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Chapter-1: General Introduction 
____________________________________________________________________________________ 

1.1. Introduction 

Cycloaddition and coupling (C―C, C―O, C―N, C―S etc., for example) are two 

important classes of atom-efficient reactions available to chemists for the synthesis of a 

variety of organic compounds of fine and pharmaceutical interest. Transition metals 

play an important role as catalysts in such organic reactions. They adsorb and activate 

the reactant molecules prior to formation of cyclized and coupled products. In recent 

times, there has been a growing concern to carry out organic reactions on solid, 

heterogeneous catalyst surfaces, as the surfaces have properties that are not duplicated 

in the solution or gas phase, entirely new chemistry may occur. Additionally, reactions 

over solid heterogeneous catalysts have the following advantages features: (1) it is 

often easy to isolate the product and separate the catalyst, and (2) the product 

selectivity is, often, higher over heterogeneous catalysts than on the related 

homogeneous catalysts. For these reasons, there has been a considerable interest in the 

design and development of efficient heterogeneous catalysts and benign catalytic 

processes. In this thesis, emphasis is given on discovering novel, solid catalysts for (1) 

cyclic / organic carbonates and carbamates synthesis utilizing carbon dioxide, and (2) 

carbon-carbon coupling Heck reactions.  

1.2. CO2 - Greenhouse Effect  

 Carbon dioxide (CO2) forms 0.034% of the air by volume. The total quantity 

of carbon present as CO2, carbonates and hydrogen carbonates in the earth’s 

atmosphere, hydrosphere and lithosphere has been estimated to be 10l6 tons [1]. Part of 

the CO2 is subjected to natural circulation processes that are influenced to some extent 

by man. Carbon dioxide and water are converted into carbohydrates and oxygen in 

plant chloroplasts; this photosynthetic process forms organic compounds from low-

energy carbon dioxide by utilizing sunlight. A rough estimate has indicated that ca. 200 
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billion tons of biomass is produced in this way per year. In terms of chemical 

throughput, photosynthesis is by far the most important synthetic process. The 

respiration of man and animals and the decomposition of organic substances return CO2 

to the atmosphere in comparable quantities and an equilibrium is, thus, set up [2]. This 

equilibrium has, however, been considerably shifted in recent years by the activities of 

man. The increasing demand for energy and the industrial revolution has led to 

increased combustion of fossil fuels (coal, oil and gas), forming carbon dioxide. No one 

can be sure to what extent this increased CO2 emission will affect our environment. 

There are many indications that the higher CO2 concentration in the atmosphere can 

alter the earth's radiation balance and thus, the world climate [3]. The CO2 levels in the 

atmosphere have risen by ca., 31% over the last 250 years and these concentrations may 

double or even triple in the next century.  

Greenhouse effect is the phenomenon in which earth’s atmosphere traps the 

heat from the sun and prevents it from escaping into the outer sphere. Earth’s 

atmosphere allows most of the sunlight falls on it to pass through and heat the surface. 

But the heat radiated from the heated surface cannot pass freely into space, because 

certain gases called “greenhouse gases” (such as CO2, CH4, O3, CFCs and H2O vapor) 

in the atmosphere absorb it. Thus they add to the heating of the atmosphere. The 

increasing levels of CO2 (1 ppm per year) are expected to increase the average 

temperature of the earth by about 2.5 K. This doesn't sound like much, but it could be 

enough for climatic changes.  

1.3. CO2 Utilization in Chemicals Synthesis  

Carbon dioxide recovered from flue stacks and oil wells can be sequestered in 

oceans in an effort to mitigate CO2. Alternatively, recovered CO2 can be used in value-

added chemicals synthesis. Presently, CO2 is used in beverage industry, fire 
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extinguisher technology, refrigeration, enhanced oil recovery and supercritical CO2 

extraction and cleaning. In inorganic chemical industry, it is used to manufacture 

Na2CO3 or NaHCO3 (the Solvay process), CaCO3, and other carbonates. CO2 is also 

used as an acid for the purification of water and in neutralization process. Totally, only 

0.7-1.0% of the produced CO2 is used, and the consumption of chemical industries is 

about 0.1%. There are several motivations for producing chemicals from CO2 

whenever possible.  

(1) CO2 is a cheap, non-toxic feedstock that can frequently replace toxic chemicals 

such as phosgene or isocyanates. 

(2) CO2 is a totally renewable feedstock compared to oil or coal. 

(3) The production of chemicals from CO2 can lead to totally new materials such as 

polymers. 

(4)  New routes to existing chemical intermediates and products could be more 

efficient and economical than current methods. 

(5)  The production of chemicals from CO2 could have a small but some positive 

impact on the global carbon balance. 

 As fossil fuels are being depleted and global warming is becoming severe, 

renewable energy (solar, electric, wind, hydroelectric, geothermal and biomass) and 

nuclear energy will become our primary energy sources. Of these future energy 

sources, only biomass produces fuels directly. The reduction of CO2 to methanol and 

methane and other carbon-based fuels using renewable energy sources or nuclear 

energy would provide a future energy distribution system based on high energy density 

liquid and gaseous fuels and without any net increase in atmospheric CO2. This would 

have a significant impact on future CO2 emissions, especially from the transportation 

sector. 
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 CO2 is generally considered to be a green or environmentally benign solvent. It 

is relatively non-toxic, non-flammable and naturally abundant. As such, CO2 has been 

suggested as a suitable replacement for organic solvents in a number of chemical 

processes [4].  

CO2

NH3

O

(i) PhONa

(ii) H+

H2 /CO

OH

COOH

O O

O

NH2CONH2

Fertilizers

Resins

Solvents

Hydroxy compounds

Asprin

CH3OH

 

Scheme 1.1. CO2-based commercial process in current practice. 

Approximately 110 megatons of CO2 are currently used for chemical synthesis 

annually [5]. There are only four industrial processes that are utilizing CO2: (1) urea, 

(2) salicylic acid, (3) cyclic carbonate & polycarbonate, and (4) methanol (Scheme 1.1). 

The largest of these uses is urea production, which reached approximately 90 million 

metric tons per year in 1997. Next pilot plant scale based utilization of CO2 is the 

production of methanol. In addition to these commercial processes (Scheme 1.1) using 

CO2 there are a number of reactions currently under study in various laboratories that 

hold promises (Scheme 1.2). These reactions differ in the extent to which CO2 is 

reduced during the chemical transformation [6]. Details of cycloaddition of CO2 to 

epoxide in the synthesis of cyclic carbonates and coupling reaction of CO2 to amines 

and alkyl halides in the synthesis of carbamates are discussed below in more detail. 
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CO2

H2

O

R

O O

O

R

O O

O

R

n
 

ROH

O O

O

R R

CH4
CH3 C OH

O

RNH2, R'X

RNH C OR'

O

OH
OH

COOHNH3

C

O

NH2 NH2

O O

    CnH2n-1OH
 CnH2n, CnH2n+2

CH3OCH3

                           Scheme 1.2. Chemicals synthesized from CO2. 

1.4. Synthesis of Organic Carbonates  

There are many possibilities for carbon dioxide to be used as a safe and cheap 

C1 component to produce useful organic compounds (Scheme 1.2). Organic carbonates 

may be divided into two groups viz., cyclic carbonates and linear carbonates. Organic 

carbonates have a large market value (1.8 Mt/year), as they can be used as solvents, 

selective reagents, intermediates (for the synthesis of pharmaceutical and 

agrochemicals), fuel additives and monomers for polymers [7]. These carbonates are 

commercially synthesized by the following methods.  
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Phosgenation method. In this method hydroxy compounds dissolved in large 

excess amount of anhydrous, inert solvent (ca., dichloromethane) are reacted with 

phosgene (COCl2) in the presence of excess pyridine at or below room temperature. 

Pyridine acts as an acid acceptor and reacts with phosgene forming an ionic adduct [8]. 

Nearly all the organic carbonates can be prepared by this method (Scheme 1.3). 

Symmetrical carbonates are obtained in one step, whereas unsymmetrical (alkyl aryl or 

substituted alkyl aryl) carbonates are obtained by a two-step reaction. Aromatic 

hydroxy compounds are much slower to react with phosgene than aliphatic hydroxy 

compounds [9]. The more acidic hydroxy compounds are less reactive toward 

phosgene. 

O

2 R OH + COCl2

CH2Cl2/pyridine

273 to 298 K
+ 2 Pyridine+ HCl

+R +

ROH + N H

 

+ -ClC
+N O R

 

O

-Cl

N + C+N O R

 

O

-Cl

Scheme 1.3. Phosgenation method for cyclic carbonate synthesis

HClR O C

O

Cl

OH OH

n

 
+ O O

O

n

 

Cl3CO OCCl3

O
CH2Cl2/pyridine

R O C OR

OH COCl2

R O C

O

Cl

R O C OR

O

 

For the preparation of cyclic carbonates from diol, phosgene can be substituted 

by compounds such as chloroformic acid, trichloromethyl ester (diphosgene) and 

bis(trichloromethyl) carbonate. For example, 1, 2- and 1, 3-diols are easily converted to 
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cyclic carbonates with triphosgene in CH2Cl2 and pyridine at 343 K [10]. Bisphenol-A 

is selectively converted to corresponding carbonates under pseudo-high-dilution 

conditions employing triethylamine catalyst [11]. A variety of carbonates useful as 

monomers for the preparation of high molecular weight polymers can be synthesized in 

very high yields by this method. However, the major drawback of this method of 

carbonates synthesis is that the process involves the use of highly toxic and hazardous 

chemicals like phosgene and pyridine. At the end of the reaction pyridine has to be 

neutralized and disposal of the byproduct salt is another major issue.  

Oxidative Carbonylation of Alcohols. Dialkyl carbonates can be synthesized by 

oxidative carbonylation of alcohols in the presence of transition metal compounds (in 

particular palladium, mercury, and copper) and post-transition metal compounds [12]. 

In the case of palladium and mercury, however, the reaction does not seem to be 

selective and involves reduction of the metal, which cannot be reoxidized directly. The 

reactivity of copper is of greater interest. Romano et al. [13] explored the synthesis of 

dimethyl carbonate by oxidative carbonylation of methanol using a copper salt such as 

copper chloride as catalyst. The reaction takes place in two steps, in which cuprous 

chloride is oxidized to cupric methoxy chloride and this is reduced with carbon 

monoxide to form dimethyl carbonate; cuprous chloride is regenerated (Scheme 1.4).  

Scheme 1.4

2 CuCl + 2CH3OH + 1/2 O2 2(CH3OCu)+Cl- + H2O

2(CH3OCu)+Cl- + H2O CO (CH3)2CO + 2CuCl+

 

Dimethyl carbonate is also produced by a continuous gas phase reaction of alkyl 

nitrites (RONO) with CO in the presence of a catalyst comprised of a platinum halide 

or a complex with alkali metal or alkaline earth metal halides [14]. Dimethyl carbonate 
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was produced in 70-80% yield with a selectivity in the range of 80-90%. Dimethyl 

carbonate is produced industrially by oxidative carbonylation of methanol by Enichem 

[15], Dow Chemical [16], and Ube Industries Ltd. Enichem synthesis produces 

dimethyl carbonate at 8800 tons/year [17]. 

Oxidative carbonylation of phenols with carbon monoxide and molecular 

oxygen is carried out in the presence of catalysts containing palladium compounds, 

alkyl ammonium halide, and an organic or inorganic base under a pressure of 4 - 30 

MPa, at 373 – 473 K, for 1 - 13 h (Scheme 1.5).  Diphenyl carbonate is obtained in 4 - 

30% yield with 90 - 96% selectivity [18]. Use of molecular sieves is also found to have 

favorable effect on yield and selectivity [19]. Diphenyl carbonate, in 39.5% yield, with 

99% selectivity, is produced by a continuous process, in a multistage distillation 

column, in which water formed in the reaction is removed as steam by distillation [20]. 

OH + CO + O22
Et3N, CuBr

Pd(CO)Br
CH2Cl2, mol sieves

O O

O

Ph Ph

+ H2O

Scheme 1.5
 

Lower basicity of phenols, expensive catalysts, low yields, and low catalyst 

turnover efficiencies precluded a commercial process based on oxidative carbonylation 

of phenols. In this context, it is generally acknowledged that the discovery of a 

convenient and less expensive route to diaryl carbonates would be a revolutionary 

development. 

Cycloaddition of CO2 to Epoxides - A Phosgene-free Synthetic Route. An 

efficient, eco-friendly route for the synthesis of cyclic carbonates involves 

cycloaddition of CO2 to epoxides (Scheme 1.6). This reaction is highly atom efficient. 
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There are several homogeneous and heterogeneous catalyst systems, which catalyze 

this cycloaddition reaction. 

Scheme 1.6

O
+ CO2 OO

O

 

(a) Quaternary ammonium salt, phosphonium salt and group I metal salts-

based catalysts. Simple quaternary salts such as alkyl ammonium and phosphonium 

halides are effective for cyclic carbonate formation from epoxide and CO2 [21]. Simple 

metal salts such as KCl and NaOH also catalyze this reaction. In the course of 

heterogenizing the catalysts, quaternary salts have been immobilized on resins and used 

as catalysts. BASF [22] and Chimei-Asahi Corporation (Taiwan) have recently 

announced commercial production based on these heterogeneous catalysts [23]. 

However, with the commercial quaternary ammonium salt catalyst, the reaction had to 

be carried out at high temperatures / pressures (30–80 bar) for high carbonate yields.  

 Rokicki et al. [24] have studied a variety of alkali metal salts alone and in 

conjunction with crown ether to catalyze the reaction of epoxides and CO2 to form 

cyclic carbonates. High yields of cyclic carbonates were detected. Polycarbonates did 

not form even after 24 h, at 393 K, and 40 bar of CO2.  

(b) M(II) Alkoxide and Carboxalate Catalysts. Among the group 12 metals, 

Zn(II) complexes have been the most studied [25]. In the light of initial success of a 

variety of Zn(II) species to catalyze the reaction of epoxide and CO2 to form 

polycarbonates, the bulk of research focused on Zn(II) chemistry. A variety of metal 

carboxalate or alkoxides were reported to catalyze polycarbonate synthesis at relatively 

mild temperatures (373 K) [26]. Coates et al [27, 28] reported asymmetric alternating 
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copolymerization with a well-defined Zn-imine oxazoline and β-diiminate zinc 

methoxide complexes, which showed higher activity under mild conditions.  These 

complexes offer new opportunities for control of molecular weight and block co-

polymer synthesis owing to the living nature of the copolymerization. A well-

characterized Et2Zn-amino alcohol complex was also studied for the copolymerization 

reaction [29]. Various proline derivatives with various substituents have a great effect 

on the catalytic activity and steroselectivity, suggesting that further optimization of the 

ligand structure would lead to an achievement of the improved catalyst [30]. 

(c) Schiff Base Complexes. Metal salen complexes catalyzed the cycloaddition 

reaction of CO2 to epoxides in the presence of organic bases like N-MeIm. Among 

several salen complexes, Cr(III)(salen)Cl, showed high activity and yielded both cyclic 

carbonate and polycarbonate depending upon the reaction conditions [31]. IR 

spectroscopy has differentiated these different carbonate compounds. Characteristic IR 

peak for cyclic carbonate was observed at 1800 cm-1 and for polycarbonates at 1750 

cm-1. Although weakly active compared to Cr(salen)Cl and Zn-imine complexes, 

Co(salcy)(OAc) catalyzes polycarbonate formation (with high polymer selectivity and 

excellent regio-selectivity) by alternative copolymerization of CO2 to epoxides even in 

the absence of a co-catalyst [32].  

(d) Porphyrine and Phthalocyanine Complexes. Tetraphenylporphinato 

aluminum methoxide, (TPP)AlOMe, in the presence of 1-methyl imidazole (1-MeIm) 

activates CO2 at room temperature and  reacts with epoxide to afford corresponding 

alkylene carbonates [33]. In addition, there have been a variety of other metals, which 

have been, to a lesser extent, investigated as potential catalysts for the coupling reaction 

to afford cyclic and polycarbonates. [34]. Co(III)TPP(Cl) showed 50 times higher 

activity than Co(II)TPP [35].  
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 Metallophthalocyanines, which have similar structural characteristics to that of 

metalloporphyrinates, also showed high activity for cyclic carbonates synthesis in the 

presence of Lewis bases such as tributylamine, 1-methylimidazole and 

triphenylphosphine [36].    

(e) Heterogeneous Catalyst Systems. There have been some efforts to develop 

solid catalysts for this reaction. Below are listed the solid catalysts reported so far for 

this reaction and their performance.  

Mg-Al mixed oxides (with Mg/Al = 5) obtained by calcination of hydrotalcites 

(673 K) showed high activity for the addition of CO2 to various epoxides under mild 

reaction conditions (CO2 pressure = 5 atm, reaction temperature = 373 K) [37]. Al and 

Mg act as acid-base sites and the catalyst is reusable. However, the reaction requires 

longer duration and large amount of catalyst. Additionally it requires solvent like DMF. 

MgO while retaining the stereoselectivity (99% ee) produced cyclic carbonate in 70% 

yield in the presence of DMF solvent [38]. Kim et al [39] reported the synthesis of 

ethene carbonate and propene carbonate over poly(4-vinylpyridine)-supported zinc 

bromides and iodides, however, the yields were only 30 – 60% (ethene carbonate) and 

8 – 10% (propene carbonate), respectively. He et al [40] reported the application of Al 

phthalocyanine covalently bonded to silica. Polymer-supported chromium porphyrin 

[41] has been reported as a recyclable catalyst for alternative copolymerization of 

cyclohexene and carbon dioxide. There has been a report on the use of guanidine 

anchored to MCM-41 [42]. Although, these catalysts were reusable they exhibited 

lower activity than the homogeneous analogues [43].  

(f) Ionic Liquids. Recently, the use of room temperature ionic liquids as 

environmentally benign media for catalytic processes or chemical extractions has 

become widely recognized and accepted. Room temperature ionic liquids have 
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negligible vapor pressure, excellent thermal stability and special characteristics in 

comparison with conventional organic and inorganic solvents. Several approaches were 

made to use them in cyclic carbonate synthesis [44, 45].  

Synthesis of Dimethyl Carbonate from CO2. Direct synthesis of dimethyl 

carbonate (DMC) from CO2 and methanol has been reported (Scheme 1.6). 

Organometallic complexes [46], and modified ZrO2 [47] have been employed as 

catalysts for this reaction. This method of DMC synthesis by a non-phosgene route 

utilizing CO2 is highly eco-friendly. However, thermodynamics limits the conversion of 

this reaction. DMC can also be synthesized from CO2 and ortho-esters [48] or acetals 

[120]. The disadvantage of this route is the high cost of the raw materials. 

O

R
+ CO2 + CH3OH O O

O

Me Me

+
OHOH

R

OO

O

R

+

Scheme 1.7
 

Alternatively, DMC can be synthesized in one-pot, directly from epoxides, 

methanol and CO2 (Scheme 1.7). Bhanage et al [49] reported the synthesis of DMC 

over various metal oxides and obtained propene oxide conversion of 96-99% but DMC 

selectivity was only 28% (at 8 MPa CO2 pressure and 423 K). On Mg-smectite [50] the 

selectivity improved from 28% to 36%. DMC synthesis from supercritical CO2, ethene 

oxide (EO) / propene oxide (PO), and methanol over different solid catalysts has been 

explored [51]. KI supported on ZnO showed high catalytic activity. The activity 

improved when K2CO3 was also present. Very high conversions of epoxides (96-99 %) 

and DMC selectivity (55-58 %) were obtained over K2CO3-KI-ZnO system [52]. 

Supercritial CO2 acts as reactant as well as a solvent. Efforts are still in progress to 
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develop more efficient catalysts for DMC synthesis from CO2 in a one-pot synthesis 

reaction. 

1.5. Synthesis of Carbamates 

The organic carbamates represent an important class of compounds. The 

carbamate group  –(OC(O)NH)- constitutes a typical structural feature of certain 

classes of natural products. Furthermore, -OC(O)NHR and related groups have 

frequently been used as control elements in the synthesis of natural products and their 

precursors. Carbamates find growing interest due to their broad application in several 

fields such as agrochemical industry [53], pharmaceutical industry [54] and polymer 

industry [55]. In agrochemical industry, carbamates are used as herbicides, fungicides 

and pesticides because they are rapidly detoxified and eliminated in animal urine and 

not concentrated in fat or secreted in the butter, fat or milk. More than billion pounds of 

polyurethanes are sold annually and they are used in the applications such as foams, 

coatings, adhesives, plastics and fibers. Of all the preparative methods evolved during 

the long history of carbamate chemistry, only the following have reached any 

commercial importance.  

Amination of Alkyl Chloroformate. The ammonolysis of an alkyl 

chloroformate is an excellent general laboratory method for the preparation of 

carbamate esters (Eqs. (1) and (2)). 

 ROH + COCl2  → ROCOCl + HCl                   (1) 

 ROCOCl + 2 NH3 → ROCONH2 + NH4Cl       (2)  

In the presence of a base, most of the alcohols react with phosgene to give the 

chloroformic ester, which reacts with ammonia or amine to form a desired carbamate. 

Another method is through the formation of isocyanate as an intermediate (Eqs. (3) and 

(4)) [56]. 
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           RNH2 + COCl2→ RNCO+ 2 HCl               (3) 

 RNCO + R’OH → RNHCO2R’            (4) 

Reductive Carbonylation of Nitro Aromatics. Even though this route (Eq. (5)) 

gave promising results, only one third of CO could be used efficiently, and the 

separation of CO from CO2 would increase the operation cost. Also, the presence of co-

catalyst gives rise to the corrosion problems and makes recovery of the catalyst 

difficult. [57]. 

                        RNO2 + 3 CO + R’OH → RNHCO2R’ + 2 CO2      (5) 

Oxidative Carbonylation of Amines. The reaction (Eq. (6)) is a costly process 

together with safety problems. The hazards in handling carbon monoxide and oxygen at 

high pressure make this route difficult to execute [58]. 

                        RNH2 + CO + O2 + R’OH → RNHCO2R’ + H2O    (6) 

Miscellaneous Methods. The commercial production of the urethanes is almost 

exclusively based on phosgene/isocyanate technology. However, due to the worldwide 

awareness of pollution hazards of phosgene and pollution prevention laws adapted by 

governmental agencies, it is most essential to substitute the existing technology by 

environmentally benign routes. Efforts have continuously been made for the 

replacement of phosgene route. The following show some promises. 

Carbamate synthesis has also been accomplished by several pot-reaction 

methods. 

(1) Hoffmann rearrangement from amides (Eq. (7)) [59] 

             RCONH2 + R’OH → RCO2NHR’       (7) 

(2) Reaction of chloroformates and amines catalyzed by zinc (Eq. (8)) [60] 

             RNH2 + ClCOOR’ → RNHCOOR’    (8) 
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Coupling Reaction of Amine, CO2  and Alkyl Halide. Recently, the use of CO2 

to replace phosgene has been attracting attention of research workers mainly due to its 

non-hazardous nature in handling under pressure. This method lies on the production of 

carbamate anion from the reaction of CO2 with primary amine (Scheme 1.8).  Reaction 

of this anion with various alkyl halides can yield the corresponding carbamate (Scheme 

1.8).  

Scheme 1.8

2RNH2 + CO2 RNHCOO- + RNH3
+

RNHCOO
-
+ R'Br RNH C

O

OR'

 

Strong organic bases, crown ethers and onium salts have been found to stabilize the 

carbamate anion [61]. In addition, ionic liquids and solid bases such as CsCO3 and 

K2CO3 have also been claimed to catalyze the carbamate synthesis through the anion 

route [62]. However, due to their lower activity very large quantity of such catalysts has 

to be used. Hence, there still exists a need for an efficient, solid catalyst for the 

phosgene-free synthesis of organic carbamates.  

1.6. Transesterfication 

Transesterification is a classic organic reaction frequently used by chemists for 

the preparation of esters. On some occasions, transesterification is more advantageous 

than ester synthesis from carboxylic acid and alcohols. For instance, some organic 

carboxylic acids are sparingly soluble in organic solvents and accordingly, difficult to 

subject to homogeneous esterification whereas esters are commonly soluble in organic 

solvents. The ester-to-ester transformation is particularly useful when the parent 

carboxylic acids are labile and difficult to isolate. Some esters especially methyl and 
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ethyl esters, are readily or commercially available and thus they serve conveniently as 

starting materials in transesterification.  

Transesterification is a crucial step in several industrial processes such as (i) 

production of higher acrylates from methylmethacrylate (for applications in resins and 

paints), (ii) polyethylene terephthalate (PET) from dimethyl terephthalate (DMT) and 

ethylene glycol (in polyester manufacturing), (iii) intramolecular transesterifications 

leading to lactones and macrocycles, (iv) alkoxy esters (bio-diesel) from vegetable oils, 

and (v) co-synthesis of dimethyl carbonate (an alkylating agent, octane booster and 

precursor for polycarbonates) and ethylene glycol from ethylene carbonate and 

methanol [63].  

Transesterification is a process where an ester is transformed into another 

through interchange of alkoxy moiety. Since the reaction is an equilibrium process, the 

transformation occurs essentially by simple mixing of two components. 

Transesterification reactions are accelerated by acid and base catalysts [64]. The 

reaction under the acidic or basic conditions does not always meet requirements of 

modern synthetic chemistry, which need to be highly efficient and selective. It is thus 

natural that efforts are in progress in search of new catalysts. This section describes the 

synthesis of dialkyl carbonates, fatty acid esters etc., by transesterification reactions 

over different solid catalysts.  

1.6.1. Dialkyl Carbonates  

As discussed in the previous section, dimethyl carbonate (DMC) can be 

synthesized directly from CO2 in a one-pot reaction. However, its synthesis by 

transesterification of cyclic carbonates with alcohols (Scheme 1.9) is more efficient 

[65].  
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In fact, this method of dimethyl carbonate synthesis is currently practiced by 

Ashahi Co., Taiwan in their bis-phenol-A-carbonate (BPC) manufacturing process 

(Scheme 1.10). BPC are conventionally synthesized by phosgene route (interfacial 

polycondensation). Various heterogeneous catalysts have been reported for DMC 

synthesis via transesterification route [66]. But these catalysts have not met the 

industrial requirements. Thus efforts are still in progress to develop selective 

transesterification catalysts.  

OHHO

BPA

+ CO O

O
473 - 593 K

    Catalyst BPC + 2 

DPC

OH

DMC+ OH2
Transesterification

DPC+ CH3OH

Scheme 1.10 
 

1.6.2. Fatty Acid Alkyl Esters - Biofuel 

 In recent times, the world has been confronted with energy crisis due to 

depletion of resources and increased environmental problems. The situation has led to 

search for an alternative fuel, which should be not only sustainable but also 

environment friendly. As per an estimate, India consumed about 40.34 million tons of 

diesel in 2000–2001, which was 43.2% of the total consumption of petroleum products, 

and two-thirds of the demand was met by import costing about 200 billion rupees [67]. 
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Of the alternative fuels, bio-diesel obtained from vegetable oils holds good promises as 

an eco-friendly alternative to diesel fuel.  

Scheme 1.11 

+

CH2OCOR1

CHOCOR2

CH2OCOR3

R1COOR

R2COOR

R3COOR

+

+
+

CH2OH

CHOH

CH2OH

Oil Alcohol Esters Glycerol

3 ROH

 
Fatty acid methyl esters, known as bio-diesel, derived from trigycerides by 

transesterification with methanol have received much attention in recent years (Scheme 

1.11) [68]. Vegetable oils are widely available from a variety of sources. Unlike 

hydrocarbon-based fuels, the sulfur content of vegetable oils is close to zero and hence 

the environmental damage caused by sulfuric acid is reduced. The main advantages of 

using bio-diesel are its renewability, better quality exhaust gas emission, 

biodegradability and given that all the organic carbon present is photosynthetic in 

origin, it does not contribute to a rise in the level of CO2 in the atmosphere and 

consequently to the greenhouse effect.  

