetate   

                 using SBA/CA catalyst. (Conditions as in Table 6.2) 

 

 Reactants Products Conversion 

(%) 

Yield 

(%) 

Time 

(h) 

CH
CH
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93 
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Overall 88-96% conversion was noted with different aldehydes, however, the effect of the 

electronic environment could not be generalized.  

6.6 Conclusions 

1. Chloroacetic acid acid was post-synthetically grafted to SBA-15 to generate mild acid 

catalyst. The SBA/CA catalyst was characterized by standard characterization techniques 

PXRD, FT-IR, EDXRF, adsorption isorption and SS-NMR.  

2. The efficient protocol for the preparation of phenylcinnamate’s in liquid phase was 

reported with SBA/CA catalyst with very high activity, selectivity and product yield.  

3. The catalyst was optimized and further evaluated for the synthesis of other substituted 

aldehydes.  
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7.1 Introduction 

In the previous chapters, emphases were devoted to functionalize mesoporus SBA-15 

material with different moieties as a mild acid catalyst. In the same manner interest emerged 

to develop solid base catalyst by incorporating basic moiety piperazine in SBA-15 by direct 

functionalization and functionalization after surface modification. Having known that 

functionalization after surface modification can significantly alter the selectivity of the 

desired product, the surface properties of SBA-15 can be modified by in-situ growth of vinyl 

monomers into the mesopores of SBA-151. Therefore, the present chapter aims at the 

systematic synthesis and characterization of SBA-15/piperazine nanocomposites via different 

routes for the activity and selectivity of nitroaldol condensation. Furthermore, the structure-

activity relationships of these modified catalysts were studied and explained with mechanism 

7.2 Synthesis of β –nitro alcohols over Silica-Polymer nanocomposites functionalized 

with piperazine 

During the past few decades, many heterogeneous systems have been developed for acid 

catalyzed conversions compared to solid bases despite of having a decisive role in the 

synthesis of fine chemicals2. In fact 10-20% of the industrial processes such as 

isomerizations, additions, condensation, alkylations and cyclizations proceed selectively with 

higher rates by solid bases 3-6. Hence, the development of new one step, green and recyclable 

solid base catalytic systems is strongly encouraged7. Considering the solid base applications, 

amino-functionalized mesoporous silica materials8 were effectively designed either by 

grafting (post-synthetic) or co-condensation (direct during synthesis) methods to obtain 

organic-inorganic hybrid materials for many catalytic conversions8-11. Particularly, the 

introduction of primary and secondary aliphatic amino groups on mesoporous silica materials 

has also been widely reported for nitroaldol condensation or michael addition reactions10, 12-

14. Various methods were attempted to modify the surface properties of the silica framework 

and to achieve maximum selectivity of the products, but in almost all the methods, the 

resulting materials obtained were either non porous or disordered in nature15, 16.The surface 

modified amino functionalized ordered mesoporous silica were also reported for 

Knoevenagel condensation 17. 

Nitroaldol condensation is also a key reaction in the synthesis of β-nitroalkanols that 

are used as an extensively important intermediates in various organic transformations18, 19.    
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β-nitroalkanols can further be converted to obtain 2-aminoalcohols for intermediates in 

chloroamphenicol,20 ephedrine, norephedrine21, 22, drugs like S-propanolol23, 24 and to achieve 

amino sugars and ketones 25. However, selective synthesis of β-nitroalcohols from nitroaldol 

condensation is quite challengeable because of its predominant dehydration to nitro alkenes 

that are susceptible for further polymerization. Moreover the aldehydes in presence of strong 

base results in self condensation to give aldol product26. Therefore in order to overcome these 

difficulties, various primary and secondary amino groups were directly incorporated into 

MCM-41 materials12, 13 but, piperazine as a secondary cyclic amines has not been 

functionalized on to the surface modified SBA-15 materials via radical polymerization of 

monomers into the silica framework. The method of surface modification provides a 

powerful approach by ion-pair mechanism in controlling β-nitroalcohol selectivity almost 

exclusively. 

7.3 Synthesis of SBA-15  

The synthesis of SBA-15 is carried out using Pluronic (P123) (EO20PO70EO20, MW = 5800, 

Aldrich) and TEOS as the surfactant and silica source respectively27. In a typical synthesis 

batch with TEOS, 3 g of P123 was dissolved in 100 g of distilled water and 5.9 g of conc. 

HCl (35%). After stirring for 1h, 7.3 g of TEOS (ACROS, 98%) was added at 35oC 

maintaining the molar ratio of P123: H2O: HCl: TEOS as 1: 5562.9:86.29: 42.51and stirring 

for 24h. Subsequently the mixture was heated for 24 h at 100oC under static conditions in a 

closed polypropylene bottle. The solid product obtained after the hydrothermal treatment was 

filtered and dried at 80oC. The template was removed by calcinations at 550 oC for 6h. 

7.4 Synthesis of direct functionalized SBA-Piperazine catalyst (SBA/PP) 

Piperazine was incorporated via post synthetic grafting technique. Typically, to 1g of SBA-

15, 10ml of 3-chloropropyltriethoxysilane (CPTS) was stirred in dry toluene (20ml) under 

inert atmosphere (Figure7.1). The product SBA/CPTS was filtered and exhaustively washed 

with ethanol in Soxhlet extractor for 24h. SBA-15 functionalized with CPTS was dried under 

vacuum and used further for functionalization with piperazine. Typically, 1g of SBA/CPTS 

was mixed with 1g of piperazine in 15 ml of triethylamine (acts as a solvent for neutralizing 

HCl generated during the functionalization) and refluxed for 24h under stirring conditions. 

Finally piperazine functionalized SBA-15 was filered and washed thoroughly with dil HCl 
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and water. The functionalization of SBA-15 with pierazine was further confirmed by 

ninhydrin test that changed the color of solid from white to pink. The sample was named as 

SBA/PP. 
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80 °C

N
H

N
H

O

O
O

Si N
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SBA/PP  

Figure 7.1 Direct functionalization of SBA-15 with piperazine (SBA/PP) 

7.5 Synthesis of SBA-Polymer nanocomposites (SBA-PS) functionalized with piperazine            

(SBA/PS/PP). 

The synthesis methodology of SBA/PS (Figure 7.2) involves the incorporation of vinyl 

monomers (4-chloromethylstyrene and divinyl benzene), cross linkers and radical initiators 

into the SBA-15 mesopore walls via the wet-impregnation method and equilibrated under 

reduced pressure to achieve a uniform distribution 1. The monomers adsorbed on the 

mesopore walls were subsequently polymerized with temperature programmed heating. 

Typically, for 10 wt% polymer loading, 0.0827 g of 4-chloromethylstyrene (CS) (80 mol %), 

0.0175 g divinylbenzene (20 mol %), 0.0065 g of AIBN, a, a-9-azoisobutyronitrile (3% 

relative to the total vinyl group) were dissolved into 2 ml of solvent (dichloromethane). The 

role of 

 4-chloromethylstyrene is to make the nature of the surface more hydrophobic and 

functionalize piperazine by replacing chloro groups in polymer. After impregnating the 

solution, the sample was heated to 40oC to remove the dichlorobenzene and subjected to 

freeze–vacuum–thaw to remove the residual solvent and air.  

The sample was sealed in a pyrex tube and subjected to control temperature programming for 

polymerization. The temperature scheme follows 45oC for 24 h, 60oC for 4 h, 100oC, 120oC 

and 150oC for 1 h.  
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Figure7.2 SBA-15 Polymer nanocomposites (SBA-PS) functionalized with piperazine. 

Finally the polymer was washed with ethanol to remove the adsorbed monomers. Similarly 

30 wt% and 20wt% polymer loading over SBA-15 was carried out. The polymer loaded 

samples were further subjected to functionalization with piperazine. The sample was named 

as SBA-xPS where x stands for wt% polymer loading. In a typical synthesis of 

SBA/PS/piperazine 1g of SBA-xPS was refluxed with 420mg of piperazine in presence of 

10ml of triethylamine for 24h.The solid was filtered and washed well initially with dil HCl 

and then thoroughly with water to remove unreacted  piperazine. Finally the samples were 

named as SBA-xPS/PP where PS stands for polymer and PP stands for piperazine. 