Vegetable oils, also known as triglycerides, comprise of 98% triglycerides and 

small amounts of mono- and diglycerides. Triglycerides are esters of three molecules of 

fatty acids and one molecule of glycerol and contain substantial amounts of oxygen in 

their structure. The fatty acids vary in their carbon chain length and in the number of 

double bonds. Different types of oils have different types of fatty acids.  

Several processes for bio-diesel fuel production have been developed, among 

which transesterification using homogeneous alkali-catalysts gives high levels of 

conversion of triglycerides to their corresponding methyl esters in short reaction times 

[69]. This process has therefore been widely utilized for bio-diesel fuel production in a 
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number of countries. Recently, enzymatic transesterification using lipase has become 

more attractive for bio-fuel production, since the glycerol produced as a by-product can 

easily be recovered and the purification of fatty methyl esters is simple to accomplish 

[70]. The main hurdle to commercialize this system is the cost of lipase production. A 

variety of homogeneous catalysts [71] and alkali loaded heterogeneous catalysts [72] 

were reported for the production of fatty acid methyl esters. Efforts are still in progress 

to develop an effective heterogeneous catalyst for bio-diesel and bio-lubricants 

production. 

1.7 . C-C Coupling (Heck) Reactions 

Transition metal catalyzed carbon-carbon (C-C) bond formation reactions are 

among the most important reactions in synthetic organic chemistry. Palladium 

catalyzed coupling reactions such as Heck reaction [73], Suzuki coupling [74] and 

Sonogashira reaction [75] are versatile methods practiced in various chemical syntheses 

in both academic research and chemical industry. Generally, these reactions involve the 

use of homogeneous palladium catalysts containing phosphine ligands to couple (i) aryl 

or alkyl halides with vinyl functionality (Heck reaction), (ii) aryl halides with aryl 

boronic acids (Suzuki coupling) and (iii) aryl halides with acetylene (Sonogashira 

reaction). Heck reaction (Scheme 1.12) is generally catalyzed in solution by palladium 

species generated from either Pd(0) compounds, such as [Pd(PPh3)4] and [Pd2(dba)3] or 

Pd(II) salts, such as the acetate and chloride.  
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Some of the recent applications of Heck reactions include the manufacture of 

Novartis’ ProsulfuronTM- an agrochemical, octyl-p-methoxycinnamate - a sunscreen 

agent, Albemarle’s naproxen - an antibiotic and Singulair - an antiasthma drug [76]. 

The palladium-catalyzed reactions are tolerant to a large number of functional groups 

and hence, can be employed in a wide range of applications. Most of the reports of Pd-

catalyzed coupling described the use of organic bromide, iodide and triflates as 

substrate. Organic chlorides are the uncommon partners despite the fact that among the 

halides, chlorides are cheaper and easily available [77]. The low reactivity of chlorides 

is usually due to the strength of C-Cl bond (bond dissociation energies for Ph-X: Cl = 

96 kcal/mol, Br = 81 kcal/mol and I = 65 kcal/mol) which leads to reluctance by aryl 

chlorides to oxidatively add to Pd(0) centers, a critical step in the palladium-catalyzed 

coupling reactions. Developing new catalyst systems for aryl chloride activation is a 

challenging task. Additionally, development of solid catalysts for this reaction would 

still be more beneficial for the reasons described earlier. Some of the catalysts systems 

and their performances reported in recent times are as follows.   

Davison et al. [78] were the first to describe significant success in the coupling 

of a non-activated aryl chloride (chloro benzene) with styrene in presence of a Pd-1,2-
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bis(diphenylphosphanyl)ethane complex (Pd-dppe) in moderate yields (53%). A lower 

yield (45%) was obtained when PPh3 was employed instead of dppe [79]. Among 

heterogeneous catalysts, Pd/C was employed in the coupling of 4-methoxy 

bromobenzene with octylacrylate for the industrial production of 

octylmethoxycinnamate, a common UV-absorber utilized in the manufacture of 

sunscreen lotions [80]. When graphite was used in place of carbon the reaction required 

a relatively high amount of Pd (37 mol% with respect to halide) and worked only with 

iodobenzene and not with bromobenzene [81]. Kaneda et al. [82] reported the 

activation of chlorobenzene in the coupling with styrene (in methanol at 423 K using 

Na2CO3 as base) in presence of Pd/MgO catalyst. Ying and co-workers reported studies 

using Nb-MCM-41 [83]. A series of palladium catalysts obtained by ion-exchanging 

Na or H-zeolite with [Pd(NH3)4]Cl2  have also been investigated [84]. 

1.8. Activation and Mode of CO2 Coordination 

 In gaseous state, CO2 is a linear tri-atomic molecule with D∝h symmetry. The 

difference in the electronegativity of carbon (2.5) and oxygen (3.5) generates negative 

polarization on the oxygen atom and partial positive charge on the central carbon atom. 

Thus, carbon dioxide is the molecule with multiple reactive sites: the carbon is a Lewis 

acid center  (or electrophilic center) and oxygens are weak Lewis bases (or nucleophilic 

centers). Upon coordination to metals it adopts a bent structure with O-C-O angle 

varying from 1010 to 1360 [85]. Different modes of CO2 coordination have been 

proposed (Scheme 1.13) and some of them have been experimentally (X-ray) 

confirmed [86]. Due to the instability of metal-CO2 adduct, it may not always be 

possible to determine the single crystal X-ray structure of the CO2-adduct. Optical 

spectroscopy (Infrared and Raman) provides a great deal of information about the mode 
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of CO2 coordination. This technique can be applied even for weakly the stable metal-

CO2 adducts.  

Scheme 1.13. Various modes of CO2 coordination
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A linear tri-atomic CO2 molecule has three fundamental modes of vibration (ν1, 

ν2 and ν3) (Scheme 1.14). By convention, ν1 and ν3 are referred to as symmetric and 

asymmetric C⎯O stretching modes whereas ν2 is a degenerate C⎯O deformational 

mode. The centro-symmetrical nature of free CO2 molecules leads to mutual exclusion 

restriction on the vibrational activities and as a result ν1 is Raman active and ν2 and ν3 

are IR active. Gaseous CO2 molecules shows vibrational bands at 1285 and 1388 cm-1 

due to ν1, 667 cm-1 due to ν2 and 2349 cm-1 due to ν3. Apart from the weak bands due 

to natural abundance 13CO2 and overtone combination bands, a classic Fermi-resonance 

between ν1 and 2ν2 at 1285/1388 cm-1 is observed in the Raman spectrum. A 
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chemisorbed or complexed CO2 molecule shows asymmetric (ν3) and symmetric (ν1) 

C⎯O stretching vibration bands at 1750 – 1500 and 1350 – 1150 cm-1, respectively, 

depending on the mode of CO2 coordination. The position and number of vibrational 

bands indicate a marked decrease in both the C⎯O bond order and the symmetry of the 

tri-atomic species upon complexation. 

The position of the C⎯O stretching band is sensitive to the mode of 

coordination. For η1–C coordination, the asymmetric stretching band (νasym or ν3) 

occurs in the range 1650-1750 cm-1 and symmetric stretching band (νsym or ν1) occurs 

in the range 1280-1180 cm-1. For η1–O coordination, IR bands are observed at 1751, 

1221, 739 and 611 cm-1. The η2-coordination, the νasym band is observed at much higher 

values and νsym band at lower values. The IR bands for a typical η2-coordinated adduct 

are observed at 1780-1620, 1300-1100, 900-800 and 600-400 cm-1 [87]. For η1–C 

coordination, v3 - v1 is less than or equal to 400 cm-1, for η2–(C, O) coordination, this 

splitting is more than 500 cm-1. For penta-coordinated metal complexes v3 - v1 is a little 

greater than 400 cm-l while for the hexa-coordinated complexes this difference is less 

than or equal to 300 cm-1 [88]. Hence, based on the difference between ν3 and ν1 values 

in optical spectroscopy, the mode of CO2 coordination can be estimated. However, a 

caution is needed in the structural estimation based on optical spectroscopy.  

 

Scheme 1.14. Vibrational stretching modes of CO2

(1285, 1388 cm-1) (667 cm-1) (2349 cm-1)

v1 (Raman active) v2 (IR active) v3 (IR activee)

C OO C OO C OO
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1.9. Acid-Base Properties – Solid Catalysts 

Acidity of solid catalysts is of two types: (a) Lewis acidity and (b) Brönsted 

acidity. If the active metal sites are capable of accepting a lone pair of electrons from 

the substrate molecules and activate them for further reaction, such acidic sites are said 

to be Lewis acidic sites. Brönsted acid sites, in particular in zeolites, are created 

because of the substitution of Al3+ for Si4+ ions in the zeolite framework. The strength, 

type and amount of acidity can be determined using probe molecules by temperature 

programmed desorption (TPD) and infrared (IR) spectroscopy techniques. 

In a TPD technique, basic, volatile, probe molecules such as NH3, pyridine, 

quinoline and n-butylamine are initially allowed to adsorb on an activated solid catalyst 

at a defined temperature. The adsorbed molecules are then allowed to desorb by heating 

the catalyst material in a programmable manner. The amount of desorbed gas is 

detected and analyzed. Based on the amount of base molecules desorbed the total 

acidity and the relative strength of the acid sites can be determined.  

IR spectroscopy of ammonia and pyridine adsorbed on solid surfaces 

distinguishes Brönsted and Lewis acid sites [89]. In the case of IR studies of adsorbed 

pyridine, H-bonded pyridine groups show characteristic IR peaks at around 1595 and 

1445 cm-1. Pyridine-coordinated to weak Lewis acid sites show bands at 1580 and 1485 

cm-1
 and strong Lewis acid sites show IR bands at 1623 and 1455 cm-1. The Brönsted 

acid sites can be clearly differentiated by their characteristic pyridine IR bands at 1639 

and 1546 cm-1 [89]. 

Basic properties to solids can be imparted by alkali and alkaline metal 

oxides/hydroxides deposition on the surfaces. Alternatively, the basic sites (on silica, 

for example) can be created by surface modifications with basic organic molecules (N-

bases). CO2, an acid molecule, can be used as a probe to determine the strength and 
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amount of basic sites. TPD of CO2 and diffuse reflectance infrared Fourier transform 

(DRIFT) spectroscopy provide valuable information on basic sites.    

In CO2-TPD studies, CO2 is adsorbed on an activated catalyst surface and then 

its desorption characteristics as a function of temperature are determined. CO2 activated 

on the catalysts surface forms various activated CO2 species such as carbonates, 

carbamates and bicarbonates. Depending on their mode of coordination (mono / 

bidentate), characteristic IR peaks are observed in DRIFT spectroscopy.  

1.10. Scope and Objectives of the Present Work 

As noted from the earlier sections, activation and utilization of CO2 in 

chemicals synthesis is of great importance and is an area of contemporary research in 

catalysis. Syntheses of organic carbonates (alkylene carbonate precursors of 

polycarbonates) and alkyl / aryl carbamates (precursors of polyurethanes) are 

particularly more interesting as CO2 can be used as a replacement for phosgene in their 

synthesis. The CO2-based manufacturing processes of carbonates and carbamates are 

eco-friendly and non-hazardous. Additionally, they lead to the most efficient way of 

CO2 utilization. Use of solid, heterogeneous catalysts, makes the process still more eco-

friendly. Although, there have been efforts toward using solid catalysts, a majority of 

the synthetic processes face draw backs of requirement of a large amount of catalyst, 

additional co-catalysts, solvents, high temperatures, high pressures and long reaction 

times. Hence, there is a need to develop more efficient, reusable, solid catalysts for the 

CO2-based organic transformations. This requires a detailed understanding of the 

adsorption of CO2 and other substrate molecules and the sites for CO2 activation. 

While dialkyl carbonates (dimethyl carbonate, for example) can be synthesized 

in a one-pot reaction directly from CO2, their synthesis by transesterification of cyclic 

carbonates with alcohols is more efficient. This method of organic carbonates synthesis 
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is again eco-friendly and a phosgene-free process. However, one of the challenges is to 

develop an efficient, reusable, solid catalyst that can result high dialkyl carbonate 

yields.  

Bio-fuel produced from vegetable feedstocks by transesterificaiton reaction is 

more environmental friendly than the conventional pertroleum-based fuel. There are 

already some commercial plants in Europe for bio-diesel production. However, there is 

a need to develop more efficient, solid catalyst for this reaction. 

By now it is established that chemicals synthesis by C-C coupling (Heck 

reaction, for example) is an atom-efficient route. A majority of the reports employ 

homogeneous metal complexes as catalysts for this reaction. Further, activated halides 

like iodobenzene and to some extent bromobenzene are used as coupling agents for C-

C bond formation with olefins. However, major challenges in this area to make the 

synthesis more economical lies in the development of efficient, heterogeneous catalysts 

that activate cheaper chloroarenes.   

 Accordingly, the objective of the present study is to develop efficient, solid 

catalysts (1) to activate CO2 for its utilization in the synthesis of cyclic carbonates and 

alkyl/aryl carbamates by reactions with epoxides and amines, respectively, (2) for the 

synthesis of dialkyl carbonates by transesterification of cyclic carbonates with alcohols, 

(3) for the synthesis of fatty acid alkyl esters (bio-fuel) by transesterification of 

vegetable oils with alcohols and (4) for activation of aryl chlorides for C-C forming 

reactions with olefins. It is also an objective to investigate active sites on various solid 

catalysts for CO2 activation using spectroscopic and TPD techniques. In other words, 

the work conducted in this thesis aims to contribute towards green and sustainable 

catalytic processes.  
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1.11. Organization of the Thesis 

The thesis is divided into seven chapters including Chapter 1 on general 

introduction.  

Chapter 2 describes synthetic methodologies of various catalysts used in the 

present study and their characterization by various physicochemical techniques. The 

various catalysts investigated in the present work include: 

(1) Titanosilicate molecular sieves (microporous TS-1, mesoporous Ti-MCM-41 

and Ti-SBA-15 and amorphous TiO2-SiO2), 

(2) Zeolite-Y-encapsulated metal phthalocyanines (MPc-Y; M = Cu2+, Ni2+, Co2+ 

and Al3+), 

(3) Organic-inorganic hybrids (as-synthesized H-Al-beta and Si-MCM-41), 

(4) Organo-functionalized, ordered mesoporous materials (amine-, imidazole-, 

guanine- and adenine-functionalized (Ti/Al)-SBA-15),  

(5) Pd-loaded silicoaluminophosphates (Pd-SAPO-31, Pd-SAPO-11 and Pd-SAPO-

41),  

(6) Homogeneous copper complexes of cyclic and acyclic ligands (Cu-

phenanthroline, Cu-bipyridine, Cu-salen, Cu-phthalocyanine, Cu-

tetraphenylporphyrin), and 

(7) Solid double metal cyanide catalysts of Fe and Zn. 

Chapter 3 deals with the phosgene-free synthesis of cyclic carbonate precursors 

of polycarbonates over the above-mentioned catalysts. Cyclic carbonates including 

chloropropene carbonate, propene carbonate, styrene carbonate and n-butene carbonate 

were synthesized at mild reaction conditions by cycloaddition reaction of CO2 with the 

oxirane ring of corresponding epoxides viz., epichlorohydrin, propene oxide, styrene 

 28



Chapter-1: General Introduction 
____________________________________________________________________________________ 

oxide and n-butene oxide, respectively. The active sites for CO2 and epoxide activation 

over these catalyst systems were investigated. 

Chapter 4 reports the synthesis of alkyl and aryl carbamates over solid catalyst 

systems. A variety of carbamates were synthesized by reacting amines (butyl amine, 

hexylamine, octylamine, dodecyl amine, cyclohexyl amine, benzylamine, aniline, 2,4,6-

trimethylaniline and cyclododecylamine), CO2 and n-butyl halide (n-BuX, X = Cl and 

Br). Catalytic activities of titanosilicates, encapsulated metal phthalocyanines, organo-

inorganic hybrids and organo-functionalized mesoporous silica for this reaction were 

investigated. Influence of reaction parameters (temperature, pressure, solvent, amount 

of catalyst, amine to bromide ratio etc.) on catalytic activity was examined.  

Chapter 5 describes the synthesis of a variety of dialkyl carbonates by 

transesterification reaction of cyclic carbonates with different alcohols. Titanosilicates 

and double metal cyanides (Fe-Zn) were used as catalysts. The activity of double metal 

cyanide catalysts for the transesterification of triglycerides of vegetable oils into fatty 

acid esters for bio-diesel and lubricant applications was also investigated. Vegetable 

oils such as coconut oil, sunflower oil, soyabean oil, margarine oil were transesterified 

with C1 to C8-alcohols. 

 Chapter 6 reports activation of olefins and aryl chlorides for C-C coupling 

(Heck) reaction over Pd/Cu/Ni-loaded silicoaluminophosphates. SAPO-31, SAPO-11 

and SAPO-41 with varying pore dimensions and acidity are used as supports.  

 Chapter 7 provides an overall summary and conclusion of the work presented 

in the thesis. 

 By and large, the thesis reports novel, solid catalyst systems for benign, 

phosgene-free synthesis of cyclic carbonate precursors of polycarbonates and 

carbamates precursors of polyurethanes. Efficient catalysts are reported also for several 
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transesterification reactions. Reusable catalysts are developed for carbon-carbon 

coupling reactions. The work presented in the thesis contributes to the area of green 

chemistry and sustainable technology. 
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2.1. Introduction 

This chapter describes the synthesis methodologies of various catalysts 

investigated in the present study. It also presents the characterization of the catalyst 

materials by various physicochemical techniques. As described in Chapter-1, the 

objective of the thesis is to develop efficient catalyst systems for (1) CO2 utilization in 

cyclic carbonates and carbamates synthesis, (2) transesterification of cyclic carbonates to 

dialkyl carbonates and triglycerides to fatty acid alkyl esters, and (3) C―C coupling 

Heck reactions. In this endeavor the following catalyst systems have been studied: 

(1) Homogeneous copper complexes of acyclic and cyclic ligands,  

(2) Zeolite-Y-encapsulated metal phthalocyanine complexes, 

(3) Titanosilicate molecular sieves, 

(4) Organo-functionalized, ordered mesoporous materials,  

(5) Organic-inorganic hybrids, 

(6) Solid double metal cyanide catalysts of Fe and Zn, and  

(7) Pd-loaded silicoaluminophosphates. 

A large number of metal complexes have been known to activate CO2 and catalyze cyclic 

carbonate synthesis (see Chapter-1: Section 1.5). However, a systematic study on the 

influence of ligand structure (both molecular and electronic) on CO2 activation and 

catalytic activity has not been investigated so far. In view of this, a variety of acyclic and 

cyclic ligand systems have been chosen in the present study. Metal phthalocyanines 

mimic the active sites of enzymes and chloroplasts. They are rugged molecules. Their 

size is a perfect fit for encapsulation in the supercages of zeolite-Y. It is known that 
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zeolite imposes restrictions on the stereochemistry of phthalocyanine molecules and as a 

consequence they exhibit distorted molecular geometries and unusual catalytic properties. 

Cu

CuPc

N

N

N
N

N
N

N

N

O

N

O

N
Cu

Cu(salen)

O

N

O

N
Cu

Cu(saloph)

NN

NN
Cu

CuTPP Cu(cyclen)

N N

NN
Cu

NO3

Cu(bipy)

Cu
O

O
N

N

N

N

N
O

Cu(phen)

N

N
Cu N

N

H2O
2

Cu(Me4cyclen)

N N

NN
Cu

2

 

Scheme 2.1. Homogeneous Cu-complexes used in the present study. 
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Hence, these systems are chosen for CO2 activation in the present study. Further, the 

effect of central metal ion on carbonate synthesis activity from CO2 is examined. 

Titanosilicate catalysts have been widely known for their remarkable catalytic oxidation 

activity. Ti isomorphously substituted for Si in the framework site is a Lewis acid. 

Catalytic activity of titanosilicates in acid-catalyzed reactions has not been widely 

investigated. In this study, titanosilicate catalysts are used, for the first time, in CO2 

utilization reactions.  Organo-functionalized, mesoporous, ordered silica materials and 

organic-inorganic hybrids act as bifunctional (acid-base) catalysts. Their catalytic activity 

for the above mentioned reactions is investigated, for the first time, in this study. Pd-

loaded silicoaluminophosphates efficiently catalyze the Heck C―C coupling reaction. 

Detailed synthesis procedure and characterization of various catalysts are described in the 

following sections. 

2.2. Materials  

 The solvents methanol, dichloromethane, chloroform, N, N-dimethylformamide 

(DMF), acetonitrile, ethanol, isopropanol, toluene etc., used in the present study were of 

A.R. grade and procured from Merck, India. The solvents were purified and dried 

according to standard purification procedures [1].  

2.3. Synthesis and Characterization of Homogeneous Cu Complexes of Acyclic and 

Cyclic Ligands  

 Metal complex catalyzed reactions are already established as an important part of 

synthetic chemistry involving various organic transformations. As described in Chapter-1 

(Section 1.4), a variety of metal complexes are known to activate and utilize CO2 in 

cycloaddition with epoxides to form the cyclic carbonates. In the present study, the ligand 
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structure of the metal complex is systematically varied and its influence on cyclic 

carbonate synthesis is investigated. Cu(II) complexes coordinated to acyclic Schiff bases, 

1,10-phenanthroline (phen) and 2,2’-bipyridine (bipy) and cyclic tetraphenyl porphyrine 

(TPP), phthalocyanine (Pc) and peraza macrocyclic ligands have been investigated 

(Scheme 2.1). Among the cyclic ligands, TPP and Pc belong to the category of a 16-

membered unsaturated ring system and cyclen to a 12-membered saturated ring system. 

Delocalization of electron density is more in the case of Schiff base saloph than in salen. 

The structure of the copper complexes is varied from tetracoordinated square planar to 

pentacoordinated square pyramidal to hexacoordinated octahedral. Phthalocyanine was 

procured from Aldrich Co., and used as received. TPP, salen, saloph and cyclen ligands 

were prepared according to reported procedures. Phen and bipy ligands were purchased 

from Merck, India.   

2.3.1. Cu(salen)  

N,N-ethylenebis(salicylideneiminate) (salenH2) was prepared first [2-3], by 

reacting an ethanolic solution (40 ml) of ethylenediamine (Merck.. India) (20 mmol, 1.33 

ml) with salicylaldehyde (SRL, India Ltd.) (40 mmol, 4.26 ml). The mixture was heated 

to reflux for 1 h, the bright yellow crystalline solid salenH2 formed was collected by 

filtration. In the synthesis of Cu(salen) complex, salenH2 ligand (5 mmol) was taken in 20 

ml of methanol and Cu(CH3COO)2.H2O (SRL, India Ltd.) (5 mmol) dissolved in 15 ml of 

methanol was added slowly to it, over a period of 30 min, while heating at 323 K. The 

reaction mixture was refluxed for 3 - 4 h and allowed to cool to room temperature (298 

K). The solid, microcrystalline, green complex, thus obtained, was filtered and 

recrystallized from methanol/chloroform.  
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Analysis: SalenH2 - Yield: 92% (4.98 g); m. p.: 401 K. Anal. (wt %): Found - C: 

71.2, H: 6.0, N: 10.3. Calc. C: 71.6, H: 6.0, N: 10.4. 1H NMR (CDCl3),  δppm: 3.73 (s, 

4H), 6.47-7.20 (m, 8H), 8.07 (s, 2H), 12.0 (br s, 2H). IR (KBr) cm-1: 2854-2924, 1633, 

1577, 1417, 1375, 1282, 1197, 1150, 1020, 1041, 975, 858. 

Analysis: Cu(Salen) - Anal. (wt %): Found - C: 56.0, H: 4.7, N: 7.5. Calcd. - C: 

56.4, H: 5.0, N: 7.4. IR (Nujol) cm-1: 2854-2924, 1647, 1629, 1597, 1541, 1377, 1304, 

1190, 1140, 980. 

2.3.2. Cu(saloph)  

N,N’-o-phenylenebis(salicylidenaminate) (salophH2) was prepared in a similar 

manner [2] to that of salenH2 except that o-phenylenediamine (S. D. Fine India Ltd.) and 

salicylaldehyde were reacted. Cu(saloph) was prepared from salophH2 (5 mmol) and 

Cu(CH3COO)2.H2O (5 mmol) dissolved in methanol [2-3]. Recrystallization of the crude 

product was done from methanol/chloroform to obtain a brownish green product. 

Analysis: SalophH2 - Yield: 88 %; m. p.: 434 K. Anal. (wt %): Found - C: 75.0, H: 

5.1, N: 8.9. Calcd. - C: 75.9, H: 5.0, N: 8.8. 1H NMR (CDCl3) δ ppm: 6.47-7.22 (m, 12H), 

8.3 (s, 2H), 12.2 (br s, 2H). IR (KBr) cm-1: 2854-2924, 1649, 1560, 1375, 1275, 1191, 

1149, 1103, 908. 

Cu(saloph) - Anal. (wt %): Found - C: 62.0, H: 4.4, N: 7.2. Calcd. - C: 62.4, H: 

4.1, N: 7.1. IR (Nujol) cm-1: 2926, 1608, 1577, 1521, 1460, 1339, 1284, 1188, 1145, 

1126, 920, 856. 

2.3.3. [Cu(NO3)(2,2’-bipy)2](NO3).H2O 

 To an ethanolic solution (50 ml) of Cu(NO3)2.2.5 H2O (Merck India Ltd.; 1 g, 

5.23 mmol), 1.67 g of 2,2’ bipyridine (Loba Chem. India; 10.67 mmol) was added [4]. 

 41



Chapter-2: Materials Preparation and Characterization 
______________________________________________________________________________________ 

The solution was refluxed for 30 min and then cooled slowly to room temperature to get a 

blue crystalline product. Recrystallization of the compound was done from ethanol.  

Analysis: Yield - 85%; m. p.: 563 K. Anal. (wt %): Found - C: 46.47, H: 3.59, N: 

16.35. Calcd. - C: 46.02, H: 3.45, N: 16.1. IR (KBr) cm-1: 3571, 3080, 1597, 1562, 1369, 

1154, 1101, 1014, 898, 828, 769, 729, 647. 

2.3.4. [Cu(H2O)(phen)2](NO3)2 

 In a typical synthesis, Cu(NO3)2.2.5 H2O (1 g, 5.23 mmol) was dissolved in 50 ml 

of absolute ethanol. To it, 2.11 g of 1,10-phenanthroline (Merck. India) (10.67 mmol) 

was added. The solution was stirred overnight at room temperature. The green precipitate 

formed was filtered and washed with ethanol [4].  

Analysis: Yield - 89 %. Anal. (wt %): Found - C: 50.97, H: 4.21, N: 14.91. Calcd. 

- C: 50.57, H: 3.16, N: 14.74. IR (KBr) cm-1: 3542, 3053, 1626, 1585, 1380, 1142, 1101, 

857, 717, 641. 

2.3.5. CuTPP 

 TPP was prepared according to the reported procedure [5]. A freshly distilled 

pyrrole (SRL India Ltd.) (7.46 g, 0.112 mol) and benzaldehyde (Merk India) (10.66 g, 0.1 

mol) were taken in 400 ml of propionic acid (Merck India) and refluxed for 30 min. The 

solid formed was separated using a sintered funnel and washed first with methanol and 

then with hot water. The resulting purple, crystalline product (TPPH2) was dried under 

vacuum. TPP (0.3 g, 0.488 mmol) thus prepared was taken in 100 ml of DMF and 

brought to reflux temperature over an oil bath. Then four-fold excess of anhydrous 

Cu(CH3COO)2 (Aldrich Co.) (0.443 g, 1.95 mmol) was added in one proportion and 

continued the reaction for 5 h under reflux condition. After completion of the reaction, 
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the mixture was allowed to stand at room temperature and 400 g of chilled water was 

added to it. The purple precipitate obtained was filtered and air-dried [6].  

Analysis: TPPH2: Yield - 19%. Anal. (wt %): Found - C: 83.7, H: 5.8, N: 10.3. 

Calc. C: 85.9, H: 4.9, N: 9.2. 1H NMR (CDCl3),  δppm: -2.73 (s, 2H), 7.70-7.80 (m, 12H), 

8.22 (dd, 8H), 8.84 (s, 8H). IR (KBr) cm-1: 2854-2924, 1633, 1577, 1417, 1375, 1282, 

1197, 1150, 1020, 1041, 975, 858. 

CuTPP: Yield - 97 %. Anal. (wt %): Found - C: 75.7, H: 4.61, N: 9.50. Calcd. - 

C: 78.0, H: 4.2, N: 8.4. IR (KBr) cm-1: 3058, 3018, 2919, 2843, 1661, 1585, 1439, 1376, 

1334, 1068, 1003, 787, 729, 694,519. 

2.3.6. [Cu(cyclen)(NO3)]ClO4

 Cyclen ligand was prepared first by coupling of disodium salt of tritosylated 

diethylenetriamine with tritosylated diethanolamine [7, 8]. Then it was complexed with 

Cu(II) ions to get the desired complex. A detailed procedure for the synthesis of the 

different reactant intermediates, cyclen ligand and copper complex is given below. 

(I) Preparation of N,N’,N”-tris(p-toluenesulfonyl)diethylenetriamine (a) 

 

A solution of diethylenetriamine (Merk India) (3.01 g, 30 mmol) in pyridine (30 

ml) was added slowly to a solution of toluene-p-sulfonyl chloride (Merk India) (17.2 g, 

NH2

NH

NH2

+

SO2Cl

CH3

Diethylenetriamine p-tolunesulphonylchloride (Ts) (a)

Pyridine

323-333 K
Ts

NH

N

NH

Ts

Ts
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90 mmol) in pyridine (30 ml) with constant stirring and cooling so as to keep the 

temperature below 323 K. When the addition was complete, the reaction mixture was 

heated at 323 – 333 K for an additional 4 h and was then poured into a beaker containing 

300 g of ice and stirred well. The solid obtained was filtered, washed repeatedly with 

water and then with cold 50% aqueous ethanol and dried at 373 K to obtain a pale yellow 

solid. The solid was purified by recrystallization from acetonitrile.  

Analysis: Yield - 93% (15.8 g); m.p.: 450-451 K. Anal. (wt%): Found - C: 52.8, 

H: 5.3, N: 7.3, S: 16.9. Calcd.; C: 53.0, H: 5.3, N: 7.4, S: 16.9. 1H NMR (CDCl3) δppm: 

2.43 (s, 9H), 3.16 (s, 8H), 3.33(br, 2H), 7.29 (d, 6H, J = 8 Hz), 7.59 (d, 2H, J = 10 Hz), 

7.74 (d, 4H, J = 8 Hz). IR (Nujol) cm-1: 3288, 2926, 1596, 1446, 1323, 1157, 1089, 913, 

725. 

(II) Preparation of 1,4,7-tritosyl-1,7-disodium-1,4,7-triazaheptane (b)  

(b)(a)

Ts

NH

N

NH

Ts

Ts

EtONa

EtOH
Ts

N

N

N

Ts

Ts

- Na+

- Na+

A solution of sodium ethoxide (prepared from 0.92 g of sodium in 30 ml of dry 

ethanol) was added under dry condition to a slurry of N,N’,N”-tris(p-

toluenesulfonyl)diethylenetriamine  (11.3 g, 20 mmol) prepared as above, at 353 K and 

stirred for 0.5 h at that temperature. Then the reaction mixture was left at room 
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temperature overnight to get 98% (11.9 g) yield of crystalline 1,4,7-tritosyl-1,7-disodium-

1,4,7-triazaheptane (b), which is highly hygroscopic; m.p. >573 K. 

 
(III) Preparation of N,O,O’-tris(p-tolylsulfonyl)diethanolamine (c)  

OH

NH

OH
SO2Cl

CH3

+

Diethanolamine p-tolunesulphonylchloride (Ts) (c)

Et3N

CH2Cl2, 298 K
OTs

N

OTs

Ts

 

To a stirred solution of toluene-p-sulfonyl chloride (8.5 g, 45 mmol) in 

dichloromethane (40 ml) was added diethanolamine (Merk India) (1.58 g, 15 mmol) and 

triethylamine (Loba Chem India) (7.5 ml, 54 mmol) drop-wise with constant stirring and 

cooling to 273 K under dry conditions. The reaction mixture was stirred overnight. The 

white precipitate obtained during the reaction was filtered off and washed with 

dichloromethane. The dichloromethane layer was washed with water, 1 N HCl, 1 N 

NaHCO3 and brine and dried over Na2SO4. After solvent evaporation, the thick viscous 

liquid was allowed to stand several hours to obtain a solid that was crystallized from 

ethanol.  

Analysis: Yield - 94% (8.0 g); m.p.:336 K.  1H NMR (CDCl3) δppm: 2.42 (s, 6H), 

2.45 (s, 3H), 3.36 (t, 4H J = 6Hz), 4.10 (t, 4H, J = 6 Hz), 7.34 (d, 6H, J = 8 Hz), 7.58 (d, 

2H, J = 8 Hz), 7.73 (d, 4H, J = 8 Hz). IR (Nujol) cm-1: 2924-2854, 1598, 1456, 1361, 

1093, 1176,1159, 1097, 979, 813. 
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(IV) Preparation of 1,4,7,10-Tetratosyl-1,4,7,10-tetraazacyclododecane (d) 

(c) (d)(b)

Ts

N

N

N

Ts

Ts

- Na+

- Na+

+
DMF
373 K

N Ts

Ts

Ts

N

N

N

Ts

OTs

N

OTs

Ts

 

To a solution of 1,4,7-tritosyl-1,7-disodium-1,4,7-triazaheptane (b) (6.09 g, 10 

mmol) in dry DMF (30 ml) heated to 373 K was added a solution of N,O,O’-tris(p-

tolylsulfonyl)diethanolamine (c) (5.7 g, 10 mmol) in dry DMF (20 ml) slowly with 

stirring through a syringe over a period of 2 h. After the addition was complete, heating 

was continued for another 5 h and then the reaction mixture was cooled to room 

temperature. The solution was added to vigorously stirred water (400 ml), the precipitate 

was filtered-off, washed with water (50 ml), dried at 373 K and crystallized from 

acetone/ethanol (1:1).  

Analysis: Yield - 89% (7.0 g); m.p. : 562 K. Anal. (wt %): Found - C: 54.8, H: 

5.6, N: 7.3, S: 16.6. Calcd. C: 54.8, H: 5.6, N: 7.1, S: 16.4. 1H NMR (CDCl3) δppm: 2.43 

(s, 12H), 3.42 (s, 16H), 7.30 (d, 8H, J = 8 Hz), 7.65 (d, 8H, J = 8.3 Hz). IR (Neat) cm-1: 

2954-2924, 1597, 1460, 1336,1160,1081, 975, 902, 715. 
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(V) Preparation of 1,4,7,10-Tetraazacyclododecane (cyclen) (e) 

(e)(d)

N Ts

Ts

Ts

N

N

N

Ts
(i) H2SO4, 373 K, 48 h

(ii) NaOH
HH

H

H

N

N

N

N

1,4,7-tritosyl-1,7-disodium-1,4,7-triazaheptane (b) (4.0 g, 5 mmol; prepared as 

above) was dissolved in conc. H2SO4 (5 ml) and stirred at 373 K for 48 h. The mixture 

was cooled to 273 K and 20-30 ml of diethyl ether was added slowly with constant 

stirring. The brown solid obtained was filtered, dissolved in a minimum amount of water 

and the pH was adjusted to 10 with 10 N NaOH at 273 K (sodium sulfate precipitated 

was filtered out). The cyclen ligand in the solution was extracted repeatedly with equal 

volumes of chloroform (6 x 10 ml). The extracts were dried over Na2SO4 and evaporated 

to get a light yellow solid of cyclen (e).  

Analysis: Yield - 68.5 % (0.65 g), m.p.:376 K. 1H NMR (CDCl3) δppm: 2.68 (s, 

16H), 2.39(br, 4H). IR (Neat) cm-1: 3280, 2852-2924, 1560, 1350, 1110, 1036, 941, 759. 

MS: M.+ 170, 153, 136, 121, 104, 85, , 80, 56, 44 (base peak). 

(VI) Preparation of [Cu(cyclen)(NO2)](ClO4) 

To a methanolic solution (3 ml) of cyclen (1 mmol) were added a solution of 

Cu(NO3)2.2.5 H2O  (1 mmol) in 3 ml of methanol and NaClO4 (1.5 mmol) 

simultaneously while stirring at 298 K for 2 h. The reaction mixture was heated at 333 K 
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for 1 h. The solid obtained was filtered, washed with cold methanol (1-2 ml) and 

recrystallized from methanol to get bluish green crystals.  

Analysis: [Cu(cyclen)(NO2)](ClO4): Yield - 42 %. Anal. (wt%): Found - C: 24.2, 

H: 6.3, N: 11.3. Calcd. - C: 24.0, H: 5.7, N: 11.2. IR (Nujol) cm-1: 3240, 2854-2960, 

1305, 1244,1012, 974, 624.  

2.3.7. [Cu(tmcyclen)(CH3CN)](ClO4)2

N,N’,N”,N”’-tetramethyl-1,4,7,10-tetraazacyclododecane (tmcyclen) was 

procured from Aldrich Co. [Cu(tmcyclen)(CH3CN)](ClO4)2 was prepared in a similar 

manner to that of [Cu(cyclen)(NO2)](ClO4).  

Analysis: Yield - 66% (crystallized from acetonitrile/chloroform). Anal. (wt%): 

Found - C: 28.3, H: 6.3, N: 11.0. Calcd. - C: 29.3, H: 5.7, N: 11.4. IR (Nujol) cm-1: 2854-

2960, 1350, 1294, 1278, 1018, 966, 756, 623. 

2.4. Zeolite-Y-Encapsulated Metal Phthalocyanines 

 Metal phthalocyanine (MPc) complexes have been extensively studied as enzyme 

mimics [9]. They catalyze the oxidation of hydrocarbons [10] and epoxidation of olefins 

[11]. These complexes are easy to prepare. They are not sensitive to air and moisture. It is 

known that in solutions, MPc complexes agglomerate and hence, exibit lower catalytic 

activity [12]. Encapsulation of MPc complexes inside the cages of zeolites and zeolitic 

materials enhances their catalytic activity. A generalized procedure for the preparation of 

zeolite-Y-encapsulated metal phthalocyanines (denoted as MPc-Y, where M = Cu2+, Ni2+, 

Co2+ and Al3+) is shown in Scheme 2.2. Initially metal ion-exchanged zeolite-Y was 

prepared from NH4Y and then it was used in the preparation of MPc-Y catalysts.   
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2.4.1. Synthesis 

2.4.1.1. Preparation of Metal Ion-Exchanged Zeolite Y (CuY, NiY, CoY and AlY)  

Zeolite HY (Si/Al = 24) was prepared from NH4Y by calcining the latter at 823 K 

for 24 h in static-air. HY was treated with 1 N aqueous NaCl solution at 353 K for 8 h, 

filtered, washed thoroughly with water and dried at 373 K. This procedure was repeated 

thrice to obtain (Na-Y) (1.8 wt%). To prepare Cu exchanged zeolite-Y (CuY), 250 mg of 

Cu(CH3COO)2.H2O was dissolved in 100 ml of distilled water. To this, 5 g of NaY was 

added and stirred for 12 h at 353 K. The solid was filtered and washed repeatedly with 

distilled water. Cu-Y thus obtained by the ion exchange method was dried at 393 K for 

12 h. NiY was prepared in a similar manner using NaY and Ni(CH3COO)2.4H2O. CoY 

and AlY were prepared using Co(CH3COO)2.4H2O and Al2(SO4)3.18H2O as source of Co 

and Al, respectively. The metal ion content was estimated by atomic absorption 

spectroscopy (AAS): Cu - 0.41 wt%, Co - 0.58 wt%, Ni - 0.49%.  

2.4.1.2. Preparation of MPc-Y  

 Zeolite-Y-encapsulated MPc complexes (MPc-Y, M = Cu, Co, Ni and Al) were 

prepared by the “in situ ligand synthesis” method using metal ion-exchanged Y and 1,2-

dicyanobenzene (DCB) (Scheme 2.2) [13-15]. In the preparation of zeolite-Y- 

encapsulated MPc complexes, 3 g of MY was degassed for 8 h at 373 K and then exposed 

to the vapors of DCB (10 g) at 533 K for 24 h in a specially designed glass reactor. 

Nitrogen was used as a carrier gas. Unreacted DCB, uncomplexed phthalocyanine and 

other organic matter on the surface of the zeolite were removed by Soxhlet extraction 

with different solvents: acetone (for 12 h), pyridine (for 12 h), acetonitrile (for 12 h to 
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remove the residual pyridine and organics from the sample) and once again with acetone 

(for 12 h). Finally, the sample was dried at 373 K for 8 - 10 h.  

 

 

NH4Y 823 K

24 h HY (i) 1 N 

(ii) Metal salt
MY

Degassed, N2

373 K, 8 h 
MY

1,2 Dicyano benzene

523 K, 24 h 
Soxhlet Extraction

MPcY

Scheme 2.2. Procedure for the preparation of MPc-Y. 

For comparison studies a sample of CuPc supported on SiO2 (denoted as CuPc-

SiO2) was prepared as follows. 250 mg of CuPc (obtained from Aldrich Co.) was 

dissolved in 100 ml of pyridine and to it 5 g of fumed silica (Aldrich Co.) was added. The 

suspension was stirred at 333 K for 8 h and the solid was separated by filtration and dried 

at 353 K. Loosely bound CuPc complexes on silica were removed by Soxhlet extraction 

as described above. Finally, the solid was dried at 373 K (Cu = 0.52 wt%). 

2.4.2. Characterization  

 The materials were characterized by X-ray diffraction (XRD), N2-adsorption 

studies, elemental composition, FT-IR, diffuse reflectance UV-visible (DRUV-Visible) 

and electron paramagnetic resonance (EPR) techniques. 

2.4.2.1. XRD 

 XRD profiles of HY, NaY and MPc-Y are shown in Fig. 2.1. Metal complexes 

encapsulation doesn’t cause any structural damage of zeolite-Y. No peaks corresponding 
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to occluded/bulk MPc were detected. MPc is isolated and possibly encapsulated in side 

the super cages of zeolite-Y. 
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Fig. 2.1. XRD patterns Mc-Y. 

2.4.2.2.  N2 Adsorption  

 The specific surface area (SBET) values for HY and NaY obtained from N2-

adsorption isotherms are 712 and 679 m2/g, respectively. Upon encapsulation of MPc, 

SBET of zeolite-Y decreased markedly to 482 m2/g (for CuPc-Y), 432 m2/g (for NiPc-Y), 

415 m2/g (for CoPc-Y) and 437 m2/g (for AlPc-Y), respectively. This large decrease in 

surface area with a small amount of phthalocyanine content (0.41 (for CuPc), 0.49 (for 

NiPc) and 0.58 wt% (for CoPc)) suggests that encapsulation occurs mainly in the more 

accessible cages at the periphery of the crystallites and perhaps not uniformly throughout 

the bulk of the crystallites.    
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2.4.2.3. FT-IR  

Representative FT-IR spectra of “neat” MPc and MPc-Y are shown in Fig. 2.2. 

The bands at 1460 and 1089 cm-1 are attributed to the stretching modes of C=N and C-N, 

respectively. The band at 1375 cm-1 is due to the stretching mode of C=C and that at 1120 

cm-1 corresponds to the bending C-H mode. Upon encapsulation a marginal shift of C=N 

and C=C bands to 1465 cm-1 and 1379 cm-1, respectively was observed. Similarities in 

the spectral features provide evidence for the formation of macrocyclic MPc molecules in 

the supercages of zeolite-Y and indicate the influence of encapsulation on the structure. 
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Fig. 2.2. FT-IR spectra (KBr pellet): (a) “neat” CuPc, CuPc-Y and CuPc-SiO2, (b) 

zeolite-Y-encapsulated MPc complexes - AlPc-Y, CuPc-Y, CoPc-Y and NiPc-Y. 

 
2.4.2.4. DRUV-Visible  

   The phthalocyanine complexes exhibited two characteristic ligand-based π–π* 

transitions referred to as Q bands in the visible region (Fig. 2.3). For symmetry lower 
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than D4h, these bands further split and show vibrational overtones Q(0,1) and Q(1,1) as 

shoulders or resolved bands [16]. The materials under consideration exhibit the Q-bands 

in the region 550 – 760 nm. The Q-bands for MPc-Y have red shifted on encapsulation. 

The red shift and change in the relative intensities are probably due to changes in the 

molecular structure from planar to a puckered geometry and isolation of the molecules. 

The resolved bands in MPc-Y compared to those in  “neat” and supported complexes 

indicate that the active sites (complex molecules) are isolated in the former type of 

catalyst samples. In addition to the Q-bands, Soret band appeared around 342 nm. The 

position of the Soret and Q-bands are sensitive to central metal ion and its coordination. 
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Fig. 2.3. DRUV-Visible spectra of (a) “neat”-CuPc, CuPc-Y and CuPc-SiO2. (b) 

encapsulated MPc complexes - CuPc-Y, CoPc-Y, NiPc-Y and AlPc-Y. 

2.4.2.5. EPR  

The EPR spectra of  “neat”-CuPc, CuPc-SiO2, CuPc-Y and CuY at 100 K are 

shown in Fig. 2.4. In the “neat” complex the signals were broad and copper hyperfine 
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features were not resolved (g|| = 2.120, g⊥ = 2.055) consistent with intermolecular 

interactions and agglomeration of CuPc molecules. CuPc-SiO2 also did not show resolved 

Cu hyperfine features (g|| = 2.162, g⊥ = 2.057). In contrast, zeolite-encapsulated CuPc 

(CuPc-Y), showed resolved, parallel hyperfine features (g|| = 2.311, g⊥ = 2.057, A|| = 

166.5 G) that are different from the ones exhibited by the uncomplexed Cu2+ ions in CuY 

(g|| = 2.402, g⊥ = 2.087, A|| = 126.4 G) and characteristic of isolated CuPc molecules. 

These findings also reveal the isolation and confinement of CuPc complexes in the 

cavities of zeolite-Y. At very low CuPc loading, superhyperfine features from the N 

atoms of the phthalocyanine ligand were also observed. 
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Fig 2.4. EPR spectra of “neat” CuPc, silica supported CuPc, CuPc-Y and Cu-Y. 

 
2.5.Titanosilicate Molecular Sieves 

 Incorporation of Ti in silicalite framework generates Lewis acidity. Although 

titanosilicates have been widely investigated as oxidation catalysts [17], their activity in 
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acid catalyzed reactions is not much explored. The activity of titanosilicates in 

cycloaddition reaction is investigated, for the first time, in the present study. A variety of 

titanosilicates (microporous to mesoporous) were prepared and used as acid catalysts for 

cycloaddition and transesterification reactions.  

2.5.1. Synthesis 

2.5.1.1. TS-1 

 TS-1 ((Si/Ti = 36 (XRF); SBET = 400 m2/g) [18] was supplied by Catalysis Pilot 

Plant, National Chemical Laboratory, Pune.  

2.5.1.2. Ti-MCM-41  

 Ti-MCM-41 was prepared by direct synthesis method [19] from the gel of molar 

composition: TEOS:0.25 CTMABr:0.3 TMAOH:0.0303 TBOT:40 H2O:5 CH3OH.  

In a typical synthesis, 10.9 g of tetramethylammonium hydroxide (25 wt.% 

TMAOH, 99% Aldrich) was taken in 72 g of distilled water. To that, 8.75 g of 

cetyltrimethylammonium bromide (CTMABr, S. D. Fine Chem. Ltd., India) was added. 

Then, 20.8 g of tetraethylorthosilicate (TEOS, Aldrich) in 16 g of methanol was added 

drop-wise over a period of 20 min. To the resultant solution, 1.03 g of titanium 

tetrabutoxide (TBOT, Aldrich) in 10 ml of isopropanol was added over a period of 10 

min. The resultant gel was stirred for further 4 h at 298 K and then transferred into a 

Teflon-lined stainless steel autoclave and heated to 373 K for 72 h. The solid product was 

filtered, washed with distilled water, dried at 353 K and finally calcined at 813 K for 6 h 

(Si/Ti (output) = 35; SBET = 1055 m2/g; pore volume = 0.77 cm3; average pore diameter = 

2.94 nm. 
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2.5.1.3. Amorphous TiO2–SiO2

  Amorphous TiO2–SiO2 was prepared from the gel of molar composition: 

TEOS:0.55 CTMABr:0.33 TMAOH:0.0303 TBOT:60 H2O.  

In a typical synthesis, 12.0 g of 25 wt% TMAOH was taken in 108 g of distilled 

water. To it, 20 g of CTMABr was added. Then, 20.8 g of TEOS was added drop-wise 

over a period of 20 min. Subsequently, 1.03 g of TBOT dissolved in 10 ml isopropanol 

was added in 10 min. The resultant gel was stirred for 2 h at 298 K and then transferred to 

a Teflon-lined stainless steel autoclave and heated to 383 K for 5 days. The solid product 

was filtered, washed with distilled water, dried at 353 K and finally calcined at 813 K for 

6 h. The minor changes in the synthetic procedure from that of Ti-MCM-41 have resulted 

in an amorphous TiO2–SiO2 solid (Si/Ti (output) = 37; SBET = 273 m2/g). 

2.5.1.4. Ti-SBA-15 

SBA-15 was synthesized first and then Ti was introduced into the mesoporous 

structure by post-synthesis method. Mesoporous silica SBA-15 was synthesized 

according to the reported procedure [20]. In a typical synthesis, 10 g of amphiphilic 

triblock copolymer, poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) (average molecular weight = 5800, Aldrich Co.), was dispersed in 

75 ml of water and 300 ml of 2 M HCl solution while stirring. Followed by that, 21.25 g 

of tetraethyl orthosilicate (TEOS, Aldrich Co.) was added to it. This gel was continuously 

stirred at 313 K for 24 h, and finally crystallized in a Teflon-lined autoclave at 373 K for 

2 days. After crystallization, the solid product was centrifuged, filtered, washed with 

deionized water, and dried in air at room temperature. The material was calcined in air at 

 56



Chapter-2: Materials Preparation and Characterization 
______________________________________________________________________________________ 

823 K for 24 h to decompose the triblock copolymer and to obtain a white SBA-15 

powder. 

Ti-incorporated SBA-15, designated as Ti-SBA-15, was prepared by the post-

synthesis method using tetrabutyl orthotitanate (95wt % TBOT, Wako) as a Ti source 

[21]. In a typical preparation, a certain amount of TBOT was hydrolyzed in 40 ml of 

glycerol (99 wt%, Wako) containing 7.5 ml of tetrapropylammonium hydroxide 

(TPAOH; 20 wt), to obtain a homogeneous solution. To the above solution was added 2 g 

of SBA-15 without any pretreatment, and the mixture was heated statically to induce 

titanation at 373 K for 72 h. The amount of TBOT added was varied to give Si/Ti atomic 

ratios of 5.7-200. After the titanation, Ti-SBA-15 was filtered and washed with deionized 

water, and the organic species were burnt off at 773 K for 4 h. 

2.5.2. Characterization 

2.5.2.1. XRD 

TS-1 belongs to MFI topology. Fig. 2.5 (a) shows the XRD pattern of TS-1. The 

typical XRD pattern characteristic of orthorhombic symmetry is indicative of Ti in the 

silicalite-1 framework. Upon calcination TS-1 retained the orthorhombic symmetry while 

silicalite changes its symmetry to monoclinic [22]. The replacement of Si by the larger Ti 

ions in the tetrahedral zeolite framework causes an expansion of the unit cell. XRD 

pattern of Ti-MCM-41 (Fig. 2.5 (b)) shows a very intense, low-angle peak (2.43°) 

assigned to (100) reflection and three additional peaks with very low intensities appearing 

at 4.14° (110), 4.68° (200) and 6.37° (210), respectively [19]. Amorphous TiO2-SiO2, on 

the contrary, showed weakly intense signals indicating mesoporous short-range ordering 

(broad (100) reflection at 2.95; barely seen higher 2θ reflections). However, the XRD 
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pattern and peak intensity reveal that this material was mainly amorphous in nature. The 

d100 and lattice parameters for Ti-MCM-41 were estimated to be 3.6 nm and 4.2 nm, 

respectively.  
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Fig. 2.5. XRD profiles of (a) TS-1, (b) Ti-MCM-41 and Amorphous TiO2-SiO2, and (c) 

SBA-15 and Ti-SBA-15. 

Fig. 2.5 (c) shows the XRD pattern of SBA-15 and Ti-SBA-15 (Si/Ti = 30, 68, 

104, 113). All the samples exhibited very similar pattern. Three well-resolved diffraction 
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peaks due to (100), (110) and (200) reflections were observed at 0.88, 1.50 and 1.70°, 

respectively [20]. Ti incorporation did not alter the long-range ordering of the 

mesoporous structure. Interplanar spacing (d100) and unit cell parameter (a0) of various 

Ti-SBA-15 materials are listed in Table 2.1. 

 

Table 2.1. Composition and structural parameters of Ti-SBA-15 and Ti-MCM-41  

SiO2/TiO2 molar ratioSample 
Gel Product 

(XRF) 

d100 
(nm) 

a0 (nm) Pore 
diameter 
  (nm) 

Wall 
thickness 
(nm) 

SBA-15 - - 9.8 11.3 7.2 4.1 
Ti-SBA-15 (40) 20 40 10.3 11.8 6.5 5.3 
Ti-SBA-15 (68) 30 68 10.1 11.6 6.7 4.9 
Ti-SBA-15 (104) 40 104 10.1 11.6 6.5 5.1 
Ti-SBA-15 (119) 50 119 10.0 11.5 6.5 5.1 
Ti-MCM-41 20 35 4.1 3.6 2.9 0.5 
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Fig. 2.6. (a) N2-adsorption/desorption isotherms of TS-1, Ti-MCM-41 and TiO2-SiO2; (b) 

Pore size distribution of Ti-MCM-41 and TiO2-SiO2. 

 

2.5.2.2. N2 Adsorption 
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Fig. 2.6 shows the N2-adsorption/desorption isotherms of TS-1, Ti-MCM-41 and 

TiO2-SiO2. The isotherm for TS-1 is characteristic of a microporous material. In the case 

of Ti-MCM-41, the inflection in the adsorption isotherm at P/P0 = 0.29 indicates 

mesopore filling [19]. The textural parameters (SBET and pore volume) of TS-1, Ti-

MCM-41 and amorphous TiO2-SiO2 are given in Table 2.2. 

 
Table 2.2. Physicochemical characteristics of titanosilicate molecular sieves 

Sample SBET 

(m2/g) 

Pore 

diameter 

(nm) 

Total pore 

volume 

(cm3/g) 

Mesopore 

volume 

(cm3/g) 

Micropore 

volume 

(cm3/g) 

SBA-15 871 7.2 1.55 1.44 0.11 

Ti-SBA-15 (40) 662 6.5 1.07 0.99 0.08 

Ti-SBA-15 (68) 770 6.7 1.29 1.19 0.10 

Ti-SBA-15 (119) 794 6.5 1.29 1.19 0.10 

Ti-MCM-41 (40) 1055 2.9 0.77 0.61 0.11 

TS-1 400 - - - - 

TiO2-SiO2 273.2 5.1 0.355 0.31 0.041 

 

The nitrogen adsorption/desorption isotherms of SBA-15 are of Type IV nature 

(Fig. 2.7) and exhibit a H1 hysteresis loop, which is typical of mesoporous solids [21]. 