7.6 Physiochemical Characterizations  

7.6.1 PXRD 

 PXRD pattern of the samples at low angles (Figure7.3) showed the diffraction pattern 

similar to SBA-15 sample.  The diffraction at (100), (110), and (200) planes can be indexed 

to  reflections comprising of hexagonal p6mm space group indicating that the materials 

possess  the ordered mesoporous structure and piperazine has been uniformly incorporated 

into the framework27. A careful examination of the spectrum showed the increase in the 

intensity of the base peak in SBA-(10)PS/PP catalyst compared to the SBA/PP catalyst due to 
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the polymer formation inside the mesopores of silica materials resulting in an increase in the 

apparent density of the mesopore walls28.  
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Figure7.3 PXRD pattern of (a) SBA-(10)PS/PP and (b) SBA/PP catalysts 

7.6.2 N2 Adsorption-Desorption studies 

The nitrogen adsorption-desorption isotherm (Figure7.4) of the catalysts showed a type IV 

adsorption isotherm according to the IUPAC classification with H1 hysterisis loop29 

indicative of mesoporous nature of the samples 30 

Table 7.1 Structural parameters of the SBA/PP catalysts. 

Entry Materials Surface 
area 
(m2/g) 
 
 

Pore 
Volume 
(cm3/g) 

Pore  
Size 
BJHAds 
(nm) 
 

1. SBA-15 678 1.2 8.2 

2. SBA/PP 76 0.16 7.7 

3. SBA/(10)PS/PP 294 0.32 5.1 
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Figure 7.4 N2-adsorption –desorption isotherm of (a) SBA-(10)PS/PP and (b) SBA/PP 

catalysts 

The shapes of the isotherms are slightly deviated from the parallel shape due to the strain 

generated in the mesopores of SBA-15 during the incorporation of piperzine moiety.The 

surface area, pore volume and pore diameter decreased with the incorporation of piperazine, 

indicating that the piperazine has been incorporated inside the SBA-framework. All the 

structural parameters of the catalysts are included in Table 7.1. 

7.6.3 SS -NMR 

The incorporation of piperazine into the silica framework was further confirmed by 13C 

CPMAS SS NMR.  The spectrum of SBA/PS  (Figure 7.5) showed peaks at 128, 139 and 120 

ppm indicating the presence of aromatic carbons of the polymer resulted from the monomers 

4-chloromethyl styrene and divinyl benzene 31. The peak at 25ppm shows the presence of the 

carbon directly linked to mesoporous silica (-CH2-Si) 32. Furthermore piperazine linkage to 

polymeric chain was indicated by sharp peak at 48.3 ppm (CH2 piperazine) 33. 

The intensities of peaks were not recognized fully because of the different concentration of 

piperazine in SBA/PP and SBA-(10)PS/PP catalysts. However, the peaks obtained were 
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sharper in direct functionalized piperazine 33, 34 compared to the polymeric derived SBA-

PS/PP catalysts. 

 

Figure7.5 13C CPMAS NMR spectra of (a) SBA/PS and (b) SBA-(10)PS/PP catalysts. 

The post-synthetic grafting of chloropropyltriethoxysilane was confirmed by 13C magic angle 

spinning (MAS) NMR. NMR spectrum of the CPTMS/SBA-15 samples showed the presence 

of three main peaks at 9.3, 25.8 and 46.3 ppm respectively corresponding to three carbon 

atoms of chloropropyl SBA-15 sample. 

 

Figure 7.6 13C CPMAS NMR spectra of A) SBA/CPTS and B) SBA/PP catalysts. 

 

The presence of peak at 15 and 58ppm indicates the presence of residual ethoxy groups of 

TEOS 34. Furthermore the functionalized chloropropyl on SBA-15 was further linked with 

piperazine (SBA/PP) which was confirmed by SS-NMR (Figure 7.6). 13C CPMAS NMR of 
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SBA/PP catalyst showed five peaks at 8.7, 17, 41, 47 and 59 ppm. The two signals assigned 

at 47ppm and 59 ppm for piperazine carbon is attributed to different chemical environment of 

carbon in piperazine moiety attached to SBA-15 33 .The peak at 59ppm is not intense which 

may be due to the quadrapolar coupling of carbon with nitrogen. 

7.6.4 Scanning Electron Microscopy (SEM)  

The SEM images (Figure 7.7) of SBA/PS/PP (10%) and after piperazine incorporation in SBA-

(10%) PS/PP showed the rod shape particles with relatively 1µm uniform size. These rod 

shaped structures are uniformly dispersed on ordered mesoporous silica material resulting in 

better activity and selectivity of the β –nitroalcohols. 