Furthermore, the adsorption branch of each isotherm showed a sharp inflection at a 

relative pressure value of about 0.68. This is characteristic of capillary condensation 

within uniform pores. The position of the inflection point indicates mesopore structure, 

and the sharpness of these steps indicates the uniformity of the mesopore size 

distribution. A good match between the points of inflection on the adsorption branch of 
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each isotherm suggests that all of the samples have similar pore sizes (~ 6.5 nm) (Fig. 

2.7). Furthermore, a narrow pore size distribution is observed for all of the samples. 
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Fig. 2.7. N2 adsorption/desorption isotherms. Left panel: SBA-15, right panel: Ti-SBA-

15 and inset shows pore size distribution. 

 
2.5.2.3.  FT-IR  

Figs. 2.8 (a) and (b) show the FTIR spectra of TS-1, Ti-MCM-41 and amorphous 

TiO2-SiO2. In all these samples, in addition to the characteristic 960 cm-1 band, 1125 cm-1 

band is also present representing the symmetric stretching of TiO4 tetrahedron [22]. 

Bands at 3417 and 3676 cm-1 are due to Si-OH and Ti-OH stretching modes [23]. These 

bands are weakly intense in the case of TS-1 than in Ti-MCM-41 and amorphous TiO2-

SiO2 indicating that the concentration of hydroxyl groups is low in the former than in the 

latter samples. Fig. 2.8 (c) shows the FT-IR spectra of SBA-15 samples in the region 

1400-400 cm-1. The samples showed characteristic absorption bands at 458, 806 and 957 

cm-1 assigned to δ(Si-O-Si), νs(Si-O-Si) and νas(Si-O-Ti), respectively.  
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Fig. 2.8. FT-IR spectra of TS-1, Ti-MCM-41 and amorph. TiO2-SiO2: spectral region – 

(a) 600 – 1300 cm-1 and (b) 3050 – 3800 cm-1. (c) FT-IR spectra of Ti-SBA-15 samples. 

Spectral region 400 – 1300 cm-1. 
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2.5.2.4. DRUV-Visible  

Additional evidence for isolated Ti ions in tetrahedral locations in the silicate 

lattice comes from the DRUV-Visible spectroscopy [24]. DRUV-Visible spectroscopy 

shows a characteristic band at 206 nm for TS-1 and at 215 nm for Ti-MCM-41 and Ti-

SBA-15. This band arises from a charge transfer process from the ligand oxygen to an 

unoccupied orbital of Ti in isolated Ti(OSi)4 or Ti(OSi)3(OH) units. In addition to a 

major tetrahedral Ti species, Ti-MCM-41 possesses also a small quantity of penta- and 

hexa-coordinated Ti species as shown by weak absorptions at 265 and 310 nm, 

respectively in Fig. 2.9 (a)  [24]. Anatase titania phase is completely absent in all the 

titanosilicate samples investigated in the present work.  
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Fig. 2.9. DRUV-Visible spectra of different titanosilicate molecular sieves. 
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2.5.2.5. EPR  

Titanosilicates are diamagnetic and EPR inactive indicating that Ti is in +4 

oxidation state. Upon reaction with hydrogen peroxide, paramagnetic superoxide species 

Ti(O2
•-) are generated (Fig. 2.10) [25]. When TS-1 was contacted with H2O2, two type of 

superoxides are identified, a major species (designated as A) with gzz = 2.0236, gyy = 

2.0100 and gxx = 2.0091, and a minor species (designated as B) differing only in its gzz 

value which is 2.027 in contrast to 2.0236. The A type species are assigned to those 

superoxides arising from the framework Ti sites and the B type species arising from the 

defect Ti sites such as Ti(OSi)3(OH). When amorphous TiO2-SiO2 was contacted with 

H2O2, it also showed two types of superoxide signals but the B type superoxo-Ti is more 

predominant. 
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Fig. 2.10. EPR spectra of titaniosilicates interacted with aqueous H2O2 at 210 K. 
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2.5.2.6. TEM 

TEM studies established the 2D hexagonal pore arrays and mesostructure of 

SBA-15 materials (Fig. 2.11). The pore diameter estimated form the TEM measurements 

(∼8 nm) agrees well with that obtained (7.2 nm and 6.7 nm) from nitrogen adsorption 

(BJH) method for SBA-15 and Ti-SBA-15 samples. The samples investigated in the 

present study show a curved arrangement of the channels in the mesoscopic range 

consistent with the high TEOS to template (EO20-PO70-EO20) ratio in the samples during 

their synthesis [26]. 

200 nm 100 nm

(a)
(b)

100 nm 100 nm

(c) (d)

 

Fig. 2.11. TEM of SBA-15 ((a), (b) - mesoscopic range and (c) - microscopic range) and 

Ti-SBA-15 ((d) – microscopic range). 
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2.6. Organo-functionalized, Ordered Mesoporous Materials 

 Cycloaddition reaction investigated in the present study requires an acidic site and 

a basic site. SBA-15 being thermally more stable and having large pores is more 

appropriate for transformation of larger substrate molecules. In view of this the surface of 

SBA-15 was organo-functionalized with several amines of varying basicity. Ti and Al are 

incorporated in SBA-15 to form the acid centers. The synthesis of various organo-

functionalized materials investigated is described below.  

2.6.1. Synthesis 

2.6.1.1. SBA-15-pr-NH2 and Ti-SBA-15-pr-NH2

In a typical organo-functionalization, SBA-15 and Ti-SBA-15 were activated 

under vacuum at 423 K for about 3 h. To it, 3-aminopropyltriethoxysilane (9 mmol per 3 

g of SBA-15; Lancaster) in 100 ml of dry toluene was added and refluxed under nitrogen 

for 6 h. Soxhlet extraction with dichloromethane (12 h) and then with acetone (12 h) 

yielded NH2-functionalized SBA-15 materials, SBA-15-pr-NH2, Ti-SBA-15-pr-NH2, 

respectively [27].  

2.6.1.2.  SBA-15-pr-Ade and Ti-SBA-15-pr-Ade 

SBA-15 and Ti-SBA-15 were activated under vacuum at 423 K for about 3 h. To 

it, 3-chloropropyltriethoxysilane (9 mmol per 3 g of SBA-15; Lancaster) in 100 ml of dry 

toluene was added and refluxed under nitrogen for 6 h. Soxhlet extraction with first 

dichloromethane (12 h) and then with acetone (12 h) yielded Cl-functionalized SBA-15 

materials, SBA-15-pr-Cl, Ti-SBA-15-pr-Cl, respectively. 

Adenine (1.76 mmol, Aldrich Co.) was taken in 30 ml of dry DMF and stirred for 

30 min under nitrogen environment at 393 K for complete dissolution. Then, 1.0 g of 
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SBA-15-pr-Cl or Ti-SBA-15-pr-Cl was added and stirring was continued for 12 h. The 

solid was filtered, Soxhlet extracted with DMF (10 h) initially and then with CH3CN (12 

h).  

2.6.1.3. SBA-15-pr-Gua and Ti-SBA-15-pr-Gua 

In a typical synthesis, guanine (1.76 mmol; Merck India) was taken in 30 ml of 

dry DMF and stirred for 30 min under nitrogen environment at 393 K for complete 

dissolution. Then, 1.0 g of SBA-15-pr-Cl or Ti-SBA-15-pr-Cl (prepared as above) was 

added and stirring was continued for 12 h. The solid product was filtered, Soxhlet 

extracted first with DMF (10 h) and then with CH3CN (12 h).  

2.6.1.4. SBA-15-pr-Im and Ti-SBA-15-pr-Im 

In a typical organo-functionalization, imidazole (3.0 mmol; Merck. India) was 

taken in 30 ml of dry chloroform and stirred for 30 min under nitrogen environment at 

373 K for complete dissolution. Then, 1.0 g of SBA-15-pr-Cl or Ti-SBA-15-pr-Cl was 

added and stirring was continued for 12 h. The solid was filtered, Soxhlet extracted first 

with CHCl3 (for 10 h) and then with CH3CN (for 12 h). 

2.6.1.5. Al-SBA-15 

Mesoporous silica Al-SBA-15 was synthesized according to the reported 

procedure [28]. In a typical synthesis, 4 g of amphiphilic triblock copolymer, poly 

(ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol) with 

(average molecular weight 5800, Aldrich), was dissolved in 30 ml of water. After stirring 

for 4 h at 298 K a clear solution was obtained. To that, 1.75 g of HCl diluted in 70 ml of 

distilled water was added. The solution was stirred for 2 h at 313 K and then 9 g of TEOS 

and 1.26 g of aluminum isopropoxide (input Si/Al = 7; Aldrich Co.) were added to it and 
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the stirring was continued to another 20 h at 313 K. The gel was aged at 373 K for 48 h. 

The solid obtained was filtered, washed thoroughly with distilled water and then calcined 

at 823 K for 6 h to obtain Al-SBA-15 with final Si/Al composition of 22.  

2.6.1.6. Al-SBA-15-pr-Ade  

In a typical organo-functionalization, Al-SBA-15 was activated under vacuum at 

423 K, for about 3 h. To it, 3-chloropropyltriethoxysilane (9 mmol per 3 g of Al-SBA-15; 

Lancaster) in 100 ml of dry toluene was added and refluxed under nitrogen for 6 h. 

Soxhlet extraction with dichloromethane (for 12 h) and then with acetone (for 12 h) 

yielded Cl-functionalized material, Al-SBA-15-pr-Cl. Adenine functionalization was 

done in a similar way as described above for the Ti-containing samples. 

2.6.2. Characterization 

2.6.2.1. XRD 

Fig. 2.12 shows the XRD pattern of Ti-SBA-15 (Si/Ti = 40) and functionalized 

Ti-SBA-15. All the samples showed very similar XRD patterns. The samples showed 

three well-resolved diffraction peaks due to (100), (110) and (200) reflection in the 2θ 

range of 0.8 – 2°, that could be indexed according to a 2D hexagonal p6mm symmetry. 

The well-retained (110) and (200) peaks confirm the hexagonal pore arrangements in the 

functionalized SBA-15 materials. The low-angle peak corresponding to the (100) 

reflection broadened and reduced in intensity on encapsulation of organic bases due to 

pore filling (Fig. 2.12). The d-spacing (d100), estimated from the position of the low-angle 

peak is in the range of 9.8 to 10.4 nm. The unit cell parameter calculated using the 

equation a = 2d100/√3 (11.3 – 11.9 nm) (Table 2.3) is in good agreement with the values 

reported by others [29]. 
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Fig. 2.12. XRD profiles of base-functionalized Ti-SBA-15 molecular sieves. 

 

2.6.2.2. Chemical composition 

 The Si/Ti and Si/Al contents in metal ion-incorporated SBA-15 materials were 

determined by XRF and EDAX (Table 2.3). The organic composition (C, H and N) was 

estimated by elemental analysis. The amount of the functionalized base was estimated to 

be 0.8 - 2.5 mmol/g SBA-15 (Table 2.3). As expected, the amount functionalized varied 

with the size of the organic base. In the case of metal-incorporated materials, the amount 

of functionalized organic base is lower than that in the materials containing no Ti or Al 

ions. 
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2.6.2.3. TEM 

Transmission electron micrograph (TEM) (Fig. 2.13) viewed through different 

orientations clearly reveal the 2D hexagonal pore arrangement and the long-range 

mesopore architecture. It may be noted that the long-range mesoporous-ordering 

characteristic of good-quality SBA-15 materials (see curved ordered features in TEM) is 

not disturbed due to metal incorporation and organic-functionalization (Figs. 2.13 (b) and 

(c)). The pore diameter estimated form the TEM measurement agrees well with that 

obtained from nitrogen adsorption (BJH) method for SBA-15 and Ti-SBA-15 (Table 2.3). 

2.6.2.4. N2 Adsorption 

 All the catalysts showed type IV nitrogen adsorption-desorption isotherms with 

H1 hysterisis (Fig. 2.14). The textural properties of the materials are listed in Table 2.3. 

On introduction of the acid-base functionality a marked decrease in specific surface area 

(SBET), pore volume and average pore diameter was observed. The adsorption branch of 

each isotherm showed a sharp inflection at a relative pressure value of about 0.68. This is 

characteristic of capillary condensation within uniform pores. The position of the 

inflection point corresponds to mesopore structure. 

2.6.2.5. FT-IR 

 FT-IR spectroscopy provided clear evidence for metal incorporation and organo-

functionalization (Fig. 2.15). SBA-15 showed a characteristic, broad band in the NIR 

region attributable to surface hydroxyl groups and H-bonded network –OH groups in the 

spectral range 3200 – 3700 cm-1.  
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   Table 2.3. Physicochemical properties of SBA-15 materials 
Si/M  
Output  
mol ratio 
(XRF/ 
EDAX) 

Organic 
amine 
(mmol/g 
material)a 

Elemental analysis 
(wt%) 

XRD analysis Pore volume (cm3/g) Material 

      C H N

 

d100
(nm) 

Unit cell 
paramet
er (nm) 

SBET 
(m2/g) 

Total Meso
pore 

Micro
pore 

Pore 
diameter 
(nm)b

Wall 
thick-
ness 
(nm) 

SBA-15      - - 0.5 1.5 0  9.8 11.3 871 1.55 1.44 0.11 7.2 4.1
Ti-SBA-15               

     
    

             
   

              
      

         
         

               
              

40 - 0.6 1.7 0 10.3 11.8 662 1.07 0.99 0.08 6.5 (8.0) 5.3
Al-SBA-15 22 - 0.3 0.7 0  10.4 11.9 808

 
 1.15

 
 1.0

 
 0.15

 
 5.7 (7.9)

 
 6.2

 SBA-15-pr-NH2 - 2. 5 10.2 1.9 3.4  10.0
 
 11.5

Ti-SBA-15-pr-NH2 40 2.2 10.2 2.3 3.1 9.8 11.3 615
 

1.04
 

0.98
 

0.06
 

6.7
 

4.6
 SBA-15-pr-Im - 2.3 12.2 1.4 5.5  10.0

 
 11.5

Ti-SBA-15-pr-Im 40 1.9 11.9 1.2 5.4 9.9 11.4 432
 

0.65
 

- - 6.1
 

5.3
 SBA-15-pr-Gua - 1.1 11.9 1.4 7.9  10.1 11.6

Ti-SBA-15-pr-Gua
 

 40 1.0 11.5 1.4 6.8  10.0 11.5
SBA-15-pr-Ade - 1.3 11.3 1.5 7.7  10.0 11.5
Ti-SBA-15-pr-Ade 40 0.9 10.7

 
1.3 6.4 10.0 11.5 627 1.04 0.96 0.08 6.7 (7.6) 4.3

Al-SBA-15-pr-Ade 22 0.8 8.9 2.1 6.0 10.0 11.5 426 0.66 0.64 0.02 5.7 (7.5) 4.8
aValues estimated from C, H & N analysis.  
bValues in parentheses are those estimated from TEM.
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(a)

 

(c)

(b)

Fig. 2.13. TEM images (magnification 100 nm) of (a) Al-SBA-15 at microscopic range 

(left) and mesoscopic range (right), (b) Al-SBA-15-pr-Ade at microscopic range (left) 

and mesoscopic range (right) and (c) Ti-SBA-15-pr-Ade at microscopic range (left) and  

mesoscopic ranges (right). 
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Fig. 2.14. Nitrogen adsorption/desorption isotherms of Ti-SBA-15-pr-Ade and Al-SBA-

15-pr-Ade. Inset shows pore size distribution. 

 

Upon metal incorporation and organic functionalization the intensity of this band 

decreased and became relatively sharper indicating that some of the surface –OH groups 

(involved in forming H-bonded networks) are utilized in functionalization. The IR peaks 

marked at 3325, 3300 and 3124 cm-1
, are due to N-H stretching modes of the 

functionalized-adenine and guanine. It may be noted that these peaks are absent in 

imidazole-functionalized materials. In the case of imidazole the hydrogen of secondary 

NH is used-up during anchoring covalently to the SBA-15 surface. Hence, the imidazole-

functionalized materials contained no NH group that can be seen in the NIR spectrum. 

Characteristic peaks due to C-H stretching vibrations (of propyl spacer, Im, Gua and 

Ade) appeared at 2857 and 2930 cm-1. Further, evidence for the presence of the organic 

bases was obtained from the sharp, characteristic peaks in the mid-IR region (Fig. 2.15). 

It should be noted that these peaks are absent in non-functionalized SBA materials. While 
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the bands at 1557 cm-1 (for Ti-SBA-15-pr-Gua) and 1600 cm-1 (for Ti-SBA-15-pr-Ade) 

correspond to azomethine (C=N) group, the band at 1700 cm-1 present only in the case of 

Ti-SBA-15-pr-Gua corresponds to the C=O group of guanine. The rest of the bands are 

due to ring and skeletal vibrations. Adenine and other bases could not be deposited 

directly by impregnation on the unsilynated SBA-15 surface as it leached out during 

Soxhlet extraction with DMF and CH3CN. In this case, the IR spectrum of the solid after 

the extraction did not detect adsorbed adenine. In other words, in the absence of –Cl 

groups of the 3-chloropropyltriethoxysilane, the adenine and the other bases could not be 

anchored. The –NH group of adenine, guanine and imidazole reacts with the –Cl forming 

N-C bonds and eliminating HCl in the process. 
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Fig. 2.15. (a) Near-IR (b) Mid-IR spectra of functionalized Ti-SBA-15 samples. 
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2.6.2.6. DRUV-Visible  

Pure adenine showed two characteristic UV bands at 244 and 288 nm due to π-π* 

and n-π* transitions. Adenine in SBA-15-pr-Ade, Ti-SBA-15-pr-Ade and Al-SBA-15-pr-

Ade showed only one electronic band at 265 nm (Fig. 2.16). Similarly, pure guanine 

showed UV bands at 247 and 294 nm. However, SBA-15-pr-Gua and Ti-SBA-15-pr-

Gua, showed these bands at 250 and 302 nm. The charge transfer band at 211 nm  

corresponds, probably, to dispersed tetrahedral Ti and Al ions. 
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Fig. 2.16.  DRUV-Visible spectra of “neat” adenine and functionalized SBA-materials. 

 
2.6.2.7. Thermal Analysis 

 The thermal stability of functionalized SBA-15 materials was estimated using 

thermogravimetric and differential thermal analysis (TG-DTA) (Fig. 2.17). SBA-15 

showed two stages of weight loss: Stage I (308 – 410 K, 6.8 wt%) is due to desorption of 
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adsorbed water. Stage II (410 – 535 K, 40.6 wt%) is due to decomposition of silanol 

groups (2Si-OH → Si-O-Si + H2O). Pure adenine decomposed in the temperature range 

483 – 618 K. Functionalized SBA-15 materials showed three stages of weight loss (Fig. 

2.17 and Table 2.4). As in the case of unsilynated samples, stage I in the silynated 

samples is also due to desorption of adsorbed water. Stages II and III (in functionalized 

materials ca., SBA-15-pr-NH2, SBA-15-pr-Ade and Ti-SBA-15-pr-Ade) are attributed to 

decomposition of functionalized organic matter (base NH2/Ade and propyl group, 

respectively). Stage II has contribution also from the silanol groups. In an independent 

analysis (by C, H & N), we have also estimated the amount of organic base (from C, H, 

and N content) (Table 2.4). From the total weight loss (TG-DTA) and base content (C, H 

& N), the decomposed silanol groups, contributing to stage II, were determined (Table 

2.4). Interestingly, the weight loss due to silanols decomposition decreased, significantly, 

from 45.2 mmol/g (in SBA-15) to 3.8 – 7 mmol/g (in functionalized SBA-15). This is 

because during the process of silynation/functionalization of SBA-15 with 3-

aminopropyltriethoxysilane and 3-chloropropyltriethoxysilane a significant part of the 

silanols are consumed. The functionalized organic base is thermally stable at least up to 

473 K. Apart from the thermal stability this analysis also provided unequivocal evidence 

for silynation/organic-functionalization. 
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         Table 2.4. Thermal and elemental analysis of functionalized SBA-15 materials 
 Material Stage

No. 
 Temperature 

region (K) 
Weight 
loss 
(%) 

Assignment for weight loss N-content 
(mmol/g 
silica) 

Concentration of 
H2O/Si-OH 
Desorbed/decom
posed 
(mmol/g silica)b

SBA-15 I 308 – 410 6.8 Desorption of physisorbed/chemisorbed 
water 

- 3.8 (H2O) 

 II 410 - 535 40.6 Decomposition/condensation of silanol 
groups (2Si-OH → Si-O-Si + H2O) 

-  

 

   

 

   

 

  

45.2 (Si-OH)

SBA-15-pr-NH2 I 308 – 375 5.4 Desorption of physisorbed/chemisorbed 
water 

- 3.0 (H2O) 

II 375 – 530 
III 530 – 862 

 
17.1a

Decomposition organic functional 
group (propyl amine) and silanol groups 

2.5 3.8 (Si-OH)

“Neat” Adenine I 483 - 618 100.0 Decomposition of Adenine - - 
SBA-15-pr-Ade I 308 – 463 5.7 Desorption of physisorbed/chemisorbed 

water 
- 3.2 (H2O) 

II 463 – 607 
III 607 – 848 

 
25.0a

Decomposition organic functional 
group (propyl adenine) and silanol 
groups 

1.3 5.6 (Si-OH)

Ti-SBA-15-pr-Ade 
(Si/Ti = 40) 
 

I 308 – 415 5.2 Desorption of physisorbed/ 
chemisorbed water 

- 2.9 (H2O) 

II 415 – 586 
III 586 – 835 

 
23.1a

Decomposition organic functional 
group (propyl adenine) and silanol 
groups 

0.91 7.0 (Si-OH)

               aRefers to total weight loss in stages II and III. 
               bValues are estimated from the total weight loss in thermal analysis and the functionalized organic base content estimated from  
         C, H & N analysis.
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Fig. 2.17. TGA-DTA plots for SBA-15, “neat” Adenine, SBA-15-pr-Ade, Ti-SBA-15-pr-

Ade and SBA-15-pr-NH2. 
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2.7. Organic-Inorganic Hybrid Catalysts 

 Commercially quaternary ammonium halide salts are used as catalysts in the 

synthesis of cyclic carbonates. However, separation of them at the end of the reaction is 

an issue in those process. There are reports immobilizing the quaternary ammonium salts 

on resins and their use as heterogeneous catalysts in catalytic reactions. Most of the 

zeolites and mesoporous silica material are prepared using quaternary ammonium salts as 

structure directing agents. The as-synthesized forms of zeolite materials contain the salts 

in an encapsulated form. Hence, they can be used as heterogeneous catalysts. Further, 

encapsulation, dispersion and the nature of zeolite structure may influence the catalytic 

activity of the entrapped quaternary ammonium salts. Two systems of organic-inorganic 

hybrid catalysts viz., as-synthesized zeolite beta and MCM-41 are investigated in this 

section.  

2.7.1. Synthesis and Characterization  

2.7.1.1. Zeolite-Beta  

Zeolite-beta was synthesized using following molar composition of the synthesis 

gel: 3Na2O: 5(TEA)2O: Al2O3: 60SiO2: 1500 H2O [30]. In a typical synthesis, 2.46 g of 

NaOH was mixed with a slurry of 72 g of fumed SiO2 in 440 g of double distilled water. 

To it, a mixture of 73.5 g of tetraethyl ammonium bromide (Aldrich Co.) and a solution 

of 4.65 g of sodium aluminate (Aldrich Co.) in 55.9 g of water was added with stirring. 

The synthesis was carried out at 423 K for 8 days. Then the solid was filtered and dried at 

353 K.  

Analysis: Si/Al = 50; nitrogen content in as synthesized zeolite beta = 2.09 wt %; 

SBET (calcined zeolite beta) = 520 m2/g; SExternal (calcined zeolite beta) = 85 m2/g; pore 
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volume = 0.25 ml/g; average pore diameter = 0.59 nm; SBET (as synthesized zeolite beta) 

= 46 m2/g. 

2.7.1.2. MCM-41   

MCM-41 was synthesized from the gel of molar composition: TEOS:0.25 

CTMABr:0.3 TMAOH::40 H2O:5 CH3OH [19]. In a typical synthesis, 10.9 g of 

tetramethylammonium hydroxide (25 wt.% TMAOH, 99% Aldrich) was taken in 72 g of 

distilled water. To that, 8.75 g of cetyltrimethylammonium bromide (CTMABr, S. D. 

Fine Chem. Ltd., India) was added. Then, 20.8 g of tetraethylorthosilicate (TEOS, 

Aldrich) in 16 g of methanol was added drop-wise over a period of 20 min. The resultant 

gel was stirred for further 4 h at 298 K and then transferred into a Teflon-lined stainless 

steel autoclave and heated to 373 K for 72 h. The solid product was filtered, washed with 

distilled water and dried at 353 K.  

Analysis: Si/Al = ∝; nitrogen content in as synthesized MCM-41 = 2.58 wt %; 

SBET (calcined MCM-41) = 1020 m2/g; SExternal (calcined MCM-41) = 102 m2/g; pore 

volume = 0.77 ml/g; average pore diameter = 2.8 nm; SBET (as synthesized MCM-41) = 

83 m2/g.  

2.8. Solid Double Metal Cyanide Catalysts of Fe and Zn 

 Double metal cyanides have been widely investigated from the point of view of 

their structure and electronic properties [31]. One of the members of this family studied 

extensively is Prussian blue. Only recently (in 2003), their catalytic properties have been 

reported in a commercially important organic transformation [32]. Fe- and Co-Zn double 

metal cyanides exhibited remarkable catalytic activity in polyethers synthesis by ring 

opening polymerization (ROP) of ethene and propene oxides [33]. Interestingly, this 
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catalyst is insoluble in almost all of the known solvents. It is insoluble even in strong 

acids and aqua-regia. Hence, it could be used as a solid, reusable catalyst. Zn coordinated 

to imine groups exhibited superior activity for CO2 insertion in the epoxide ring to 

produce cyclic and polycarbonates [34]. A similar structural environment for Zn in Fe-Zn 

double metal cyanide catalysts was attributed the cause for its high catalytic activity in 

ROP [33]. In the present study, the activity of Fe-Zn catalysts in another important 

organic transformation (transesterification reaction) is evaluated, for the first time. 

Influence of synthesis method (presence of complexing and co-complexing agents) on the 

catalytic activity of Fe-Zn catalysts is examined. A detailed synthesis of different 

materials prepared under this category and their characterization is presented below.    

2.8.1. Synthesis  

2.8.1.1. Double Metal Cyanide Fe-Zn Catalyst Prepared in the Presence of Complexing 

and Co-complexing Agents (Fe-Zn-1) 

K4[Fe(CN)6] (0.01 mol; Merck India) was dissolved in 40 ml of double distilled 

water (solution-1). In a separate beaker, 0.1 mol of ZnCl2 (Merck India) was dissolved in 

a solution of 100 ml of distilled water and 20 ml of tert.-butanol (Merck India) (solution-

2). Tri-block copolymer, poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) (E020-PO70-EO20; molecular weight of about 5800) (15 g) was 

separately dissolved in 2 ml of distilled water and 40 ml of tert.-butanol (solution-3). 