 

 

Figure 7.7  SEM image of SBA-(10)PS/PP. 

7.6.5 FT-IR 

The FT-IR spectrum (Figure7.8) showed a broad peak around 3500cm-1 in all the samples 

confirming the presence of N-H stretching of secondary amine (piperazine) incorporated into 

the mesoporous SBA-15 framework. 
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Figure 7.8 FT-IR spectra of piperazine a) PPA (neat), b) SBA/PP and c) SBA-(10)PS/PP 

catalysts. 

7.6.6 Basicity Measurements 

The number of basic sites on the catalyst surface was determined by Hammett indicators 

including bromthymol blue (H= 7.1), phenol red (H= 7.4), cresol purple (H= 8.3), thymol 

blue (H= 8.9), phenolphthalein (H= 9.7), and alizarine yellow (H= 11.0). Soluble basicity 

was also determined by stirring 500mg of SBA/PP and SBA/PS/PP with 0.02M HCl solution 

for 12h and finally unadsorbed H+ ions were titrated with Na2CO3.  

Basicity of the catalyst was calculated by Hammett indicator method and found in range of 

8.3<H0<11. The number of basic sites was also determined by the titration method; 200mg of 

the varied catalyst prepared were stirred with 10ml of 0.02mol/l of HCl for 12h and the 

solution was filtered from the catalyst. The residual H+ ions were titrated with 0.02mol/L of 

Na2CO3 to obtain the amount of HCl adsorbed on the piperazine functionalized SBA-15. The 

basicity of SBA-PP catalyst was found to be lower compared to the SBA-PS/PP catalysts 

(Figure 7.9). This may be due to the better dispersion of the piperazine moiety after the surface 

modification in polymeric derived catalysts. 
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Figure 7.9 Basicity of SBA-Piperazine catalysts 

7.7 Catalytic Studies 

Nitroaldol reaction (Scheme7.1) was chosen as model reaction in liquid phase and investigated 

over piperazine functionalized catalysts prepared by different methodologies. To evaluate the 

catalytic efficiency of the synthesized catalyst SBA/Pip and SBA/PS/Pip the reaction of p-

nitrobenzaldehyde with nitroethane was examined.  

O2N

CHO

+ EtNO2

O2N

OH

NO2

CH3

+

O2N
NO2

CH3

+

NO2

NO2

O2N

CH3

CH3
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Scheme 7.1 Nitroaldol Condensation 

Synthesis of β -nitroalcohols 

The catalytic activity studies were carried out in the liquid phase. 3mmol of p-

nitrobenzaldehyde and 5ml of nitroethane were mixed at 65oC (Scheme7.1). The desired 

amount of the catalyst (10-500mg) was added to the reaction mixture under inert atmosphere 

and the reaction was monitored for 24h. The products of the reaction were identified by gas 

chromatography after considering the response factors of the authentic samples using n-

decane as internal standard. After the completion of reaction, catalyst was filtered and 

washed with solvent. Product was isolated using column chromatography using ethyl acetate: 

Hexane (2%). The melting point of the sample was also in agreement with the literature. 
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7.7.1 Effect of the different catalysts 

Table 7.2 showed the total conversion and the selectivity of the desired product (A) for 

nitroaldol condensation (Scheme7.1). Careful analysis of the results revealed very high 

conversion of the products (92%) with 95% selectivity of the product (A) on SBA-(10) PS/PP 

catalyst. The catalytic activity decreased with increase in the percentage loading of the 

monomers up to 30%. Comparatively lower activity (70%) and selectivity (85%) of the desired 

product (A) was obtained over direct functionalized SBA/PP catalysts. This may be due to the 

higher surface area and better dispersion of the active centers inside the surface modified 

catalyst compared to the direct grafted catalyst (Figure 7.2).  

Table 7.2 Effect of different catalyst on the conversion of nitroalcohol 

           Conditions:  3mmol (p-nitrobenzaldehyde), 5ml (nitroethane), temp-65°C, time (24h)   
       and catalyst wt (200mg). 
      a % conversion is based on total products. 
 

It is to be mentioned here that only 63% conversion of the products and 70% selectivity of the 

desired product was obtained on pure piperazine (homogeneous) indicating the effect of the 

surface modification or heterogenization of the silica framework in controlling the overall 

selectivity of the product(s).  The higher product selectivity of the nitroalcohol is in agreement 

with earlier reports wherein the secondary amine preferentially gives nitroalcohol over 

nitrioalkene 12, 13. The best catalyst SBA-(10) PS/PP was selected for further studies. The 

variation of the catalyst weight on the conversion of the products showed increasing trend on 

both the catalyst. Hence catalyst weight of 200mg is selected for further catalytic studies. 

Catalyst aConversion 
(%) 

Product Selectivity (%) 
 

A                  B                    C 
Piperazine 63 72 17 11 
SBA-15 0 0 0 0 
SBA-NH2 75 7 90 1 
SBA/Pip 70 85 12 3 
SBA-(30)PS/PP 80 96 4 0 
SBA-(20)PS/PP 85 98 2 0 
SBA-(10)PS/PP 92 98 2 0 
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7.7.2 Effect of the solvent 

To further optimize the nitroaldol condensation of p-nitrobenzaldehyde with nitroethane, 

different solvents were chosen to see the influence on total conversion of the products. A 

careful examination of solvents under study (Table 7.3) indicates that solvent free conditions 

are the best conditions to carry out reaction selectively with high conversions.  

Table 7.3 Effect of different solvents on the conversion and selectivity of the 

nitroalcohol  

Solvents SBA/PP  SBA-(10)PS/PP 

  Conv. (%) 

SBA/PP 

Product Sele. (%)      

A              B 

      Conversion 

              (%) 

SBA-(10)PS/PP 

Product Sele (%)

     A                B 

Nitroethane 70 85 12 93 98 2 

Ethanol 60 80 14 68 96 3 

Chloroform 46 90 5 60 97 3 

Tetrahydrofuran 35 82 10 38 96 3 

Acetonitrile 25 84 7 26 98 2 

Methanol 20 80 15 25 98 2 

    Conditions as in Table 7.2 

Higher conversion in nitroethane is attributed to its high dielectric constant 28.06 which helps 

to stabilize the transition state as well enhance the solubility of p-nitrobenzaldehyde (dielectric 

constant-20). The conversion and selectivity in other solvents depends on how reluctantly 

nitronoate ion is generated and stabilized by these solvents (Scheme 7.2). 
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Scheme 7.2 Stability of Nitronoate ion. 

7.7.3 Effect of the catalyst weight  

Figure 7.10 showed variation in yield of β–nitroalcohols with change in weight SBA/PP and 

SBA-(10)PS/PP catalyst. It was observed that the product yield increases with increase in 
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amount of both catalyst and maximum conversion was obtained with SBA-(10)PS/PP catalyst. 

This may be due to the hydrophobic nature of SBA/PS/PP catalyst due to the polymer coating 

on OMS. A careful examination of variation of weights showed that 10mg of the SBA/PS/PP 

also gave promising yields.  
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Figure 7.10 Effect of the catalyst weight on the conversion of β –nitroalcohols 

7.7.4 Effect of the reaction temperature 

Figure 7.11 showed the effect of temperature on the conversion and selectivity of nitro 

alcohol.  

30

40

50

60

70

80

90

100

110

30 80 130 180

Temp (C)

(%
) 

   
   

.  
   

 

% conv Pip SBA

% sele Pip-SBA

% conv PS-Pip-SBA

% sele Ps-Pip-SBA

 

Figure 7.11 Variation of conversion and selectivity of β- nitroalcohol with temperature 

The results concluded that the conversion of the products and the selectivity of nitro alcohol 

product increased with increase in the temperature up to 65oC and then decreased with 
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further increase in temperature. This decrease in the selectivity of nitro alcohol product (A) 

may be due to the formation of nitroalkene by dehydration of nitro alcohol at higher 

temperature. Hence the best temperature 650C was chosen for further catalytic activity 

studies. 