Solution-2 was added to solution-1 slowly over a period of 60 min at 323 K with 

vigorous stirring. White precipitation occurred during the addition. Then, solution-3 was 

added to the above reaction mixture (i.e., solution 1 + solution 2) over a period of 5 - 10 

min and stirring was continued for further 1 h. The solid Fe-Zn catalyst (designated as 
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Fe-Zn-1) formed was filtered, washed thoroughly with distilled water (500 ml) and dried 

at 298 K for about 2 days. This material was used in catalytic reactions either as-prepared 

or after activation at a desired temperature (ca., 333 – 673 K) for 4 h. Tert.-butanol acts 

as complexing agent and tri-block copolymer acts as co-complexing agent [32]. 

2.8.1.2. Double Metal Cyanide Fe-Zn Catalyst Prepared in the Presence of Complexing 

Agent (Fe-Zn-2) 

The complex was prepared in a similar manner as described above except that the 

co-complexing agent (tri-block co-polymer) is not used in the synthesis. In a typical 

preparation procedure, K4[Fe(CN)6] (0.01 mol) was dissolved in 40 ml of double distilled 

water (solution-1). In a separate beaker, 0.1 mol of ZnCl2 was dissolved in a solution of 

100 ml of distilled water and 20 ml of complexing agent tert.-butanol (solution-2). 

Solution-2 was added to solution-1 slowly over a period of 60 min at 323 K with 

vigorous stirring. White precipitation occurred during the addition. Stirring was 

continued for further 1 h. The solid Fe-Zn catalyst (designated as Fe-Zn-2) formed was 

filtered, washed thoroughly with distilled water (500 ml) and dried at 298 K for about 2 

days.  

2.8.1.3. Double Metal Cyanide Fe-Zn Catalyst Prepared in the Absence of both 

Complexing and Co-complexing Agents (Fe-Zn-3)  

The complex was prepared in the absence of both the complexing and co-

complexing agents. In this method, K4[Fe(CN)6] (0.01 mol) was dissolved in 40 ml of 

double distilled water (solution-1). In a separate beaker, 0.1 mol of ZnCl2 was dissolved 

in 100 ml of distilled water (solution-2). Solution-2 was added to solution-1 slowly over a 

period of 60 min at 323 K with vigorous stirring. White precipitation occurred during the 
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addition. Stirring was continued for further 1 h. The solid Fe-Zn catalyst (designated as 

Fe-Zn-3) formed was filtered, washed thoroughly with distilled water (500 ml) and dried 

at 298 K for about 2 days.  

2.8.2. Characterization 

2.8.2.1. Chemical Composition 

XRF studies revealed that Fe, Zn and Cl in Fe-Zn-1 catalyst are in the ratio of 

3.7: 6.2: 0.29. C, H and N contents (%, by elemental analysis) were found to be 23.25, 

2.24 and 17.27, respectively. From the chemical composition the molecular formula of 

Fe-Zn-1 catalyst was estimated as:  

Fe-Zn-1 catalyst: Fe2Zn3(CN)10(H2O)5(C4H10OH).0.3 ZnCl2. 

Based on the molecular formula and the X-ray structural information available on some 

ferrocyanide complexes [32] a tentative structure for the complexes may be written as 

follows:  
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Further confirmation to this structural entity was obtained (see later on) from 

spectroscopic investigations. 

 The percentage C, H and N contents for Fe-Zn-2 catalyst were found to be 16.66, 

1.23 and 18.5, respectively. Based on these results the following molecular formula is 

proposed: 

Fe-Zn-2 catalyst: Fe2Zn3(CN)10(H2O)6.0.3 ZnCl2. 
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The percentage C, H and N for Fe-Zn-3 catalyst were found to be 18.03, 1.4 and 

18.87, respectively. The molecular formula of Fe-Zn-3 catalyst is as follows: 

Fe-Zn-3 catalyst: Fe2Zn3(CN)12(H2O)4.0.3 ZnCl2. 

2.8.2.2. XRD 

Fig. 2.18 shows the XRD pattern of Fe-Zn-1 catalyst and its precursor compounds 

ZnCl2 and K4Fe(CN)6. The XRD profiles provide clear evidence that the catalyst is 

highly crystalline and contains no impurity of the starting compounds ZnCl2 and 

K4Fe(CN)6. The X-ray pattern indicates that the catalyst system belongs to a cubic lattice 

with unit parameter of 0.904 nm. The peaks corresponding to various planes are indicated 

in Fig. 2.18. It may be noted that a Co analogue of this complex - 

Zn3[Co(CN)6]2.xZnCl2.y(tert.-BuOH).z(H2O) also forms a cubic crystalline structure 

[35].  
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Fig. 2.18. XRD profiles of (a) Fe-Zn double metal cyanide catalysts and (b) their 

precursor compounds ZnCl2, and  K4Fe(CN)6.
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With a view to check the structural stability, Fe-Zn-1 was activated at different 

temperatures for 4 h and the XRD patterns were recorded. The catalyst was found to be 

stable up to a minimum temperature of 473 K and then transforms into another compound 

(Fig. 2.19).  
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Fig. 2.19. XRD profiles of Fe-Zn-1 catalyst activated at different temperatures. 

 
2.8.2.3. N2 Adsorption 

When the catalyst (Fe-Zn-1) was heated to different temperatures (for 4 h) and 

activated the specific surface area (SBET) decreased with an increase in the activation 

temperature. This decrease is marginal below 473 K and more significant above this 

temperature (SBET for Fe-Zn-1 catalyst: 51.6, 47.2, 41.6 and 19.0 for the catalyst activated 

at 298 K, 333 K, 473 K and 673 K, respectively). 
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2.8.2.4. FT-IR 

As expected ZnCl2 showed no IR bands. K4Fe(CN)6 showed an intense band 

characteristic of ν(C≡N) at 2039 cm-1. In the case of Fe-Zn catalysts, this band shifted to 

higher wave number region (2096 cm-1) (Fig. 2.20). Cyanide group in a free state shows 

characteristic ν(CN) band at 2080 cm-1 [36]. The shift of this band to higher frequency in 

the case of Fe-Zn catalysts indicates the coordination of cyanide group to both Zn2+ and 

Fe2+ ions. Electron donation tends to raise the ν(CN) since electrons are removed from 

the 5σ orbital, which is weakly antibonding, while π-back-bonding tends to decrease the 

ν(CN) because the electrons enter into the antibonding 2pπ* orbital. In general, CN− is a 

good σ-donor and a poorer  π-acceptor. Thus, ν(CN) for the complexes is generally 

higher than the value for free CN−. These results demonstrate that the cyanide ligands are 

oriented linearly between the divalent Zn and Fe with the C atom coordinated to Fe. The 

divalent Zn ions are linked to the Fe ions by cyanide bridging. The presence of water 

molecules and tert.-butanol in the catalyst composition Fe-Zn-1 can be inferred from the 

additional bands at 3635, 3465, 1620, 1095, 604 and 500 cm-1 and several weak bands in 

the range 1100 – 800 cm-1 (Fig. 2.20 (a)). These bands are not present in the other two 

Fe-Zn catalysts (Fe-Zn-2 and Fe-Zn-3). When Fe-Zn-1 was heated/activated at higher 

temperatures the following spectral changes were noted (Fig. 2.20 (b)): (1) No major 

changes in IR spectral pattern was observed up to 473 K. (2) A marked decrease in 

intensity of the cyanide band (at 2096 cm-1) was observed in samples activated at above 

473 K and this band was almost absent in 673 K activated samples. (3) New, intense 

bands were observed at 1495 and 1380 cm-1 for the samples activated above 473 K. 

These observation in agreement with the X-ray results reveal that catalyst is stable up to 
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473 K and above that temperature it decomposes into metal nitrogen oxide compounds 

showing characteristic nitrate bands at 1495 and 1380 cm-1. 
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Fig. 2.20. DRIFT spectra of (a) ZnCl2, K4Fe(CN)6, and Fe-Zn double metal cyanide 

catalysts (b) Fe-Zn-1 catalyst at various activation temperatures. 

 
2.8.2.5. DRUV-Visible 

As expected, ZnCl2 did not show UV-visible bands. K4Fe(CN)6 showed an 

intense band at 236 nm and two medium intensity bands at 278 and 330 nm (Fig. 

2.21(a)). While the latter two bands are attributed to LMCT transitions, the former one at 

236 nm is attributed to π-π* charge transfer of CN ligand. All these bands are blue 

shifted in the case of Fe-Zn catalysts (Fig. 2.21(a)). Interestingly, while the intensities of 

the LMCT bands are not much affected, that of π-π* charge transfer transition decreased 
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considerably in Fe-Zn catalysts. A bridging coordination of CN group to Fe and Zn is the 

possible cause for this spectral difference.  

Information about catalyst stability was deduced also from DRUV-visible 

spectroscopy (Fig. 2.21(b)). The spectrum was unaffected up to 473 K and beyond that a 

broad absorption was observed. The disappearance of characteristic charge transfer bands 

is a clear indication for the decomposition of cyanide ligands into nitrogen oxide groups 

when the samples are heated to temperatures above 473 K. 
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Fig. 2.21. DRUV-Visible spectra: (a) K4Fe(CN)6 and Fe-Zn double metal cyanide 

catalysts;  (b) Spectra of Fe-Zn-1 catalyst at various activation temperatures. 

 

 

 

 88



Chapter-2: Materials Preparation and Characterization 
______________________________________________________________________________________ 

2.8.2.6. SEM  

Scanning electron microscopy (Fig. 2.22) reveals that the catalyst material is 

highly crystalline and has a spherical morphology. Particle size of the material is in the 

range 1 - 3 µm.  

 

Fig. 2.22 SEM photographs of Fe-Zn-1 catalyst. 

2.8.2.7. XPS 

X-ray photoelectron spectra of Fe-Zn-1 activated at 473 and 673 K, are shown in 

Fig. 2.24. The peak arising from Zn(2p) core level in the catalyst appeared at 1021.2 eV. 

The corresponding peak for ZnCl2 appeared at higher binding energy values (1023.7 eV). 

Similarly, the peak arising from Fe(2p) core level in the catalyst appeared at 707 eV. The 
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corresponding peak in K4Fe(CN)6 occurs at 708.0 eV. The lower energy shift of the peaks 

indicates the formation of Fe-Zn-1 catalyst and confirms the mutual influence of Fe and 

Zn ions on binding energy. The peak arising from N (1s) core level appeared at 397 eV. 

This peak in K4Fe(CN)6 occurred at 398 eV. The peak corresponding to O (1s) appeared 

at 531 eV. A weakly intense peak arising from Cl(2p) appeared at 198 eV. Its low 

intensity suggests that its concentration in the catalyst (present as ZnCl2 adduct phase) is 

very low.  
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Fig. 2.23: XPS of Fe-Zn-1 catalyst. 
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Significant changes in XPS peak positions were observed when the samples were 

activated at 673 K (Fig. 2.24). The marked shift in peaks position indicates 

decomposition of the complex into metal oxides and nitrates [37]. In fact evidence for the 

presence of nitrate groups comes from N(1s) core level region by the peaks appearing at 

399 and 407 eV [37]. The high intensity of the peaks corresponding to O(1s), Zn(2p) and 

Fe(2p) in samples activated at 673 K suggests increased accessibility of the elements due 

to formation of a different kind of material by decomposition process. The formation of 

Fe2O3 in high temperature activated samples can be discerned from the peak at 711 eV 

[38]. 

2.9. Pd-loaded Silicoaluminophosphates 

 A major limitation of palladium catalyzed coupling processes is the poor 

reactivity of aryl chloride. Aryl chlorides are more attractive substrates, as they are 

cheaper and easily available than the corresponding bromides, iodide and triflet. 

Traditional palladium/triarylphosphene catalysts are only effective for the coupling of 

certain activated aryl chloride such as heteroarylchloride and substrates that bear 

electron-withdrawing group but not for any aryl chloride in general [39]. Most of the 

homogeneous Pd complexes are notorious for air and moisture sensitivity, they deactivate 

fast and it is tedious and not an economical affair to recover and recycle the catalyst. 

Much attention has been paid to heterogeneous palladium catalysts due to their easy 

recovery and recycling. Aim of the present work is to explore heterogeneous, recyclable 

transition metal based catalysts for C-C bond forming reactions. Reports reveal that Pd 

supported on basic metal oxides (MgO) is less active than the Pd supported on Al2O3, 

SiO2, mordanite and H-Y [40]. In the present study apart from Pd, cheaper metals such as 
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Cu and Ni are loaded on SAPOs of different structures (SAPO-11, SAPO-31 and SAPO-

41) and their activation of olefins and aryl halide for C-C coupling Heck reactions is 

evaluated.  

2.9.1. Synthesis 

2.9.1.1  SAPO-11, SAPO-31 and SAPO-41 

Silicoaluminophosphates SAPO-11, SAPO-31 and SAPO-41 were prepared 

hydrothermally using di-N-propylamine (DPA) and di-N-ethylamine (DEA) as organic 

templates. The starting materials were fumed silica (Aldric Co.), pseudoboehmite 

(Catapal B, Vista Co.), orthophosphoric acid (85%, S. D. Fine, India), di-N-propylamine 

(98% DPA, Aldrich, Co.) and di-N-ethylamine (98% DEA, Aldrich, Co.).  Synthesis was 

carried out in a 300 ml stainless steel reactor lined with Teflon at autogeneous pressure 

without agitation. The molar composition of the synthesis mixtures and synthesis 

conditions for the preparation of the pure SAPOs are given in Table 2.5.  

 
Table 2.5. Molar composition of the synthesis gels and crystallization conditions in the 

preparation of different SAPOs 

 
Gel composition Structure 

Al2O3 P2O5 SiO2 R H2O 

Temp. 

(K) 

Time (h) 

SAPO-11 1.0 1.0 0.3 1.16DPA 45 473 24 

SAPO-31 1.0 1.0 0.3 1.16DPA 45 473 48 

SAPO-41 1.0 1.0 0.3 1.16DEA 45 473 120 
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In a typical synthesis, 1:1 molar mixture of Al2O3 and P2O5 was prepared by 

slowly adding pseudoboehmite to dilute phosphoric acid, and the mixture was stirred well 

to form thick white paste.  This paste was aged overnight for SAPO-31 and SAPO-41.  

After adding the remaining part of water, the template was added drop-wise to the 

mixture.  Finally fumed silica was added.  The active gel was stirred well for another 

half-an-hour.  The gel was then charged into an autoclave and kept at required 

temperature for the specified duration. After crystallization the product was separated 

from the mother liquor, washed with distilled water and dried at 383 K for 12 h. The solid 

product obtained has the following molar composition: SAPO-11 (0.24 SiO2: 1.02 Al2O3: 

0.96 P2O5); SAPO-31 (0.28 SiO2: 0.96 Al2O3: 0.90 P2O5); SAPO-41 (0.20 SiO2: 1.02 

Al2O3: 0.90 P2O5).  

2.9.1.2. Metal-SAPOs 

SAPOs with 3 wt.% of Pd were prepared by the ion exchange method using an 

aqueous solution (10 ml) of (NH3)4PdCl2.H2O (74.46 mg). The suspension was stirred for 

10 h at 363 K. The solid (Pd-SAPOs) were calcined at 823 K for 6 h and then reduced at 

673 K under hydrogen flow (20 ml/min) for 6 h. 

Ni-SAPOs and Cu-SAPOs were prepared in a similar manner using the 

Ni(NO3)2.2H2O and Cu(NO3)2.2.5 H2O, respectively.  

2.9.2. Characterization 

2.9.2.1 XRD  

The X-ray powder diffraction patterns of calcined SAPO-11, SAPO-31 and 

SAPO-41 are shown in Fig. 2.24. The position and intensity of the XRD peaks agree with 

the earlier reports [41] and indicate that the samples are free of impurity phases. The high 
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intensity of XRD lines confirms high crystallinity of the samples. Metal incorporation did 

not alter the crystallinity and framework structure of SAPOs. 
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Fig. 2.24. XRD profiles of metal-free and metal-loaded SAPOs. 

(b)(a)

Fig. 2.25. SEM images of (a) SAPO-11, (b) SAPO-31 and (c) SAPO-41. 
(c)
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2.9.2.2. SEM 

 Scanning electron micrographs of the samples are shown in Fig. 2.25. A different 

morphology is observed for each SAPO. The crystal size distributions in the SAPO 

samples are not uniform and they differ from each other. SAPO-11 forms crystallites of 

spherical morphology. The sizes of this spherical particle is in the range of 3 - 4 µm. 

SAPO-31 forms rectangular rod-like crystal of sizes in the range of 1.0  x 0.5 µm to 3.0 x 

0.5 µm. SAPO-41 forms crystals of very large spheres (8-12 µm).   

2.9.2.3. DRUV-Visible 

 Cu-SAPO-31 (before reduction with hydrogen) exhibited a weak, broad band at 

600–800 nm in the DRUV-visible spectrum (Fig. 2.26) that could be assigned to the 

2Eg(D) → 2T2g spin allowed, Laporte-forbidden transition of Cu2+ in an octahedral 

geometry [42]. An intense band due to a ligand-to-metal charge transfer (LMCT) 

transition was observed at 310 nm. Calcined Ni-SAPO-31 showed characteristic bands at 

410 and 700 nm due to 3A2g → 3T1g(P) and 3Ag → 3T1g(F) transitions, respectively [43]. 

Pd-SAPO-31 showed a LMCT band at 250–300 nm. This band disappeared and an 

increased absorbance in the visible region was observed when treated with hydrogen 

indicating that all the Pd2+ ions had been converted to metallic Pd [44]. 

2.9.2.4. EPR 

 EPR spectroscopy (Fig. 2.26) revealed that the metal ions are highly dispersed. 

The Cu2+ in Cu-SAPO (before hydrogen reduction) is characterized by signals with spin 

Hamiltonian parameters, g2.388 = װ, g⊥ = 2.088 and Aװ
Cu = 118.1 G. Ni-SAPO-31 

showed a perpendicular signal at g = 2.345 corresponding to a highly distorted octahedral 
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environment around the Ni2+
 ions [45]. Pd-SAPO-31 reduced with hydrogen exhibited a 

broad signal at g = 2.12 characteristic of dispersed metallic Pd [46]. 
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Fig. 2.26. DRUV-Visible (left) and EPR (right) spectra of Cu/Ni/Pd-SAPO-31. Asterisk 

indicates signal due to Mn impurities and + indicates signal due to unburned template.  

2.10. Characterization Techniques  

2.10.1. XRD 

The XRD of the zeolite samples were recorded on a Rigaku, (Model D/MAX III 

VC, Japan) instrument with Ni-filtered, Cu-Kα radiation (λ = 1.5404 Å) and graphite 

crystal monochromator. All measurements were made at 298 K and the data were 

collected in the 2θ range of 5-50º at a scan rate of 2°/min (for zeolite–Y) and 1.5-10º at a 

scan rate of 1º/min (for MCM-41). X-ray diffractograms of SBA-15 materials were 

recorded on an X’Pert Pro (Philips) diffractometer using Cu Kα radiation and a 
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proportional counter as detector. A divergent slit of 1/32° on the primary optics and an 

anti-scatter slit of 1/16° on the secondary optics were employed to measure the data in the 

low-angle region. 

2.10.2. N2 Adsorption 

A commercial adsorption unit (NOVA 1200 Quanta Chrome equipment) was used 

for measurements of nitrogen adsorption. Initially, the samples (approx. 300 - 400 mg) 

were activated at 473 K for 16 h in high vacuum (~10-5mm). The samples were then 

cooled to 77 K using liquid nitrogen and nitrogen gas was allowed to adsorb on the 

catalyst surface. By measuring the amount of N2 adsorbed at different equilibrium 

pressures, the BET surface area was calculated. The anhydrous weight of the sample was 

used in the surface area calculation. To obtain the surface area, the results were fitted to 

the equation: surface area = Vm x N x Am, where, Vm is the monolayer volume, N is the 

Avagadro’s number and Am is the cross sectional area of adsorbent. 

2.10.3. Chemical Analysis 

C, H & N analysis of the catalysts was done on a Carlo Erba (Model EA 1108) 

elemental analyzer. Si and Al contents were estimated by wavelength dispersive XRF 

spectrometer (Rigaku 3670E). An atomic absorption spectrometer (AAS, Hitachi Model 

Z-8000) was used to estimate the metal content in the samples.  

In a typical sample preparation for AAS, a known amount of the sample was 

digested in HF or H2SO4 or (3:1 HNO3/HCl mixture) depending upon the solubility of the 

sample. Then the solution was made up to the mark of the volumetric flask with distilled 

water and was then analyzed for metal content by atomic absorption spectroscopy. 
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2.10.4. FT-IR 

 The Infrared spectra were recorded using a Shimadzu (Model 8201PC) 

spectrophotometer in a range 4000-400 cm-1. The spectra were recorded as Nujol mulls or 

as KBr pellets (1wt%). Acidity measurements of the samples were performed by pyridine 

adsorption studies. Basicity measurements were carried out by adsorbing CO2. 

2.10.4.1. Pyridine-Adsorption FT-IR 

 IR spectral measurements were performed on a Shimadzu SSU 8000 DRIFT-IR 

spectrometer equipped with liquid nitrogen cooled MCT detector. Samples were 

activated at 698 K for 2 h under nitrogen flow. Then they were cooled to 323 K and 

pyridine (30 µl) was adsorbed. The sample temperature was raised to a desired value and 

held at that temperature for 30 min and then the spectrum was recorded. In some 

measurements, the samples were initially hydrated by keeping them overnight in a 

desiccator containing water. Then they were subjected to IR measurements by adsorbing 

pyridine at 298 K. 

2.10.4.2. CO2 adsorption FT-IR 

The samples were made into a paste with dichloromethane and then exposed to 

CO2 at different experimental conditions (temperature = 253 – 298 K; CO2 pressure = 2 – 

20 bar; time = 1 h). The spectra before and after CO2 adsorption were recorded 

(Shimadzu 8201 PC spectrophotometer; region 400 - 4000 cm–1). The difference 

spectrum was obtained by subtracting the spectrum of the unexposed SBA sample from 

that of the corresponding CO2 adsorbed sample. The average number of scans was 100 

and the spectral resolution was 4 cm –1.       
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2.10.5. DRUV-Visible 

The UV-Visible spectra of the samples were obtained in the wavelength range of 

200-850 nm using a Shimadzu (Model UV-2550) PC spectrometer. The spectra were 

recorded in solid state (in diffuse reflectance mode) and in solution medium (in normal 

absorption mode). In the case of colored materials for examples, phthalocyanine, the 

samples were diluted with spectral grade barium sulfate.  

2.10.6. EPR 

EPR spectra of samples were recorded on a Bruker EMX spectrometer operating 

at X-band frequency and 100 kHz field modulation. The samples were taken in Suprasil 

quartz tubes of 4.5 mm o.d. Measurements at 77 K were carried out using a quartz insert 

dewar. Spectral manipulations and simulations were done using Bruker WINEPR and 

Simfonia software packages. Microwave frequency was calibrated using a frequency 

counter fitted in the microwave bridge (Bruker ER 041XGD) and the magnetic field was 

calibrated by a ER 035M NMR Gaussmeter. 

2.10.7. Transmission Electron Microscopy 

Transmission electron micrographs (TEM) were taken on a JEOL Model 1200 EX 

instrument. TEM provided information of mesoporous materials at near atomic 

resolution. A fine suspension of the sample was made in isopropanol with the help of 

ultrasonication and was mounted on a copper grid. Images were recorded using a camera. 

2.10.8. Thermal Analysis 

Thermo-gravimetric analysis were done by taking 30 mg of samples on a Seiko 

DTA-TG 320 instrument under nitrogen atmosphere (50 cm3/min), at a ramp rate of 10 

K/min, in the temperature range of 308 – 1078 K. A known weight of the samples was 
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taken in a platinum crucible with lid and heated at 393 K to get the dry weight of the 

sample. The sample was weighed after equilibration. The difference in weights gave the 

loss in weight on heating. 

2.10.9. TPD 

Acidity and basicity were estimated by NH3-TPD and CO2-TPD measurements, 

respectively. 

2.10.9.1. NH3-TPD 

  The acidity of the samples was estimated by NH3-TPD technique. The 

measurements were performed on a Micromeritics Autochem 2910 instrument. The 

sample (500 mg) was initially activated at 773 K for 2 h in He flow (20 ml/min). It was 

then cooled to 353 K and 10% NH3 in He was adsorbed for 30 min. The sample was 

flushed with He (30 ml/min) for 1 h at 373 K and the desorption was monitored by 

increasing temperature from 373 to 723 K at a ramp rate of 10 K/min. 

2.10.9.2. CO2-TPD 

 In CO2-TPD experiments the catalyst was pretreated at 473 K for 1 h. CO2 was 

adsorbed at 300 K for 1 h. The sample was then flushed for 1 h to remove physisorbed 

CO2. The TPD was carried from 298 to 523 K at a heating rate of 10 K/min. The sample 

was kept at 523 K for 30 min. 

2.11. Conclusions 

 The synthesis of various catalysts used in the present work for (1) CO2 utilization, 

(2) transesterification and (3) C-C coupling Heck reactions is presented. These catalysts 

were characterized by elemental analysis (C, H & N; AAS), N2 adsorption/desorption, 

XRD, FT-IR, DRUV-Visible, EPR, XPS, TEM and thermal analysis techniques. Acidity 
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of the catalysts was determined by NH3-TPD and pyridine adsorption FT-IR techniques. 

Basicity of the catalysts was measured by CO2-TPD and FT-IR of adsorbed CO2. 
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3.1. Introduction 

Cyclic carbonates are valuable compounds that have application in a variety of 

chemical fields. They are important raw materials for engineering plastics like 

polycarbonates. Because of their high solubility, high boiling and flash points, low odor 

levels and evaporation rates, low toxicities and biodegradability, cyclic carbonates are 

utilized as aprotic polar solvents in degreasing, paint stripping and cleaning. They are 

also used as electrolytes in secondary batteries and in general, as intermediates in 

organic synthesis, pharmaceuticals and biomedical applications [1-3]. Biologically 

active molecules that contain a cyclic carbonate component have also been isolated 

from various kinds of natural sources. Their synthesis using phosgene is non-eco-

friendly [4]. One of the most successful, popular and benign methods of their 

preparation is from CO2 [5-7]. The alarmingly growing levels of CO2 in the atmosphere 

necessitate chemical industry to develop alternative chemical processes that either do 

not generate CO2 as a by-product or those processes that utilize CO2 in chemical 

synthesis. Cyclic carbonates synthesis by cycloaddition of CO2 to epoxides is an 

efficient way to CO2 utilization.  

A variety of homogeneous metal complexes have been reported to catalyze the 

cycloaddition reaction of CO2 to epoxides [8-9]. Obviously, heterogeneous catalysts 

offer more advantages such as easy catalyst separation, reusability and engineering 

benefits. Several heterogeneous catalysts such as polystyrene bound onium salts [10], 

basic metal oxides [11], Mg-Al mixed oxides [12], Nb-catalysts [13], lanthanide 

oxychlorides [14], alkali metal loaded zeolites and alumina [15], poly(4-vinylpyridine)-

supported zinc halide [16], silica supported guanidine [17] and Schiff base and 

phthalocyanine complexes covalently bonded to porous silica [18] have been reported. 

Commercial production of cyclic carbonates, by a non-phosgene route, with quaternary 

 105



Chapter-3: Utilization of CO2 in Cyclic Carbonates Synthesis 
____________________________________________________________________________________ 

ammonium salt-based catalysts, has been announced recently by BASF and Chimei-

Asahi Co., Taiwan [19]. However, with most of the above-mentioned solid catalysts 

and with the commercial quaternary ammonium salt catalysts the reaction had to be 

carried out at high temperatures and pressures for high yields of carbonates. In some 

cases, a large amount of catalyst and solvent are also required. Hence, there is a need to 

develop more efficient, solid, reusable catalysts for this reaction. In view of this, in this 

chapter, five different types of catalyst systems have been evaluated for their catalytic 

activity in cycloaddition reaction of CO2 to epoxides. The sites for CO2 activation were 

probed by TPD, DRIFT and other spectroscopic techniques. 