7.7.5 Time-on-stream studies 

Very interesting observations were observed on the conversion of the products with time. The 

initial kinetics of the reaction was faster in SBA-(10) PS/PP catalyst compared to SBA/PP 

catalysts indicating the influence of the surface modification (Figure7.12).  
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Figure 7.12 Variation of conversion and selectivity of β- nitroalcohol with time 

Secondly, the slight color change (colorless to brown) was observed in SBA/PP catalysts 

during the progress of the reaction indicating that the reactant molecules might be adsorbing 

on to the surface of silica and may be blocking the active sites of the catalyst, resulting in 

lowering the conversion of the products. However, no such color change was noted in the 

polymer grafted catalyst with the progress of the reaction indicating that the surface 

modification helps to avoid the adsorptions of the reactant molecules and hence enhancing 

the conversion of products 13. The catalyst after the completion of the reaction was washed 

thoroughly with nitroethane, solvents and with water. The catalyst was dried and still the 

color change of the catalyst was observed in SBA/PP catalysts.    
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7.7.6 Plausible Mechanism 

Mechanistically, we believe that piperazine functionalized SBA-15 both through direct and 

after surface modification selectively gives nitroalcohol via ion-pair mechanism14, 19. However, 

in direct functionalized piperazine, the formation of minor product nitroalkene (B, Scheme7.3) 

was also observed.  This selectivity difference resulting in the formation of nitroalkene may be 

due to the presence of residual silanol groups that remained after the silylation with 

chloropropyltriethoxysilane and hence follows the reaction pathway II 35. Comparatively, the 

surface modified piperazine, totally cap’s the silanol group and preferentially favors the 

reaction by pathway I in generating selectively nitro alcohol product (A). The reaction product 

was identified and characterized by FT-IR (Figure 7.13). 

7.7.7 Reusability 

In order to see the reusability of the catalysts SBA-(10) PS/PP, the catalyst after first cycle was 

filtered, washed thoroughly with chloroform, acetone and finally with water, dried at 150oC in 

the air oven and subjected to fresh reaction under identical reaction conditions. Not much 

difference in the activity and selectivity was observed up to two cycles (not tested further) 

indicating the promise use of these catalysts. 
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Scheme 7.3 Plausible Mechanism 
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Figure 7.13 FT-IR of β –nitroalcohol 

7.8 Conclusions 

1. SBA-15/PP nanocomposites were synthesized by functionalizing direct and after surface 

modification methods. The nanocomposites were characterized by PXRD, N2 adsorption-

desorption, FT-IR, SEM and SS-NMR. 

2. PXRD pattern and SS-NMR confirms the uniform incorporation ( retained mesoporous 

structural order)  and covalent linkage of piperazine respectively to SBA-15 framework 

3. The catalytic activity results for nitroaldol condensation over SBA/PS/PP catalysts 

showed very high activity and selectivity of β–nitroalcohols. The selectivity of the 

product could be fairly controlled by the degree of polymerization in the surface 

modification method. 

4.  The degree of surface modification by different methods may pave the role for different 

organic transformations. 
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8.1 Summary and Conclusions 

One of the key challenges in the field of heterogeneous catalysis is high yield and selectivity 

and to meet this goal nanoporous materials especially mesoporous material with pore size 

(>2nm) were found to be of profound interest. Traditional amorphous nanoporous materials 

such as silica gels, alumina, and activated carbons showed limited shape selectivity because 

of their textural porosity with broad pore size distribution. Hence mesoporous materials with 

high surface area, tunable pore sizes, flexibility of incorporation of organic moieties and 

better dispersion of active sites are immensely important and exhibit greater control over 

activity and selectivity. Selectivity of the reaction by these materials can further be enhanced 

by increasing the homogeneity of surface or through uniform distribution of active species 

over these materials. Therefore in order to achieve the above cited goals the present research 

work aimed at synthesis, characterization of hydrotalcite like materials and ordered 

mesoporous silica materials and to compare the different catalyst systems to gain insight on 

how the different mesoporosity’s generated affect the catalytic activity.  

      In the first part of the thesis emphasis were laid on the catalytic applications of 

Hydrotalcite like materials wherein the basic character of M(II)Al binary hydrotalcites were 

exploited  for the synthesis of an important drug phenytoin. The heterogeneous synthesis of 

phenytoin over calcined MgAl-HTlc was employed for the first time. The catalytic activity 

results showed very high conversions (80-95%) with high selectivity (90-95%) of the product 

phenytoin.  

So far, various redox-mediated transformations have been investigated over the transition 

metal containing hydrotalcites. However, copper in the sheets of HTlc were of particular 

interest owing to their selective oxidation behaviour. Therefore the potential use of CuMgAl- 

ternary HTlc was chosen for the first time for the oxidation of vanillin and benzoin. The 

catalyst yielded high conversions and selectivity of the desired product vanillic acid and 

benzil. No leaching of copper metal ions was observed during the course of the reaction 

which confirmed the reusability of the catalyst without any loss of activity.  

     In the second part of the thesis efforts were devoted to non-ionic surfactant templating 

approach for the fabrication of highly ordered mesoporous silica materials which results in 

exceptional properties i.e. large surface area, uniform pore size and flexibility to incorporate 

organic moiety or isomorphous substitution of metal ions in silica framework.  
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In the initial part of the work with OMS material, SBA-15 was impregnated with different 

amounts of Al. This mild heterogeneous catalyst SBA/Al was characterized by standard 

characterization techniques. The catalytic activity was investigated for the synthesis of 3,4-

dihydropyrimidine-2(1H)-ones in the liquid phase and resulted in very high conversion and 

yields of the products. 

In continuation to the previous studies polyphosphoric acid (PPA) was incorporated via 

different methodologies (insitu or direct) in SBA-15. Different strategies of catalyst synthesis 

were investigated for acylation of naphthalene. However low conversions (20-25%) of the 

product 2-acylnaphthalene with high selectivity (94%) over these mild SBA/PPA catalysts 

was detected. 

Having known such remarkable properties of OMS materials, the enlarged pore size (2-

15nm) of OMS was post–synthetically grafted with organic moiety dichloroacetic acid to 

obtain the organo-silica hybrid materials with mild acidity. The grafting approach for the 

synthesis of catalyst gave more stability and flexibility to the catalyst which resulted in high 

accessibility of the catalyst surface to the reactant molecules and overall resulted in high 

yields for knovenegenal condensation of cinnamaldehyde with ethylcyanoacetate. 

An alternate route for surface modification was employed through radical polymerization of 

the vinyl monomers into the silica framework. Cyclic secondary amine as a mild base was 

functionalized via post synthetic grafting and polymeric methods. The synthetic strategy of 

silica-polymer nanocomposite using vinyl monomers provided remarkable advantages of 

incorporating piperazine within the mesoporous silicas via the formation of a C-C bond 

rather than hydrolysis-susceptible siloxane bonds through direct funcionalization (without 

polymer). Structure activity relationships of synthesized catalysts via different methodologies 

were investigated for nitroaldol condensation. The new protocol for nitroaldol condensation 

over polymer nanocomposites resulted in very high conversions of β-nitroalcohol with very 

high selectivity. 
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8.2 Future Scope of the research work 

Mesoporous materials have shown credibility in the field of catalysis especially hydrotalcites 

like materials represents a more efficient and greener catalyst. As an alternative to the use of 

homogeneous alkali hydroxides or alkoxides, HTs offer precious advantages such as 

decreased corrosion of the reactor, ease of separation from the reaction medium, recycling 

possibilities. Forthcoming research especially tuning and optimising the basicity of the 

material: changing the nature and proportion of the cations, introduction of other charge 

compensating anions by exchange or  via the “memory effect”, changing the degree of 

hydration, application of thermal treatment, introduction of alkaline dopes on these materials 

and will further broaden their range of application as heterogeneous catalysts. 

             The development of ordered mesoporous silica via non-ionic surfactant templating 

approach has gained lot of attention. Non-ionic surfactants because of the low cost and 

absence of toxicity, hydrogen-bonding interactions with precursors and rich mesophase 

behaviors are effective templates in design and synthesis of mesoporous solids. Further 

explorations in the this field can be conducted to increase the pore size to 50 nm, and suitable 

block copolymers can be used to form hierarchical pores, and chiral pore channels in 

mesoporous silica. 

Further explorations will be conducted over the incorporation of multiple functional groups 

wherein synergistic catalytic effect of two different entities will be involved. The groups 

when act together will increase the rate of a reaction beyond the sum of the rates achieved 

from the individual entities alone. This strategy will encourage the site specifities and 

enantioselectivities. Moreover this co-operative catalysis will help us to understand and 

synthesize materials that are closer to enzymes. 

.  
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