3.2. Experimental Section 

3.2.1. Cyclic Carbonate Synthesis - Reaction Procedure 

In a typical cycloaddition reaction, a known quantity of epoxide 

(epichlorohydrin (ECH), propene oxide (PO), n-butene oxide (BO) and styrene oxide 

(SO)) and catalyst were taken in a 300 ml stainless steel pressure reactor. In some 

reactions a co-catalyst (N- or P-based compound) and solvent were also taken in the 

reactor. The reactor was pressurized with CO2 (1.6 – 10 bar), temperature was raised 

(333 - 433 K) and the reaction was conducted for a specified period of time (3 – 10 h). 

The reactor was then cooled to 298 K, unreacted CO2 was released, and the products 

were analyzed by GC-Varian 3400; CP-SIL8CB column; 30 m long and 0.53 mm i.d. 

for all the cyclic carbonates except propene carbonate; injection temperature, = 553 K, 

detector temperature, 573 K, program: 313 K (5 min hold) – 5 K/min – 393 K (5 min 

hold) – 10 K/min – 513 K (10 min hold) for chloropropene carbonate and butene 

carbonate. 353 K (5 min hold) - 5 K/min – 393 K (5 min hold) – 10 K/min – 513 K (10 

min hold) for styrene carbonate. Propene carbonate was analyzed with a GC- 

Shimadzu; CP-SII 8CB column; 60 m x 0.25 mm x 0.25 µm thick capillary column and 
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identified by GC-MS (Shimadzu QP-5000; 30 m x 0.25 mm x 0.25 µm thick capillary 

column DB-1), GC-IR (Perkin Elmer 2000; BP-1 column; with a 25 m long, and 0.32 

mm i.d.), and FT-IR and 1H NMR spectroscopies (Bruker AC 200). In some cases, 

cyclic carbonates, thus prepared utilizing CO2, were isolated by column 

chromatography (silica gel 100 – 200 mesh, petroleum ether – ethyl acetate mixture 

(80: 20 volume)) and mass balances were confirmed. 

Spectral characteristics of cyclic carbonate products 

Chloropropene carbonate – IR (cm-1): νC = O, 1800, νC−O, 1133, 1080; 1H NMR 

(CDCl3), δ(ppm): 5.03 – 4.94 (1H, m), 4.61 – 4.52 (1H, q), 4.44 – 4.35 (1H, q), 3.84 – 

3.74 (2H, m).  

Propene carbonate – IR (cm-1): νC = O, 1793, νC−O, 1121, 1078; 1H NMR 

(CDCl3), δ(ppm): 4.88 – 4.77 (1H, m), 4.55 – 4.49 (1H, t), 4.01 – 3.96 (1H, t), 1.45 

(3H, d). 

Styrene carbonate – IR (cm-1): 1812, 1163, 1062 (νC=O); 1H NMR (CDCl3), 

δ(ppm): 7.47-7.3 (5H, m), 5.73-5.63 (1H, t), 4.83-4.75 (1H, t), 4.37-4.29 (1H, t).  

3.3. Results and Discussion 

3.3.1. Cyclic Carbonates Synthesis with Homogeneous Copper Complexes 

The preparation and characterization of different homogeneous copper 

complexes of acyclic and cyclic ligands used in the study are presented in Chapter-2. 

The reaction of epoxide and CO2 yielded the corresponding cyclic carbonate as the 

selective product; diols and ethers formed in the minor amounts. Table 3.1 shows the 

catalytic activity of various homogeneous Cu2+ complexes. Ligand structure markedly 

affected the catalytic activity. The catalytic activity of Cu coordinated to different 

ligands varied in the order: phthalocyanine (Pc) > tetraphenylporphyrine (TPP) > 1,10-

phenanthroline (phen) > salpoh > salen > cyclen > 2,2’-bipyridine (bipy). Among the 
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cyclic systems the unsaturated ligand systems (Pc and TPP) are more efficient than the 

saturated ligand system (cyclen). The metal complexes of cyclic aza ligands exhibited 

higher activity than the acyclic systems (bipy and phen). Electron donating substituents 

(methyl) decreased the catalytic activity. On the other hand, an increase in catalytic 

activity was observed when Cu2+ replaced by Mn3+. The difference in catalytic activity 

is due to a difference in the mode of CO2 binding. The mode of CO2 binding was 

investigated with the help of various spectroscopic techniques such as FT-IR, UV-

visible and EPR technique. 

The reaction of CO2 with Cu-cyclen generated two new IR peaks, at 1716 and 

1225 cm-1, attributable to formation of an activated CO2 complex. When both ECH and 

CO2 were reacted (in CH3CN) additional peaks (denoted by asterisk; Fig. 3.1) appeared 

at 1805, 1649, 1170 and 1074 cm-1. These additional peaks compared well with the IR 

spectrum of a commercial cyclic carbonate sample. The peak due to CO2-complex (at 

1716 and 1225 cm-1) could not be detected from the spectra of CO2 + ECH reaction 

solutions due to overlap of a highly intense peak of cyclic carbonate. Based on this, it 

may be concluded that Cu-cyclen complexes (showing ν3 and ν1 IR band at 1716 and 

1225 cm-1, respectively) form a pentacoordianted structure and η1-C type CO2 

coordination. Co-tetraza macrocycles [20] and Schiff bases [21] form similar η1-CO2 

complexes and show IR peaks at around 1702 and 1217 cm-1. 
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Fig. 3.1. FT-IR spectra in CH3CN: (a) Cu(cyclen) + DMAP, (b) Cu(cyclen) + DMAP + 

CO2, (c) Cu(cyclen) + DMAP + CO2 + ECH. Asterisk indicates the characteristic IR 

bands for cyclic carbonate. DMAP = N,N-dimethyl aminopyridine. 

 

Cu(cyclen)-DMAP-CH3CN showed a weak d-d band at around 660 nm (Fig. 

3.2). The CO2 reacted-solution showed a new band at 415 nm consistent with the 

formation of an activated CO2 complex. This band is attributed to metal–to-ligand 

charge transfer transition (Cu (d orbital) →CO2 (π* orbitals)). When both ECH and 

CO2 were reacted, the d-d band shifted to higher energy side and a new resolved feature 

appeared at 524 nm (Fig. 3.2 (I)). These spectral variations indicate a change in the 

molecular structure of the Cu complex due to formation of cyclic carbonate and adduct 

complexes. Similar conclusions are drawn also from the EPR spectra (vide infra). 

When the reactions were conducted over Cu(phen) and Cu(bipy) complexes, the 
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position of the charge transfer band of the activated CO2 complex shifted from 415 nm 

(originally observed for Cu(cyclen) complexes) to 409 nm. This shift in the charge 

transfer band position can be corresponded to a change in the mode of CO2 

coordination and weaker Cu-CO2 bond. A similar type of charge transfer band at 

around 400 nm is reported for Ag(CO2) system [22].  

Cu(cyclen) + DMAP in CH3CN showed an axial EPR spectrum with spin 

Hamiltonian parameters being g⎪⎪ = 2.211, g⊥ = 2.054 and A⎪⎪
Cu = 169.4 G (Fig. 3.2 

(II)). Upon reaction with CO2, new signals (denoted as A in Fig. 3.2 (II); resolved 

mainly in the parallel region) appeared at g⎪⎪ = 2.252 and A⎪⎪
Cu = 165.0 G in addition to 

the signals characteristic of Cu(cyclen)-DMAP complex. These new EPR signals, in 

agreement with the FT-IR and UV-visible results, could be attributed to the activated 

CO2 complex. The higher g value (g⎪⎪ = 2.252) compared to that of Cu(cyclen)-DMAP 

complex indicates stronger pentacoordinated Cu2+ species [23]. The axial spectrum 

indicates a symmetric coordination of CO2 to Cu. Upon reaction with CO2 + ECH, 

significant changes in the spectral parameters were observed (Fig. 3.2 (II)). Two types 

of Cu2+ with the following spin Hamiltonian parameters were observed.  Species A 

with g⎪⎪ = 2.258 and A⎪⎪
Cu = 155.0 G is the activated CO2-complex and species B with 

g⎪⎪ = 2.208, g⊥ = 2.056 and A⎪⎪
Cu = 173.5 G is the cyclic carbonate adduct. The origin 

of species B was confirmed by recording the spectra of Cu(cyclen)-DMAP + propene 

carbonate. The EPR studies suggest that CO2 coordination is influenced by the 

geometry as well as ligand field strength at the site of Cu. The higher g-value (g⎪⎪ = 

2.252) is consistent with a five-coordinated geometry of Cu. Lower Cu hyperfine 

constant (A⎪⎪
Cu = 155 – 165 G) indicates more delocalization of the electron density 

onto the ligand/CO2 orbitals. These results from EPR agree well with those of FT-IR 

and UV-visible studies discussed above. The spectral investigations have provided 
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evidence for the formation of Cu2+-CO2 complexes, an activated intermediate in the 

cyclic carbonates synthesis. 
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Fig.3.2. (I) UV-visible spectra in CH3CN: (a) Cu(cyclen) + DMAP, (b) Cu(cycle) + 

DMAP + CO2, (c) Cu(cyclen) + DMAP + ECH, (d) Cu(cyclen) + DMAP + CO2 + 

ECH. (II) EPR spectra in CH3CN at 100 K: (i) Cu(cyclen) + DMAP, (ii) Cu(cyclen) + 

DMAP + CO2, (iii) Cu(cyclen) + DMAP + CO2 + ECH. 

 
The complexes under study are also known to activate and facilitate ring 

opening of epoxides [24]. Based on these experimental evidences a tentative 

mechanism is proposed in Fig. 3.3 which is similar to that reported for Cr(III) salen 

complexes [8]. Accordingly, the Cu complex activates the epoxides and the Cu-DMAP 

system activates CO2. The activated CO2 complex then attacks the activated epoxide at 

the less hindered carbon leading to formation of a dimeric intermediate species, which 

eventually yields the cyclic carbonate.  



 

The differences in catalytic activity of Cu complexes (Table 3.1) can be 

explained based on the mode of CO2 coordination. As discussed above, activation of 

reactants is the crucial step in CO2 fixation. The metal-substrate bonding should be 

optimum. Metal complexes with unsaturated aza-ligands (Pc and TPP) provide 

optimum bonding and enable higher yields of cyclic carbonates. In contrast, the 

complexes with acyclic ligands (phen and bipy) form weaker metal-CO2 bonds and 

result in lower catalytic activity. Methyl substitution on cyclen results in more stable 

metal-CO2 complexes, which are less reactive giving lower yields of the product 

carbonate. In other words, the metal-CO2/epoxide bonding should neither be too 

stronger nor too weak. By a suitable fine-tuning of the ligand system it is possible to 

develop a highly active catalyst. These homogeneous complexes are efficient only if a 

co-catalyst such as N,N-dimethyl aminopyridine (DMAP) and solvent such as 

dichloromethane are used in the reaction. Separation of these homogeneous catalysts is 

a major issue.   
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Fig. 3.3. Possible reaction mechanism for cyclic carbonate synthesis over homogeneous 

Cu complexes. 
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Table 3.1. Catalytic activity of Cu and Mn complexes for cyclic carbonate synthesis from CO2 and epoxides 

Catalyst (mmol) Epoxide Epoxide conversion (wt%) TOF Cyclic carbonate selectivity% 
CuPc (0.0072) ECH 80.3 502 97.2 

CuTPP (0.0072) ECH 78.2 489 96.4 

[Cu(cyclen)(NO3)]ClO4 (0.0078) ECH 71.4 412 95.2 

Cu(saloph) (0.0072) ECH 71.8 449 98.2 

Cu(phen)2(NO3)2(H2O) (0.0069) ECH 69.6 454 97.2 

Cu(salen) (0.0072) ECH 66.1 413 95.8 

Cu(bipy)2(NO3)2(H2O) (0.0069) ECH 61.4 400 96.7 

[Cu(Me4cyclen)(CH3CN)](ClO4)2 (0.0066) ECH 37.8 258 96.8 

[Mn(Me4cyclen)(NO3)](ClO4)2 (0.0064)     

     

ECH 63.8 449 97.2

[Cu(cyclen)(NO3)]ClO4 (0.0078) PO 49.6 286 91.3 

Cu(saloph) (0.0072) PO 34.2 214 97.5 

Cu(phen)2(NO3)2(H2O) (0.0069) PO 38.0 248 98.4 

Cu(salen) (0.0072) PO 30.6 191 100 

Cu(bipy)2(NO3)2(H2O) (0.0069) PO 29.6 193 97.9 

[Mn(Me4cyclen)(NO3)](ClO4)2 (0.0064) PO 30.2 206 91.8

Reaction conditions: Epoxide (18 mmol), catalyst (0.0064 – 0.0078 mmol), DMAP (0.0072 mmol), CH2Cl2 (20 ml), CO2 (6.9 bar), temperature 
(393 K), reaction time (4 h). Turnover frequency (TOF) = moles of epoxide converted per mole of metal per hour. ECH = Epichlorohydrin. PO = 
Propene carbonate.



3.3.2. Cyclic Carbonates Synthesis over Zeolite-Y-Encapsulated Metal 

Phthalocyanines  

Metallophthalocyanines (MPcs) are attractive biomimetic catalysts for oxidation 

and epoxidation reactions. They are extensively used because of their simple 

preparation process, inexpensiveness and their chemical and thermal stability. 

However, it has been rarely reported that metal phthalocyanines could be used as 

catalysts for the insertion reaction of CO2 with epoxides for the preparation of cyclic 

carbonates. In the previous section, CuPc was found to be the best among the various 

metal complexes studied for this cycloaddition reaction. It is known that in solutions, 

MPc complexes agglomerate and as a consequence, exhibit lower catalytic activity. 

Encapsulation of MPc complexes inside the cages of zeolites and zeolitic materials 

enhances their catalytic activity.   

In the present section, binary catalysts comprising metal phthalocyanines 

encapsulated in zeolite-Y (MPc-Y) and a co-catalyst (such as quaternary ammonium 

and phosphonium salts or organic bases), are used to catalyze the formation of cyclic 

carbonates from CO2 and epoxides. The catalytic property of various metal 

phthalocyanines in the presence of different co-catalysts and solvents are investigated. 

Plausible reaction mechanism is also presented. Unlike most of the known catalysts, 

these heterogeneous metal complex catalysts are not sensitive to air and moisture and 

could be subjected to utilization in several recycling experiments without much loss in 

activity.  
The experimental investigation reveals that carbon dioxide reacts with epoxides 

to produce cyclic carbonates only in presence of MPc, while metal free phthalocyanine 

itself did not catalyze the reaction (Table 3.2). MPc, combined with a Lewis base or 

quaternary ammonium salt efficiently promoted the conversion of epoxide to cyclic 
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carbonate, although these bases themselves showed very low catalytic activity under 

employed conditions (Table 3.2). There was a synergistic increase in the rate of 

cycloaddition reaction when both the catalyst and co-catalyst were present together. 

AlPcCl was deposited on SiO2 by impregnation and the resulting AlPcCl-SiO2 was 

investigated as a catalyst for this reaction in combination with different co-catalysts. 

Among several co-catalysts, DMAP was found to be a highly efficient co-catalyst (Fig. 

3.4).  

 
Table 3.2. Influence of co-catalyst on cycloaddition reaction of epichlorohydrin and 

CO2 over AlPcCl-SiO2

Entry 

no. 

Catalyst Co-Catalyst ECH conversion  

(mol %) 

 Cyclic carbonate 

selectivity (mol %)

1 H2Pc none 0 0 

2 AlPcCl-SiO2 none 4.7 100 

3 None Bu4NBr 9.8 97.9 

4 None Ph3P  6.3 100 

5 None Bu4PBr  9.8 97.2 

6 None Pyridine 18.4 98.3 

7. None DMAP 32.1 89.3 

8. AlPcCl-SiO2 Ph3P 64.3 76.0 

9. AlPcCl-SiO2 Bu4PBr 71.3 91.1 

10. AlPcCl-SiO2 Bu4NBr 76.7 85.0 

11. AlPcCl-SiO2 Pyridine 80.4 77.3 

12. AlPcCl-SiO2 DMAP 90.2 90.9 

Reaction conditions: Epoxide, 18 mmol; AlPcCl-SiO2, 83 mg; temperature, 393 K; CO2 

pressure, 6.9 bar; dichloromethane (DCM), 20 ml; run time, 4 h. 

 
3.3.2.1. Influence of Catalyst to Co-catalyst Ratio 

The amount of base co-catalyst affected the formation of cyclic carbonates from 

carbon dioxide and epichlorohydrin. It was found that when the molar ratio of 
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DMAP/AlPc-Y was below four the formation rate of cyclic carbonate increased with 

the amount of co-catalyst and above that the formation rate decreased with a further 

increase in DMAP concentration (Table 3.3).  

 
Table 3.3. Effect of catalyst/cocatalyst molar ratio for cycloaddition reaction of 

epichlorohydrin and CO2 over AlPc-Y and DMAP binary system  

Entry no. DMAP/AlPc-Y ECH conversion  

(wt %) 

 Cyclic carbonate 

selectivity (wt %) 

1 1 82.8 93.5 

2 2 94.2 98.1 

3 4 97.4 94.1 

4 6 92.4 93.2 

5 8 88.2 85.0 

6. 10 84.3 87.0 

Reaction conditions: Epoxide, 18 mmol; AlPc-Y, 83 mg; temperature, 393 K; CO2 

pressure, 6.9 bar; CH2Cl2, 20 ml; run time, 4 h. 
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Fig. 3.4. Synergism of catalyst and cocatalyst in cyclic carbonate synthesis. 
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3.3.2.2. Influence of Temperature and Pressure 

Both temperature and pressure showed marked effect on the yield of cyclic 

carbonates (Table 3.4). High temperatures favored depolymerization of polycarbonates 

and high yields of cyclic carbonates. The reaction proceeds even near atmospheric 

pressures (1.6 bar), but the cyclic carbonate yield was very low. The optimum 

conditions for the reaction were found to be 6.9 bar and 393 K. At pressures beyond 6.9 

bar, there were no further increase in the yield of cyclic carbonates.     
 
 
Table 3.4. Influence of temperature and pressure on cycloaddition reaction of CO2 with 

epichlorohydrin over AlPc-Y and DMAP binary system 

Entry 

no. 

Temperature 

(K) 

Pressure (bar) ECH conversion  

(wt %) 

 Cyclic carbonate 

selectivity (wt %) 

1 353 6.9 82.8 91.2 

2 373 6.9 90.9 90.9 

3 393 6.9 97.3 99.7 

4 433 6.9 98.2 100 

5 353 1.6 17.4 90.5 

6 353 4.8 59.7 92.5 

7. 353 13.8 83.5 94.3 

Reaction conditions: Epoxide, 18 mmol; AlPc-Y, 83 mg; DMAP; 0.0072 mmol; 

dichloromethane, 20 ml; run time, 4 h. 

 

3.3.2.3.  Influence of Solvent 

Solvent also has a marked influence on catalytic activity (Table 3.5). Non-polar 

solvents do not show much effect on the reaction. Polar solvents, on the contrary, 

showed a notable influence on cyclic carbonate formation. Among the polar solvents, 

alcoholic solvents markedly influenced the reaction. In the case of alcoholic solvents, 

epoxide conversion is less and side products formed in larger amounts. The weak 

activity in alcoholic solvents may be explained due to competition of alcohol and 
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reactant molecules for the active sites. Reactions proceeded very well even in absence 

of solvents but the product was brown in color.  

In DMF, the reaction proceeds efficiently. CO2 is highly soluble in DMF. 

Hence, there is enough amount of CO2 available in the medium for the reaction and as a 

consequence higher conversions are observed. There are reports [25] that cyclic 

carbonate formation occurs in high yields in DMF solvent even in the absence of any 

catalyst but at supercritical conditions. At the reaction conditions discussed in this 

section, about 27% of ECH conversion was observed in DMF in the absence of a 

catalyst. 

 

Table 3.5 Effect of solvent on cycloaddition reaction of epichlorohydrin and CO2 over 

AlPc-Y and DMAP binary system  

Entry 

no. 

Solvent ECH 

conversion  

(wt %) 

 Cyclic carbonate 

selectivity (wt %) 

1 None 93.0 100 

2 Toluene 92.6 97.8 

3 Dichloromethane 95.6 98.6 

4 Acetonitrile 97.3 99.7 

5 Methanol 46.9 80.6 

6. N,N-Dimethyl formamide 98.2 97.6 

Reaction conditions: Epoxide, 18 mmol; AlPc-Y, 83 mg; DMAP; 0.0072 mmol; 

Solvent, 20 ml; CO2 pressure, 6.9 bar; Temperature, 393 K; run time, 4 h. 

 

3.3.2.4. Influence of Metal and Zeolite Encapsulation 

Zeolite-encapsulated metal phthalocyanine complexes (MPc-Y) exhibited high 

catalytic activity for cycloaddition of CO2 to epichlorohydrin. The catalytic activity 

(TOF, h-1) increased with the central metal ion (M) in the order: Cu (768)> Ni (543)> 
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Co (524) (Table 3.6). The zeolite-Y encapsulated complexes (MPc-Y) exhibited 

superior activity as compared to “neat” and silica-supported phthalocyanine complexes 

(TOF, h-1: CuPc-Y (768) > CuPc-SiO2 (506) > CuPc (502)) (Table 3.6). No leaching of 

MPc was observed in case of zeolite-Y encapsulated catalysts. The solid catalyst was 

recovered by simple filtration and reused in a minimum of three cycles; little loss in 

activity was observed.  

EPR signals for “neat” CuPc complex were broad and copper hyperfine features 

were not resolved indicating intermolecular interactions and agglomeration of CuPc 

molecules (Chapter 2). CuPc-SiO2 also did not show resolved Cu hyperfine features. 

Zeolite-encapsulated CuPc, in contrast, showed resolved, parallel hyperfine features 

characteristic of isolated molecules (Chapter 2). These findings reveal the isolation and 

confinement of the CuPc complexes in the cavities of zeolite-Y. The superior activity 

of MPc-Y catalyst, compared to both “neat” and silica-supported complexes is probably 

due to the isolation of MPc complexes in the cavities of zeolite-Y and the consequent 

electronic changes. When the reaction was conducted using propene oxide (PO), the 

conversion and cyclic carbonate selectivity were found to be lower than that observed 

with ECH. In presence of electron withdrawing substituents (like Cl), activation of the 

epoxide and subsequent CO2 insertion to form cyclic carbonate were facilitated.  

Fig. 3.5 represents proposed, possible mechanism. This reaction proceeds 

through acid-base properties of the catalyst. In the present case, metal center acts as the 

Lewis acid site and DMAP acts as basic site. The acid-base combination together 
enables opening of the epoxide ring and then the reaction with CO2 to give the 

corresponding cyclic carbonate via a ring opening and ring cyclization process.  

 

Table 3.6.  Cyclic carbonate synthesis from CO2 and epoxide over MPc complexes 
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Catalyst Epoxide Conv. 

(wt%) 

Cylic carbonate 

selec. (wt%) (TOF 

h-1) 

AlPcCl-“neat” Epichlrohydrin 83.0 95.5 

AlPcCl-“neat” Propylene oxide 60.9 87.8 

AlPcCl-SiO2 Epichlrohydrin 90.2 90.9 

AlPc-Y Epichlrohydrin 97.3 99.7 

AlPc-Y(recycle-1) Epichlrohydrin 95.7 99.3 

AlPc-Y(recycle-2) Epichlrohydrin 93.8 96.7 

AlPc-Y(recycle-3) Epichlrohydrin 94.0 98.3 

AlPc-Y Propene oxide 84.7 85.3 

CuPc-“neat” Epichlrohydrin 80.3 97.2 (502) 

CuPc-“neat” Propylene oxide 46.2 89.2 (289) 

CuPc-SiO2 Epichlrohydrin 76.4 94.7 (506) 

CuPc-Y Epichlrohydrin 91.4 96.3 (768) 

CuPC-Y Propene oxide 71.7 90.3 (602) 

CoPc-Y Epichlrohydrin 90.9 95.5 (524) 

CoPc-Y Propene oxide 63.5 91.3 (366) 

NiPc-Y Epichlrohydrin 83.4 87.7 (543) 

NiPc-Y Propene oxide 75.9 84.6 (494) 

Reaction conditions: Epoxide, 18 mmol; AlPc-Y, 83 mg; DMAP; 0.0072 mmol; 

dichloromethane, 20 ml; CO2 pressure, 6.9 bar; temperature, 393 K; run time, 4 h. 

TOF = mole of epoxide converted per mole of metal ion per hour. 
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           Fig. 3.5. Proposed reaction pathway for the cyclic carbonate synthesis. 
  
 
3.3.3. Cyclic Carbonates Synthesis over Titanosilicate Molecular Sieves  
 

Titanosilicate are attractive heterogeneous catalysts for oxidation and 

epoxidation reactions. Use of titanosilicates in Lewis acid catalyzed reactions is not 

explored much. The catalytic properties of various titanosilicates e.g., TS-1, Ti-MCM-

41 and Ti-SBA-15, in the cycloaddition reaction are investigated, for the first time. 

These catalysts are also not air and moisture sensitive and could be reused in several 

recycles without much loss in activity. 

3.3.3.1. Catalyst Co-catalyst Synergism 

The reaction did not take place in the absence of catalyst and co-catalyst (Table 

3.7). With TS-1 alone, an epoxide conversion of 18.2% with cyclic carbonate 

selectivity of 87.4% was obtained in the cycloaddition reaction of CO2 and 

epichlorohydrin (ECH). On the other hand, with co-catalyst alone, an epoxide 

conversion of 6.2 to 32 mol% and a cyclic carbonate selectivity of 89 – 100 mol% was 

obtained. The activity (turnover frequency per hour; TOF) of cocatalysts (in the 

absence of titanosilicates) increased in the order: Ph3P (39) < Bu4PBr, Bu4NBr (61) < 

pyridine (115) < DMAP (200). There was a synergistic increase in the rate of 

cycloaddition when both the catalyst and co-catalyst were present. The synergistic 

increase, i.e., the ratio of TOF for the reactions with (TS-1+ co-catalyst) to the sum of 

TOFs for the reaction with TS-1 and cocatalyst alone increase in the order: TS-1+Ph3P 
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(1.85) < TS-1+DMAP (2.44) < TS-1+ pyridine (3.5) < TS-1+Bu4PBr (5.36) <TS-

1+Bu4NBr (5.6) (Fig. 3.6). Apparently, the nucleophilicity of the nitrogen or 

phosphorous atom is augmented by the electrophilic interaction of Ti4+ ions with the 

epoxide (Fig. 3.7). The synergism is lower with Ph3P, DMAP and pyridine because the 

active complex formed during the cycloaddition reaction is larger than the pore 

diameter of TS-1 (~ 5.6 Å) and hence the complex may not form inside the TS-1 pores. 

With these bulkier co-catalysts, the reaction probably takes place mainly at titanium 

sites on the external surface of the particles and hence, lower activities were observed. 

The synergistic effect was much lower when TiO2 was used as the source of Ti instead 

of TS-1 (Fig. 3.8). In addition to the main cyclic carbonate, the side products in the case 

of epichlorohydrin included 3-chloro-1,2-propanediol and 3-chloropropanaldehyde. 
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Fig. 3.6. Catalyst - cocatalyst synergism and influence of cocatalyst in the synthesis of 

cyclic carbonates from epichlorohydrin and CO2. Reaction conditions: catalyst (TS-1; 

100 mg; Si/Ti = 36), cocatalyst (0.0072 mmol), epichlorohydrin (18 mmol), CH2Cl2 (20 

ml), CO2 (6.9 bar), temperature = 393 K, run time = 4 h. Cocatalyst: 1 – DMAP, 2 – 

pyridine, 3 – Bu4NBr, 4 – Bu4PBr, 5 – Ph3P. 
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Table 3.7. Synergism of catalyst (TS-1) and co-catalyst combination in the synthesis of 

cyclic carbonates from epichlorohydrin and CO2

Catalyst Cocatalyst ECH 

Conv. 

(mol %) 

Cyclic carbonate 

Selec. (%)  

TOF (h-1) 

None None <1 - - 

TS-1 None 18.2 87.4 18 

None  DMAP 32.1 89.3 200 

TS-1 DMAP 85.4 92.6 533 

None Pyridine 18.4 98.3 115 

TS-1 Pyridine 74.5 91.0 466 

None Bu4NBr 9.8 97.9 61 

TS-1 Bu4NBr 70.8 73.0 443 

None Bu4PBr 9.8 97.2 61 

TS-1 Bu4NBr 67.8 98.4 424 

none Ph3P 6.2 100 39 

TS-1 Ph3P 26.1 71.0 163 

Reaction conditions: Epoxide, 18 mmol; TS-1, 100 mg; DMAP; 0.0072 mmol; 

dichloromethane, 20 ml; CO2 pressure, 6.9 bar; temperature, 393 K; run time, 4 h. 

TOF = mole of epoxide converted per mole of metal ion per hour. 
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            Fig. 3.7. Activation of epoxide by titanosilicates and DMAP co-catalyst. 
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Fig. 3.8. Influence of Ti source on the catalyst-cocatalyst synergism in the synthesis of 

cyclic carbonates from epichlorohydrin and CO2. Reaction conditions: catalyst (TS-1 = 

100 mg; TiO2 = 5.5 mg (equivalent of Ti content in TS-1)), cocatalyst (DMAP; 0.0072 

mmol); epichlorohydrin (18 mmol),  CH2Cl2 (20 ml), CO2 (6.9 bar), temperature = 393 

K, run time = 4 h. 

3.3.3.2. Influence of Reaction Parameters  

  Reaction temperature and CO2 pressure significantly influenced the catalytic 

activity. The yield of cyclic carbonates increased with an increase in reaction 

temperature. A complete conversion of epicholorohydrin was achieved at 413 – 433 K 

(Fig. 3.9 (a)). Cyclic carbonate formed in higher yields also with an increase in pressure 

up to 13.8 bar, and beyond that it decreased due to formation of significant quantities of 

side products (Fig. 3.9 (b)). 

3.3.3.3. Influence of Pore Structure 

  Epoxides like propene oxide (PO), epichlorohydrin (ECH), butene oxide (BO) 

and styrene oxide (SO) were converted into their corresponding cyclic carbonates in 
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near quantitative yields (Table 3.8). All the titanosilicate chosen showed similar 

activity for epoxides of smaller dimensions (ECH and PO). However for styrene oxide, 

mesoporous titanosilicates (Ti-MCM-41 and Ti-SBA-15) were found to be the best 

catalysts. The active complex formed during the cycloaddition reaction is larger than 

the pore diameter of TS-1 (~ 5.6 Å) and hence, the reaction takes place only on the 

external surface of the particles in the case of TS-1 samples. In the case of Ti-MCM-41 

and Ti-SBA-15 there is no pore size limitation and high activity was observed. The 

titanosilicate catalysts could be easily recovered and reused (at least in three recycles) 

with not much loss in activity. Although all the reactions were conducted in a solvent 

medium like dichloromethane, the reaction proceeds even in absence of a solvent to a 

similar extent (Table 3.8). However, the product was slightly colored in absence of 

solvent. At higher temperatures/pressures/reaction period (413 K, 24.1 bar, 24 h) HPLC 

analysis revealed the formation of the methanol insoluble, solid, aliphatic 

polycarbonates. 
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Fig. 3.9. Effect of (a) temperature (at 6.9 bar CO2 pressure) and (b) CO2 pressure (at 

393 K) on cycloaddition of CO2 to epichlorohydrin over TS-1. Epoxide, 18 mmol; TS-

1, 100 mg; DMAP; 0.0072 mmol; DCM, 20 ml; run time, 4 h.   
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Table 3.8. Catalytic activity of titanosilicates in the synthesis of cyclic carbonates from epoxides and CO2

Run 
No. 

Catalyst Co-
catalyst 

Temp. 
(K) 

Run 
time (h) 

Epoxideb Conv.  of 
epoxide 
(mol%) 

TOFf Sel. for cyclic 
carbonate 
(mol%) 

1    TS-1 DMAP 393
433 

4 
4 

EC 
EC 

85.4 
94.2 

534 
588 

92.6 
97.0 

2 TS-1 (no solvent) DMAP 393 4 EC 89.6 560 97.5 
3 
        
         
   

        
         
        
         
         
         
        

TS-1 (3rd recycle) 
 

DMAP 393 4 EC 77.0 489 90.4 
4 TiMCM-41 DMAP 393 4 EC 78.8 492 84.0
5 Ti-SBA-15

 
DMAP 393 4 EC 92.9 580 89.7

6 TS-1 DMAP 393
433 

6 
6 

PO 
PO 

66.8 
94.0 

278 
391 

84.6 
83.0 

7 TS-1 (no solvent) 
 

DMAP 393 6 PO 77.6 323 88.1 
8 TiMCM-41 DMAP 393 6 PO 63.7 265 91.2
9 Ti-SBA-15

 
DMAP 393 6 PO 69.5 290 95.3

10 TS-1 DMAP 393 6 BO 76.6 319 70.9
11 TS-1 DMAP 413 8 SO 44.7 140 45.5
12 TiMCM-41 DMAP 413 10 SO 98.1 245 73.1
13 Ti-SBA-15 DMAP 413 8 SO 89.6 280 100
14 TiMCM-41(no solvent) DMAP 413 10 SO 100 312 82.0

Reaction conditions: Catalyst (100 mg), co-catalyst (0.0072 mmol), epoxide (18 mmol), CH2Cl2 (20 ml), CO2 (6.9 bar).  
DMAP = N,N-dimethylaminopyridine, EC = epichlorohydrin, PO = propene oxide, SO = styrene oxide,  
BO = α-butene oxide. TOF = turnover frequency (moles of epoxide converted per mole of Ti per hour)



3.3.3.4. Synthesis of Cyclic Carbonates  from Olefins 

Titanosilicate molecular sieves are known to be efficient catalysts for the 

oxidation of olefins to epoxides using H2O2 or TBHP as oxidant [26]. Hence, an 

attempt was made to achieve both the epoxidation and the subsequent cycloaddition 

reaction using the same titanosilicate catalyst, in the same reactor. A conversion of 

54.6% and cyclic carbonate selectivity of 55.6% were obtained when allyl chloride was 

the olefin. Some amount of ring-hydrolyzed products is also detected.  

+CC H2O2 + CO2

TS-1

Lewis base
Cyclic carbonate

+ H2OC C

O O
C

O

 

With styrene, a conversion of 50.4% and cyclic carbonate selectivity of 26% 

were obtained. When the reaction was conducted with Ti-MCM-41 as catalyst and 

TBHP as the oxidizing agent, the conversions of olefins to epoxides (stage 1) were 

lower (allyl chloride conv. = 13.3% and styrene conv. = 44%) but the further 

conversion of epoxide formed during the reaction to cyclic carbonate (stage 2) was 

almost 100% (Table 3.9). As expected, Ti-MCM-41, with its larger pore diameter was 

more active and selective than TS-1 for the cycloaddition of CO2 to the epoxide (stage 

2; rows 2 and 4, Table 3.9). When H2O2 was used as the oxidizing agent, water was 

also there in the reaction medium, so side product formation was more, but when TBHP 

in EDC was used the side product formation was not observed and enhancement in 

cyclic carbonates selectivity was observed. Aresta and Dibenedetto [27] reported the 

synthesis of styrene carbonate from styrene in the presence of O2 (5 atm) and CO2 (45 
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atm) at 408 K and 12 h reaction time. A styrene carbonate yield of 1.9% over Nb2O5 

and 11% over Nb2O5 + NbCl5 was reported. 

 

Table 3.9. One-pot synthesis of cyclic carbonates from olefins: Epoxidation (Stage 1)-

cum-cycloaddition (Stage 2) 

Stage 1  
Olefin to epoxide 

Stage 2  
Epoxide to cyclic 
carbonate 

Catalyst 
(weight in 
mg) 

Olefin Oxidizing 
agent 

Olefin conv. 
to epoxide 
(%) 

Epoxide 
sel. (%) 

 

Epoxide 
conv. (%) 

Cyclic 
carbonate 
sel. (%) 

TS-1 (400)a Allyl 
chloride 

H2O2 54.6 100.0  92.5 55.6 

TS-1 (400)a Styrene H2O2 50.4 89.0  49.2 26.0 
TiMCM-41 

(100)b

Allyl 
chloride 

TBHP 13.3 100  100 100 

TiMCM-41 
(100)b

Styrene TBHP 44.0 93.1  97.2 83.4 

aRuns with TS-1 (400 mg) were carried out with 26.2 mmol olefin, 0.0072 mmol 
DMAP, 14.7 mmol 50% H2O2 and CO2 (6.9 bar) in acetone (20 ml).  
bRuns with TiMCM-41 (100 mg) were carried out with 8 mmol olefin, 0.0036 mmol 
DMAP, 8 mmol 40% tert-butyl hydroperoxide (TBHP) in CH2Cl2 and CO2 (6.9 bar) in 
acetonitrile (6.4 g). 
 

3.3.4. Cyclic Carbonate Synthesis over Organo-functionalized, Ordered   Mesoporous 

Materials  

With zeolite-encapsulated MPc and titanosilicates an additional homogeneous 

co-catalyst (DMAP) was also required in cyclic carbonate synthesis. Hence, in the true 

sense, those systems are not completely heterogeneous. It is, therefore, highly desirable 

to develop an efficient, reusable heterogeneous catalyst for this reaction. The catalyst 

should consist an acidic site (to activate epoxides) as well as a basic site (to activate 

CO2). SBA-15 is more appropriate for the transformation of larger substrate molecules. 

In view of this, the surface of SBA-15 was organo-functionalized with several amines 

of varying basicity. Ti and Al are incorporated in SBA-15 to form acid centers.  
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Samples of Ti/Al-SBA-15 (Si/Ti = 40 – 119 and Si/Al = 22) were prepared by 

the post-synthesis method (Chapter 2). They were then organofunctionalized with 3-

chloropropyltriethoxysilane to get Ti/Al-SBA-15-pr-Cl. Further reaction with bases 

such as imidazole, guanine and adenine (under water-free, inert conditions) yielded Ti-

SBA-15-pr-Im, Ti-SBA-15-pr-Gua and Ti-SBA-15-pr-Ade, respectively (Fig. 3.10). 

For comparative studies Ti-SBA-15-pr-NH2 samples were also prepared by reacting Ti-

SBA-15 with 3-aminopropyltriethoxysilane (Chapter 2). These catalysts were 

characterized by various physicochemical techniques (Chapter-2, Table 2.3). On 

introduction of metal ions and base molecules the following changes were noted: (a) 

surface area (SBET) decreased from 871 to 627 m2/g, (b) total pore volume decreased 

from 1.55 to 1.04 cc/g, and (c) average pore diameter decreased from 7.2 to 6.5 nm. 

The pore diameter estimated from TEM measurements (~ 8 nm) agree well with that 

obtained (7.2 nm) from nitrogen adsorption (BJH) method. FT-IR and diffuse 

reflectance UV-visible spectroscopies provided evidence for strong interaction of the 

N-H bond in various bases anchored onto the Ti-SBA-15 surface. The band at 211 nm 

in the UV-visible spectrum of Ti-SBA-15-pr-Ade corresponds to dispersed tetrahedral 

Ti ions. Bases could not be supported directly on the unmodified SBA-15 surface. This 

observation and the differences in the spectral features (FT-IR and UV-visible) 

(Chapter-2) suggest that bases are covalently linked through the N-H bond to the 

modified SBA-15 surface.  

3.3.4.1. Surface Acidity  

 The acidic properties of functionalized SBA-15 materials were investigated by 

TPD (Fig. 3.11) and DRIFT spectroscopy (Figs. 3.12 and 3.13). Surface acidity was 

estimated using NH3 and pyridine as probe molecules. SBA-15 showed two desorption 

maxima (Tmax) at 360 and 515 K in NH3-TPD measurements (Fig. 3.11). In the case of  
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Fig. 3.11. NH3-TPD profiles of SBA-15 materials. 

 

titanated materials, the desorption peak at 360 K disappeared and instead, two 

additional desorption maxima appeared at 390 and 435 K indicating higher acidity of 

Ti-SBA-15. There is also an increase in the amount of NH3 desorbed on going from 

SBA-15 to Ti-SBA-15 (0.34 to 0.9 mmol/g).  

The spectra of pyridine adsorbed on these samples clearly reveal the absence of 

Brönsted (1546 and 1639 cm–1) and strong Lewis (1623 and 1455 cm–1) acid sites (Fig. 

3.12 (a)). 

In Al-containing samples (Al-SBA-15, for example), the IR peaks 

corresponding to Lewis acid sites shifted marginally to 1580 and 1487 cm-1 (Fig. 3.12 

(b)), indicating that the Al-containing samples are more acidic than Ti-containing 

samples. Figs. 3.12 (b) and 3.12 (c) illustrate the expected decrease in the intensity of 
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Fig. 3.12. DRIFT spectra of adsorbed pyridine on (a) Ti-SBA-15 and Al-SBA-15 at 373 K and normalized spectral intensity, (b) 

Ti-SBA-15 at different temperatures, and (c) Al-SBA-15 at different temperatures. 
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adsorbed pyridine at higher temperatures. While the pyridine peaks associated with 

Lewis acid sites had almost disappeared at around 473 K in the case of Ti-SBA-15, 

they were present, in significant intensity, in Al-SBA-15 (Fig. 3.12 (c)). The intensity 

of the pyridine peaks was, in general, more in Al- than Ti-containing samples. This is in 

agreement with the metal ion content (Si/Al = 22 and Si/Ti = 40) as well as stronger 

acidity of Al than Ti. Activity of the materials varied proportionately with the Ti 

content (Fig. 3.13). “Bare” SBA-15 did not possess any Brönsted or Lewis acid sites, 

while the Ti- and Al-samples contained only weak Lewis acid sites. In NH3-TPD 

studies of Ti- containing samples, the peak at 390 K (Fig. 3.11) is attributed to NH3 

bound to Lewis acid sites and the one at 435 K to NH3 associated with the surface –OH 

groups through H-bonding interactions. Both TPD and DRIFT studies reveal that 

organo-functionalization doesn’t influence the Lewis acidity of Ti and Al sites.    

3.3.4.2. Surface Basicity 

Surface basicity was studied by adsorption of CO2, an “acidic” molecule (Fig. 

3.14). “Bare” SBA-15 and Ti-SBA-15 showed a desorption peak at 348 K in CO2-TPD. 

In SBA-15-pr-NH2 the intensity of the desorption peak at 348 K decreased and an 

additional peak appeared at 475 K. The latter is, possibly, due to CO2 chemisorbed on 

the amine function (-NH2). In adenine-functionalized materials, CO2 desorption 

occurred at 435 K and 360 K. These desorptions are attributed to CO2 chemisorbed at 

the secondary (NH) and tertiary amine functions in adenine, respectively. The shift in 

Tmax to higher temperatures compared to that in SBA-15 and Ti-SBA-15 clearly 

indicates that amine-functionalization, as expected, enhanced the surface basicity. CO2 

uptake was similar (around 2.9 mmol/g of catalyst) for both SBA-15 and Ti-SBA-15. 

When the amine functions were grafted on the surface, the amount of CO2 adsorbed 

increased to 3.8 (for SBA-15-pr-NH2 and Ti-SBA-15-pr-NH2), 4.3 (for SBA-15-pr-
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Ade) or 5.3 mmol of CO2/g of catalyst (for Ti-SBA-15-pr-Ade), respectively. In terms 

of mmoles of CO2 adsorbed per mole of grafted amine molecule, the values for the 

above four catalysts were 0.9, 1.0, 1.4 and 2.4, respectively. The TPD data indicate that 

the binding energy of CO2 to different amines decreases in the order: primary amine > 

secondary amine > tertiary amine. 
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Fig. 3.14.  CO2 -TPD profiles of SBA-15 materials. 

 
The acid-base properties of these modified materials can be exploited for the 

cycloaddition reaction of CO2 to epoxide. These materials can activate CO2 efficiently. 

The activation of CO2 and its mode of coordination to the functionalized SBA-15 

surface are studied by DRIFT spectroscopy. 
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3.3.4.3. Active Sites for CO2 Activation 

CO2 activation is a key prerequisite step for its utilization in chemical synthesis. 

FT-IR spectroscopy differentiates the different mode of CO2 coordination. In the 

present study, the active sites for CO2 activation have been characterized using in situ 

DRIFT spectroscopy. The solid samples were heated to 373 K and exposed to CO2 at 

253 - 298 K for 1 h. DRIFT spectra of the samples were recorded before and after CO2 

exposure. The difference spectrum yielded spectral features due to adsorbed CO2. No 

new IR peaks were detected in the difference IR spectrum of “bare” SBA-15, Ti-SBA-

15 and Al-SBA-15. There was no significant activation of CO2 on these samples. The 

organo-functionalized SBA-15 materials showed new IR peaks due to CO2 activated at 

the basic sites (-NH2, Im, Gua and Ade). The assignments of these peaks are listed in 

Table 3.10. Various activated CO2 species (carbonates, bicarbonates, carbamates and 

formates) are formed on reaction of activated CO2 with water, hydroxyls and 

amine/bases present on the surface. CO2 can also react with the amine (N-H) 

functionality in SBA-15-pr-Ade and Ti-SBA-15-pr-Ade to form carbamates [28-30]. 

Representative DRIFT spectra of activated CO2 on Ti- and Al-containing materials are 

shown in Fig. 3.15.  

Metal complexes, metal oxides and zeolites are known to activate CO2 and form a 

variety of activated CO2 complexes (terminal and bridged) [28-31]. CO2 exhibits 

different coordination modes - η1(O), η1(C) and η2(C, O). CO2 molecules can be 

activated at the carbon atom if the active site (M) is electron-rich or through the oxygen 

atom if M is electron-deficient. IR spectroscopy can differentiate these coordination 

modes of CO2. The DRIFT spectra (Fig. 3.15) reveal that CO2 is activated through η1(C)-

type coordination on organo-functionalized SBA-15 materials. Several new peaks were 

observed in the range 1250 – 1700 cm-1. Amines upon reaction with CO2 form carbamate  
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 Fig. 3.15. (i) DRIFT spectra of activated CO2: (a) Ti-SBA-15, (b) Ti-SBA-15-pr-NH2, (c) Ti-SBA-15-pr-Im, (d) Ti-SBA-15-pr-Gua, (e) Ti-

SBA-15-pr-Ade, and (f) Al-SBA-15-pr-Ade (ii) Influence of CO2 pressure – catalyst = Ti-SBA-15-pr-Ade, temperature = 253 K. (iii) 

Influence of adsorption temperature – catalyst = Ti-SBA-15-pr-Ade, CO2 pressure = 5 bar.



1700 1600 1500 1400 1300

15
82

16
50

(b)

 

 

14
25

13
45

13
80

14
46

16
09

Epichlorohydrin

CH3OH

CH2Cl2

A
bs

or
ba

nc
e 

(a
.u

.)

Wavenumber (cm-1)
1200 1150 1100 1050 1000

 

(c)

Epichlorohydrin

CH2Cl2

CH3OH

10
54 10

30

A
bs

or
ba

nc
e 

(a
. u

.)

Wavenumber (cm-1)
3000 2925 2850 2775 2700

(a)

 

 

28
65

29
75

28
41

29
48

28
29

29
21

Epichlorohydrin

CH2Cl2

CH3OH

A
bs

ro
ba

nc
e 

(a
. u

.)

Wavenumber (cm-1)

Fig. 3.16. Difference FT-IR spectra of Ti-SBA-15-pr-Ade after exposure to CO2 in the presence of CH2Cl2, epichlorohydrin or 

CH3OH. Pressure = 20 bar, temperature = 253 K, reaction time = 1 h. 



Table 3.10. FT-IR spectral assignments of activated CO2 species 
 
IR peak 
position 
(cm-1) 

Assignment Species IR peak 
position 
(cm-1) 

Assignment Species 

1345 C-O 
stretching of 
monodentate 
carbonate 

 

1609 
and 
1446 
 
 
 
1622 
and 
1446 

Antisymmetric 
and symmetric 
C-O stretching 
vibrations of 
carbamate 
anion 
C-O stretching 
vibrations of 
carbamate 
anion (in 
“neat” 
adenine) 

 

1380 C-O 
stretching 
vibration of 
bidentate 
carbonate 

 

2948 
and 
2841 

C-H stretching 
vibrations of 
molecularly 
adsorbed 
methanol 

 

1420 C-O 
stretching 
vibration of 
monodentate 
bicarbonate 

 

2921 
and 
2829 
1054 
and 
1030 

C-H stretching 
vibration of 
methoxides  
C-H bending 
modes of 
methoxide   

1582 Stretching 
vibration of 
methyl 
carbonate 

 

2975 
and 
2865 

C-H stretching 
vibrations of 
the bidentate 
formate 
species 

 

1650 C-O 
stretching 
vibration of 
bidentate 
bicarbonate 
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species [30]. The latter are in equilibrium with the carbamic acid species (Fig. 

3.16). DRIFT peaks at 1609 and 1446 cm-1 (Fig. 3.15) are due to these surface 

carbamate species. These carbamate species react with adsorbed water or surface 

hydroxyl groups forming product carbonates, bicarbonates or formats. Formation of 

all these forms of CO2 species on SBA-15 surfaces is apparent from the DRIFT 

spectra (Fig. 3.15). The peak at 1345 cm-1 arises due to monodentate carbonates and 

that at 1380 cm-1 is due to the bidentate carbonate species. The peaks at 1420 and 

1650 cm-1 are due to monodentate and bidentate bicarbonate species, respectively 

[31]. The following conclusions are drawn from the DRIFT spectra shown in Fig. 

3.15. 

1.  “Bare” SBA-15, Ti-SBA-15 and Al-SBA-15 activate CO2 only weakly. 

2. Amine-functionalization significantly enhances CO2 activation (Fig. 3.15(i)). In 

the IR spectra of adenine- and guanine-functionalized SBA-15, the peaks at 

1609 and 1446 cm-1 (due to the activated CO2 species – carbamate) are more 

pronounced and sharper than those due to carbonates, bicarbonates and 

formates. These peaks are less intense for propyl amine-functionalized SBA-15 

and are barely seen for the Im-functionalized materials. It may be recalled from 

CO2-TPD results that the Tmax for CO2 desorption from primary amine-

functionalized SBA-15 is higher (475 K) than those for secondary (Tmax = 435 

K) and tertiary (Tmax = 360 K) amines. However, the stability of surface 

carbamates formed on the different amines follows the reverse trend: tertiary < 

secondary < primary. This is because the primary and secondary amines can 

form carbamate anions, which exist in equilibrium with the corresponding 

carbamic acid species (Fig. 3.17). Such an equilibrium is not possible for 

carbamate anions formed on tertiary amines since there is no H-atom attached to 
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Fig. 3.17. CO2 activation at primary, secondary and tertiary amines. 
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the tertiary N atom. Hence, the lifetime of a carbamate species formed on 

tertiary amines is relatively shorter. As a consequence, their IR peaks are not 

detected (see for example the IR spectrum of Im-functionalized materials) (Fig. 

3.15 (i)).  

3. The intensity of IR peaks due to various activated CO2 species increased with 

CO2 pressure (2 – 20 bar), As noted later (Fig. 3.15 (ii)) the catalytic activity 

also increased at a higher partial pressures of CO2. 

4. The IR peaks are more intense at lower temperatures due to the higher 

concentration of the adsorbed CO2 and increased stability of the corresponding 

carbamate species at lower temperatures (Fig. 3.15 (iii)). 

5. Solvents have a marked effect. The intensity of the IR peaks is higher in CH2Cl2 

than in CH3OH (Fig. 3.16). Distinct peaks are noticed in the spectrum of CO2 

adsorbed on Ti-SBA-15-pr-Ade in the presence of CH3OH (Fig. 3.16 (a)). The 

peaks at 2948 and 2841 cm-1 are associated with molecularly adsorbed CH3OH 

[31]. Those at 2921 and 2829 cm-1 are due to C-H stretching vibrations of the 

monodentate and bidentate methoxide groups. The peaks at 2975 and 2865 cm-1 

(present also in CH2Cl2 and ECH pre-adsorbed samples) are due to C-H 

stretching vibrations of the bidentate formate species (Fig. 3.16 (b)). In the case 

of CH3OH, new peaks are also observed at 1030 and 1054 cm-1 (Fig. 3.16 (c)) 

corresponding to the bending modes of the methoxide groups [31]. 

6. The intensity of the surface carbamate peaks (1609 and 1446 cm-1, respectively) 

decreased on addition of epoxide (Fig. 3.18) due to formation of cyclic 

carbonates. 
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Fig 3.18. DRIFT spectra showing the spectral changes of activated CO2 on Ti-SBA-15-

pr-Ade upon contacting with propene oxide (PO). 

 

3.3.4.4. Catalytic Activity 

Cycloaddition of CO2 to epoxides yielded cyclic carbonates as the main product, 

with the diol and ethers as minor products. Organo-functionalization of SBA-15 with 

propyl-adenine significantly enhanced the catalytic activity of SBA-15 (Table 3.11). 

Bare SBA-15, which was weakly active (ECH conversion = 1.5 mol%; in CH3CN 

solvent) showed an ECH conversion of 62.3 mol% after adenine functionalization. The 

cyclic carbonate selectivity increased from 9 to 83.8 mol% (Table 3.11). The adenine-

modified SBA-15 showed superior activity compared to other base (-NH2, -Im and -

Gua) modified materials. These results parallel the IR intensities of adsorbed CO2 on 

these samples (Fig. 3.15). 
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An increase in the activity (ECH conversion increases from 1.5 to 16.8 mol%) 

and selectivity (from 9 to 87.5%) was observed also when SBA-15 was titanated (Table 

3.11). The activity and selectivity was much higher when both Ti and adenine were 

present (Table 3.11). The catalytic activity increased with an increase in Ti content up to 

a Si/Ti value of 40 (Tables 3.11 and 3.12). Independent adsorption experiments (5% of 

ECH in CH2Cl2; at 298 K for 1 h) indicated that the adsorption of epoxide (ECH) on the 

catalyst surface increased upon titanation (ECH adsorption = 3.4 wt.% on SBA-15 and 

13.4 wt.% on Ti-SBA-15). Hence, the role of Lewis acidic Ti4+ ions is to increase the 

surface concentration of epoxide molecules thereby enhancing the catalytic activity. 

Cyclic carbonate selectivity was much lower on “bare” SBA-15. Ti-SBA-15-pr-Ade was 

active for cycloaddition of CO2 with a variety of epoxides of different sizes and 

structures (Table 3.11 and 3.12). Styrene oxide, for example, could be converted into 

styrene carbonate in high yields over these catalysts (epoxide conversion = 94% and 

cyclic carbonate selectivity = 94.6%; Table 3.12, entry no.22). The catalysts were reused 

(after filtration and drying at 353 K) in several recycling experiments (vide infra). No 

leaching of Ti or adenine into the reaction medium was observed.  

In contrast to all the earlier catalysts including the commercial processes wherein 

a significant amount of solvent (dichloromethane) is used in the synthesis of cyclic 

carbonates, the present catalysts are highly active and selective even in the absence of 

any solvent and cocatalysts/promoters (Table 3.12).  

The Mg/Al oxide-based catalyst system reported earlier, for example, required a 

high catalyst loading (1.8 g per g of substrate), substantial amounts of solvent (85% v/v 

DMF) and longer reaction times (24 h). Silica-supported guanidine catalysts required 

longer reaction times (70 h) and high CO2 pressures (50 bar). In contrast, the adenine-

functionalized Ti-SBA-15 system reported in the present study requires only 0.06 g of  
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      Table 3.11.  Cyclic carbonate synthesis over adenine-modified Ti-SBA-15 in CH3CN solvent 
 

Entry 

No. 

Catalyst (Si/Ti) Epoxide Run 

time (h)

Epoxide 

conversion (%) 

Cyclic carbonate selectivity (%) 

1      SBA-15 Epichlorohydrin 4 1.5 9.0

2     

      

      

 

 

 

 

 

 

SBA-15-pr-NH2 Epichlorohydrin 4 36.7 89.7

3 SBA-15-pr-Ade Epichlorohydrin 4 62.3 83.8

4 Ti-SBA-15 (40) Epichlorohydrin 4 16.8 87.5

5 Ti-SBA-15-pr-NH2 (40) Epichlorohydrin 4 51.5 93.5 

6 Ti-SBA-15-pr-Ade (40) Epichlorohydrin 4 84.8 97.7 

7 Ti-SBA-15-pr-Ade (68) Epichlorohydrin 4 79.0 90.2 

8 Ti-SBA-15-pr-Ade (104) Epichlorohydrin 4 66.0 86.7 

9 Ti-SBA-15-pr-Ade (40) Propylene oxide 6 95.3 100.0 

10 Ti-SBA-15-pr-Ade (40) Styrene oxide 8 79.8 87.0 

Reaction conditions: Catalyst, 100 mg in all the SBA-15 catalysts except in entry nos. 2 and 5 where 200 mg was used; epoxide, 18 mmol; 

solvent (CH3CN), 10 cm3; CO2, 6.9 bar; temperature, 393 K.  

Amine content: SBA-15-pr-NH2 = 2.45 mmol/g catalyst; Ti-SBA-15-pr-NH2 (40) = 2.2 mmol/g catalyst. Adenine content: SBA-15-pr-Ade = 

1.29 mmol/g catalyst; Ti-SBA-15-pr-Ade (40) = 0.91 mmol/g catalyst; Ti-SBA-15-pr-Ade (68) = 0.95 mmol/g catalyst; Ti-SBA-15-pr-Ade 

(104) = 0.96 mmol/g catalyst. 
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     Table 3.12.  Cyclic carbonate synthesis over adenine-modified SBA-15 materials: Reactions with no solvent
Entry 
No. 

Catalyst (Si/Ti or Al) Epoxide Run 
time (h)

Epoxide 
conversion (%) 

Cyclic carbonate selectivity (%) 

1 SBA-15   Epichlorohydrin 4 15.8 59.0
2     
      
      
      
      
      
      
      
 
      
 
 
 
 
 
    
     
     
 
 
 
 

SBA-15-pr-NH2 Epichlorohydrin 4 35.8 87.7
3 SBA-15-pr-Im Epichlorohydrin 4 23.2 80.6
4 SBA-15-pr-Gua Epichlorohydrin 4 69.0 85.8
5 SBA-15-pr-Ade Epichlorohydrin 4 80.5 75.0
6 Ti-SBA-15 (40) Epichlorohydrin 4 20.1 86.3
7 Ti-SBA-15 (68) Epichlorohydrin 4 18.7 80.5
8 Ti-SBA-15 (104) Epichlorohydrin 4 16.0 68.1
9 Al-SBA-15 (22) Epichlorohydrin 4 22.1 92.2
10 Ti-SBA-15-pr-Cl (40) Epichlorohydrin 4 19.1 96.4 
11 Ti-SBA-15-pr-NH2 (40) Epichlorohydrin 4 50.5 88.7
12 Ti-SBA-15-pr-Im (40) Epichlorohydrin 4 31.7 93.9 
13 Ti-SBA-15-pr-Gua (40) Epichlorohydrin 4 81.3 93.5 
14 Ti-SBA-15-pr-Ade (40) Epichlorohydrin 4 93.9 89.1 
15 Al-SBA-15-pr-Ade (22) Epichlorohydrin 4 98.1 89.1 
16 Ti-SBA-15-pr-Ade (40) 

 
Propylene oxide 

 
6 89.2 91.7 

17 SBA-15-pr-Im Styrene oxide 8 18.7 95.5
18 SBA-15-pr-Gua Styrene oxide 8 82.4 97.5
19 SBA-15-pr-Ade Styrene oxide 8 86.4 97.2
20 Ti-SBA-15-pr-Im (40) Styrene oxide 8 28.2 97.9 
21 Ti-SBA-15-pr-Gua (40) Styrene oxide 8 97.9 97.1 
22 Ti-SBA-15-pr-Ade (40) Styrene oxide 8 94.0 94.6 
23 Al-SBA-15-pr-Ade (22) Styrene oxide 8 98.4 97.9 

Reaction conditions: catalyst, 100 mg in all the SBA-15 catalysts except in entry nos. 2 and 11 where 200 mg was used; epoxide, 18 mmol; solvent, nil; CO2, 6.9 bar; 
temperature, 393 K. Amine content: SBA-15-pr-NH2 = 2.45 mmol/g catalyst; Ti-SBA-15-pr-NH2 (40) = 2.2 mmol/g catalyst. Adenine content: SBA-15-pr-Ade = 1.29 
mmol/g catalyst; Ti-SBA-15-pr-Ade (40) = 0.91 mmol/g catalyst; Ti-SBA-15-pr-Ade (68) = 0.95 mmol/g catalyst; Ti-SBA-15-pr-Ade (104) = 0.96 mmol/g catalyst; Al-
SBA-15-pr-Ade = 0.86 mmol/g catalyst. Guanine content: SBA-15-pr-Gua = 1.13 mmol/g catalyst; Ti-SBA-15-pr-Gua = 0. 97 mmol/g catalyst. Imidazole content: SBA-15-
pr-Im = 2.30 mmol/g catalyst;  Ti-SBA-15-pr-Im = 1.92 mmol/g catalyst.  
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catalyst per g of substrate; high cyclic carbonate yields are obtained in shorter contact 

times (4 h) and at mild reaction conditions (6.9 bar, 393 K). The intensity of the IR 

peak for activated CO2 species (at 1609 cm-1, carbamate anion) correlates with the 

cyclic carbonate yield (Fig. 3.19).  

0.1 0.2 0.3 0.4
40

50

60

70

80

90

Ti-SBA-15-pr-Ade

Al-SBA-15-pr-Ade

Ti-SBA-15-pr-Gua

SBA-15-pr-AdeSBA-15-pr-Gua

Ti-SBA-15-pr-NH2C
hl

or
op

ro
pe

ne
 c

ar
bo

na
te

 y
ie

ld
 (%

)

Intensity of the IR peak at 1609 cm
 

Fig. 3.19. Correlation between chloropropene carbonate yield (mol%) and intensity of 

IR peak at 1609 cm-1 due to activated CO2. 

 

Interestingly, a plot of CO2 desorption temperature (Tmax) versus chloropropene 

carbonate yield (mol%) shows a “volcanic plot” variation (Fig. 3.20). The plot reveals 

that SBA-15 samples containing tertiary and primary amines are less active than 

secondary amines in cyclic carbonates synthesis. There is hence, an optimal value in 

the binding of CO2 to the active sites. Basic sites wherein CO2 is held either weakly 

(tertiary N atoms) or too strongly (primary amines) are less active than those with an 

intermediate strength of binding of CO2 (secondary amines).  
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Fig.3.20. Correlation between chloropropene carbonate yield (mol%) and CO2 

desorption peak maximum (Tmax) of SBA-15 samples functionalized with different 

amines. 

 

When the reaction was carried out at 353 K, a very less conversion of ECH was 

observed. A sudden jump in the ECH conversion from 21% to 72% was observed when 

the temperature was increased from 373 K to 383 K. Optimum temperature for the 

reaction was found to be 393 K (Table 3.13). Similarly, reaction was greatly influenced 

by CO2 pressure. An ECH conversion of 59% was observed when the reaction was 

conducted at low CO2 pressures (1.6 bar). The optimum pressure for the reaction was 

found to be 6.9 – 10 bar (Table 3.13). Both epoxide conversion and carbonate yield 
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were higher at higher pressure (Fig. 3.21). Epoxide conversion correlated with the 

intensity of the IR peak at 1609 cm-1
 (Figs. 3.19 and 3.21). 
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Fig.3.21. Correlation between IR peak (1609 cm-1) intensity and epichlorohydrin 

(ECH) conversion over Ti-SBA-15-pr-Ade (Si/Ti = 40) at different CO2 pressures. 

 

Table 3.13. Influence of temperature and pressure on chloropropene carbonate synthesis  
Temperature (K) Pressure (psig) Conversion 

(mol %) 
Selectivity 
Cyclic carbonate 
(mol %) 

Others 

353 100 2.0 100.0 0 
363 100 4.6 100.0 0 
373 100 21.6 96.3 3.4 
383 100 72.0 96.1 3.9 
393 100 84.8 97.7 2.3 
413 100 98.4 97.5 2.5 
393 25 59.9 92.2 7.8 
393 50 65.8 92.1 7.9 
393 75 72.6 95.5 4.5 
393 150 89.0 95.8 4.2 
393 200 87.3 94.4 5.6 
393 300 85.9 93.2 6.8 

Reaction conditions: Epichlorohydrin, 18 mmol;  Ti-SBA-15-pr-Ade, 100 mg; solvent, 
10 ml; Run time, 4 h. 
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Fig. 3.22. Recycling study of Ti-SBA-15-pr-Ade in chloropropene carbonates synthesis 

 

3.3.4.5. Catalyst Reusability  

Even though the cycloaddition could be carried out in the absence of solvents 

over these catalysts with high conversions and selectivities (Table 3.12), the use of 

solvents prolonged the catalyst life significantly. When the cycloaddition was carried 

out in the presence of solvents, the catalysts could be reused (after filtration and drying 

at 353 K) in several recycling experiments without any significant loss in activity or 

selectivity (Fig. 3.22). However, when the same reactions were conducted in the 

absence of any solvent, a progressive decrease in catalytic activity (but not selectivity) 

was observed in successive runs as shown in Fig. 3.22. To explore the cause for this 

deactivation, the catalyst, after the 7th recycle experiment (conversion = 48.2 %) was 

washed first with acetonitrile and then with acetone and dried at 383 K for 1 h. The 

color of the catalyst, which was dark brown before this solvent extraction was almost 
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restored to its original off-white color. The dark brown extract contained some heavy 

products. In the subsequent cycloaddition (8th recycle, Fig. 3.22), the conversion 

increased to 84.0%. One of the main roles of the solvents is, hence, to suppress the 

deposition of carbonaceous deposits on the catalyst surface. After the 10th recycle 

experiment, the catalyst was analyzed for Ti and amine content. There was no change 

in the Ti content. However, there was a decrease in the amine content (about 11%, from 

0.09 to 0.08 mmol of adenine/g of catalyst) compared to the fresh catalyst. These 

results indicate that the major cause of catalyst deactivation is not the leaching of Ti. 

The active site pore blocking by the residual carbonaceous matter is probably the 

reason. 

  3.3.5. Cyclic Carbonates Synthesis over Organic-Inorganic Hybrid Catalysts  

As-synthesized zeolite-beta and MCM-41 are used as heterogeneous catalysts 

for the cycloaddition reaction of various epoxide to CO2. Complete conversion of 

epoxides was achieved in 3 h. Propene oxide (PO), styrene oxide (SO) and n-butene-

oxide (BO) required longer hours (5-8 h). The reaction could be conducted even in the 

absence of solvent but the cyclic carbonate selectivity was lower (85.3% for ECH, 

97.5% for PO, and 92.8% for SO) (Table 3.14). Carbonate selectivity can be improved 

if the reaction was conducted in presence of solvent like DMF, CH3CN and CH2Cl2. 

CH3OH suppressed the selectivity of cyclic carbonate. When the organic template was 

removed by calcination, both the catalytic activity and selectivity for cyclic carbonates 

were drastically decreased (conversion = 13.6 mol%; selectivity = 68.7 % for zeolite-

beta and conversion = 15.3 mol%; selectivity = 73.2 mol% for MCM-41). Adsorption 

of ECH was higher on as-synthesized form of zeolite-beta than on the calcined form. 

Also, CO2 was activated in higher amounts (DRIFT spectroscopic study) on as-
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synthesized catalysts than on the calcined catalysts. The more availability of activated 

reactant molecules could be the possible reason for superior activity of the as-

synthesized form of zeolite-beta compared to the calcined zeolite-beta.  

3.3.5.1. Catalyst Recyclability 

The catalyst was recycled several times. After the reaction, the catalyst was 

separated by centrifugation, air-dried and reused without any further treatment. Zeolte-

beta was recycled eight times with little loss in activity and carbonate yield (Fig 3.23). 

A comparison of the XRD profiles and FT-IR spectra of fresh and recycled catalysts 

(Figs. 3.24 and 3.25, respectively) reveals that the crystalline structure of zeolite beta is 

stable even after the 8th recycle. With as-synthesized MCM-41, the mesoporous 

structure collapsed after the 5th recycled (Fig 3.24). 
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Fig. 3.23. Recyclaibility of zeolite-beta in chloropropene carbonate synthesis.   
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Fig. 3.24. XRD profiles of fresh and used MCM-41 and zeolite-beta catalysts.  
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Fig. 3.25. FT-IR spectra of fresh and used zeolite-beta catalyst.
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  Table 3.15. Cycloaddition reaction of CO2 with epoxides over zeolite-beta and MCM-41 

Zeolite beta MCM-41 Entry no Epoxide Solvent Run time (h) 

Epoxide 

Conv. (%) 

Cyclic 

carboante 

Selc. (%) 

TOF (h-1)  Epoxide

Conv. (%) 

Cyclic 

carboante 

Selc. (%) 

TOF (h-1) 

1          ECH Nil 3 100 85.3 27 99.0 80.0 64

2         

         

         

          

          

          

          

          

         

ECH CH3CN 3 99.6 93.9 27 98.6 89 64

3 ECH CH2Cl2 3 99.4 89.7 27 99.6 83.2 64

4 ECH CH3OH 3 96.6 75.7 26 99.8 62.7 64

5 ECH DMF 3 99.0 98.6 27 100 100 64

6 PO Nil 5 88.5 97.5 14 91.9 93.7 36

7 PO CH3CN 5 100 100 16 90.1 100 35

8 SO Nil 8 98.0 92.8 10 93.7 95.2 23

9 SO CH3CN 8 96.3 100 10 88.4 98.8 22

10 BO CH3CN 5 86.7 80.7 14 94.0 81.8 37

Reaction conditions: epichlohydrin (ECH, 18 mmol); catalyst, (150 mg for zeolite-beta and 50 mg for MCM-41); CH3CN, 10 ml; CO2   

pressure, 6.9 bar; temperature, 393 K.



3.3.5.2. Reactions using Homogeneous Quaternary Ammonium Halide Catalysts 

Quaternary ammonium halides are used as catalysts in the commercial synthetic 

process for cyclic carbonates [19]. Here, a comparative study of the homogeneous 

catalysts with the heterogeneous, as-synthesized zeolite beta and MCM-41 catalysts is 

made. Table 3.15 shows that the alkyl group and the counter anion of the quaternary 

ammonium salt markedly influence the catalytic activity. For different alkyl groups, 

catalytic activity increases in the following order: Me4N+ < Et4N+ < Pr4N+ < Bu4N+ < 

cetyltrimethylammonium ion. With different halide ions, the activity varied in the 

order: Bu4NBr < Bu4NI. These salts are soluble in the reaction mixture and hence, 

special methods have to be adopted for their separation. 

 

Table 3.16. Catalytic activity of quaternary ammonium salts in cycloaddition reactions 

Catalyst Conversion Selectivity TOF (h-1) 

  Carbonate Others  

Me4NBr 19.8 97.8 2.2 12 

Et4NBr 47.8 99.1 0.9 29 

Et4NBr 40.5 95.5 4.5 25 

Pr4NBr 68.7 98.8 1.2 43 

Bu4NBr 74.1 100 0 46 

Bu4NI 91.5 99.1 0.9 57 

Cetyltrimethyl ammonium bromide 84.5 99.1 0.9 52 

Reaction conditions: epichlohydrin (ECH, 18 mmol); catalyst, 0.072 mmol; CH3CN, 10 

ml; CO2 pressure, 6.9 bar; temperature, 393 K; runtime, 4 h. 
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In the case of as-synthesized zeolite beta, the catalyst could be separated by 

simple filtration. The as-synthesized zeolite beta contained Et4N+ ion as the template 

while the solid catalyst and the homogeneous quaternary ammonium salt are almost 

comparable. However, it may be noted that in the case of as-synthesized molecular 

sieve catalysts the reaction occurs only at the external surface, which is about 8-9% of 

the total surface area. The sites in the interior part of the zeolite-beta and MCM-41 are 

not assessable for the reaction. Thus the actual TOF for the solid catalysts is higher than 

the apparent value. The study reveals that the solid catalysts exhibit higher activity in 

addition to possessing the advantageous feature of catalyst reusability.     

3.4. Conclusions 

 Cyclic carbonates have been prepared by the cycloaddition of CO2 to epoxides. 

This method of carbonates synthesis is eco-friendly. In this study, the toxic phosgene 

usually used for the synthesis of carbonates is replaced by non-toxic CO2. Catalytic 

activity of five different types of catalysts was evaluated. Both acid and base catalysts 

catalyze this reaction. The reaction is initiated by activation of epoxides at the acidic 

sites. CO2 is activated at the basic sites. When both acidic and basic sites are available 

in the catalyst system, yields of cyclic carbonate were higher. Zeolite-encapsulated 

metal complexes (MPc-Y) showed enhanced activity compared to the corresponding 

“neat” complexes. This is because of the better dispersion of active sites and influence 

of zeolitic environment on the electronic structure of the encapsulated-metal 

complexes. While homogeneous complexes, zeolite-encapsulated metal complexes and 

titanosilicates required additional co-catalyst, DMAP, the reaction could be conducted 

with high efficiency over organo-fuctionalized Ti-/Al-SBA-15 and as-synthesized 

zeolite-beta and MCM-41 catalysts without using any additional co-catalyst. The latter 

are highly active even in the absence of solvents. The organo-functionalized SBA-15 
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catalysts used in this study are reusable and found to be the best among the 

heterogeneous catalysts reported so far for the cyclic carbonate synthesis. Activation of 

CO2 was monitored by spectroscopy and TPD techniques. Ligand structure (in the case 

of metal complexes) and type of functionalized amine (primary, secondary and tertiary; 

in the case of organo-functionalized SBA-15) influence the mode of stability of CO2 

coordination. The study points out that a proper fine-tuning of acid-base properties 

enables highly efficient reusable catalysts. 1H NMR spectra of representative cyclic 

carbonates isolated in this study are shown in Appendix-3.A. 
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Appendix-3.A 
 
 

1H NMR spectra (Bruker Avance 200 MHz, in CDCl3) of chloropropene carbonate (top), 
propene carbonate (middle) and styrene carbonate (bottom) synthesized using CO2. 
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4.1. Introduction 

 Organic carbamates represent an important class of compounds, largely 

employed in pharmacology (medical drugs) [1], agriculture (pesticides, fungicides, 

herbicides) [2], polymer industry (in the synthesis of polyurethanes) [3], and chemical 

industry. Their use as protective groups for the amine function of amino acids in 

peptide chemistry is also well known [4].  Several methods have been developed to 

replace the classical synthesis, which involves the direct reaction of alcohols with 

phosgene or its derivative isocyanates, with new, non-toxic and less hazardous 

methodologies. Most of the alternative, non-phosgene routes to carbamates synthesis 

like reductive carbonylation (with expensive platinum group metal catalysts) [5], 

oxidative carbonylation [6], and methoxycarbonylation of amines [7] (involves 

separation of methanol-DMC azeotrope, an expensive operation) all have significant 

disadvantages. The coupling reaction of primary amines, CO2, and alkyl halides is a 

benign route to carbamates synthesis. 

The direct incorporation of carbon dioxide into amines, which leads to ionic 

carbamates, can be mediated by both metal and non-metal species. These compounds 

behave as bidentate ions and in the presence of alkylating agents, reaction of O-

alkylation (formation of carbamic esters) and N-alkylation are both theoretically 

possible. A variety of catalysts such as onium salts, basic catalysts, sterically hindered 

organic bases, crown ethers and solid cesium carbonates [8-10] have been known to 

form selective carbamate products. However, due to their low activity, very large 

quantity of such catalysts have to be used at long reaction times (24 h). Hence, there 

still exists a need for efficient, solid catalysts for the phosgene-free synthesis of 

carbamates.    
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 In this chapter four types of solid catalysts: (1) titanosilicates (2) zeolite-Y-

encapsulated metal phthalocyanines (3) organo-functionalized, ordered mesoporous 

materials and (4) organic-inorganic hybrids have been investigated for their activity in 

the synthesis of a variety of alkyl and aryl carbamates. The carbamates are synthesized 

in high yields under mild reaction conditions (273 – 353 K; 1 – 3.4 bar) using these 

catalyst systems. 

4.2. Experimental Section 

4.2.1. Carbamates Synthesis – Reaction Procedure  

In a typical reaction, an amine (2 mmol), alkyl halide (n-butyl bromide or 

chloride; 1–6 mmol), solvent (CH3OH, CH3CN, N,N-dimethyl formamide (DMF), 

N,N-dimethyl acetamide (DMA) or N-methyl-2-pyrolidone (NMP); 10 g) and catalyst 

were charged into a 300 ml stainless steel Parr reactor. In some cases, reactions were 

conducted in the absence of solvent. The reactor was then pressurized with CO2 (1 - 10 

bar). Temperature was raised to a desired value (323–353 K) and reactions were 

conducted for a specified period of time. The reactor was then cooled to 298 K and 

unutilized CO2 was vented out. The catalyst was recovered from the reaction mixture 

by filtration.  

When reaction was conducted in a solvent like DMF, DMA and NMP, the 

filtrate was poured into water (30 ml) and extracted with ethyl acetate (30 ml, 3 times). 

The organic layer was washed with water (30 ml, 2 times) and brine (30 ml) and dried 

over anhydrous sodium sulfate. The solvent was evaporated.  

The products were analyzed by thin layer chromatography (TLC) and gas 

chromatography (Shimadzu 14B GC; SE-52 packed column (6-feet long · 1.25-mm 

i.d.)). They were characterized and identified by GC-MS (Shimadzu QP-5000 (30-m 

long 0.25-mm i.d.)), FT-IR (Shimadzu 8201 PC spectrophotometer) and 1H NMR 
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(Bruker AC 200) spectroscopies. In some cases, the products were isolated by column 

chromatography (silica gel 60–120 mesh; 98:2 petroleum ether: ethyl acetate mixture as 

eluent) and yields were estimated. 

Experiments were also performed without any solvent. A range of carbamates 

were synthesized and characterized in a similar manner as described above. 

Spectral Characteristics of Products  

Butyl N-phenyl carbamate – IR (cm-1): νN-H, 3392, νC = O, 1728, 1242, νBu−O, 

1040; 1H NMR (CDCl3), δ(ppm): 7.3 (2H, m), 6.3 (3H, m) 3.5 (2H, t), 1.75 (2H, m), 

1.5 (2H, m); 0.9 (3H, t).  

N,N-dibutyl aniline – IR (cm-1): ν(Bu)C-N-C(Bu), 921 and 652 bending/deformation; 

1H NMR (CDCl3), δ(ppm): 6.7 (2H, m), 6.3 (3H, m) 2.7 (4H, t), 1.3 (4H, m), 0.9 (4H, 

m); 0.6 (6H, t).     

4.3. Results and Discussion 

4.3.1. Carbamates synthesis over Titanosilicate Molecular Sieves 

The coupling reaction of aniline, CO2 and n-butyl halide yielded two products, 

butyl-N-phenyl carbamate as the major product and N,N-dibutylaniline (N-alkylation) 

as the minor product . Butyl-N-phenyl carbamate was confirmed by FT-IR peaks at 

3053 and 3392 cm-1 due to N–H stretching vibration, 1728 and 1242 cm-1 due to anti-

symmetric and symmetric O=C-O vibrations and 1040 cm-1 due to Bu–O stretching 

vibration, respectively. N,N-dibutylaniline was characterized by peaks at 921 and 652 

cm-1 due to (Bu)C-N-C(Bu) bending/deformations. 1H NMR further confirmed the 

structure.  

Even though the reaction proceeds in the absence of a catalyst, aniline 

conversion is lower (26.2% in DMF, 5.9% in CH3OH and 3.9% in CH3CN; higher 

conversion in DMF is probably due to higher solubility of CO2 in this solvent.) (Tables 
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4.1 and 4.2). With aniline as substrate, no marked difference in catalytic activity was 

observed over different titanosilicate catalysts (Table 4.1; Run nos. 2–5). Solvents 

influence, significantly, the catalytic activity and product selectivity (Table 4.2); aniline 

conversion over TS-1 catalyst increases in the order: CH3CN (44.6%) < CH3OH 

(45.5%) < DMF (95.8 wt%). Carbamate selectivity is, however, lower in DMF (59.4%) 

than in CH3CN and CH3OH (~90%). The reaction occurs even in the absence of any 

solvent but N,N-dibutylaniline (N-alkylated product) is formed in higher amounts 

(64%) than the carbamate (36%). While conversion increased with temperature, 

selectivity to the carbamate decreased (88–59.4%) (Table 4.2). Carbamate selectivity 

decreased also at high alkyl halide concentrations (Table 4.3). High carbamate yields 

are obtained at low alkyl halide concentration (n-BuBr/aniline = 0.5 mol/mol), in the 

DMF solvent and at temperatures in the range 343–353 K. 

 
Table 4.1. Synthesis of butyl-N-phenyl carbamates over titanosilicate molecular sieves  

Product selectivity 

(mol %) 

Run 

no. 

Catalyst Si/Ti Aniline 

conversion 

(mol %) Butyl-N-

phenyl 

carbamate 

N,N-

dibutyl-

aniline 

TOF 

(h-1) 

1 Nil - 26.2 96.8 3.2 - 

2 TS-1 36 81.6 82.9 17.1 12 

3 Ti-MCM-41 46 63.1 85.6 14.1 12 

4 Ti-SBA-15 40 78.1 82.5 17.5 10 

5 Amorph. TiO2-SiO2 37 74.4 82.4 17.6 11 

Reaction conditions: Aniline, 2 mmol; n-BuBr, 2 mmol; CO2, 3.4 bar; DMF, 10 g; 

atalyst, 100 mg; temperature, 353 K; run time, 3 h. 
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Table 4.2. Influence of temperature and solvent on the synthesis of butyl-N-phenyl 

carbamates over TS-1  

Product selectivity (mol %) Run 

no. 

Temp. 

(K) 

Solvent Aniline 

conversion 

(mol %) 

Butyl-N-

phenyl 

carbamates 

N,N–dibutyl-

aniline 

TOF 

(h-1) 

1 353 CH3CN 44.6 89.2 10.8 6 

2a 353 CH3CN 3.9 100 0 - 

3 353 CH3OH 45.5 89.7 10.3 6 

4a 353 CH3OH 5.9 96.0 4.0 - 

5 353 DMF 95.8 59.4 40.6 14 

6a 353 DMF 26.2 96.8 3.2 - 

7 343 DMF 80.6 76.9 23.1 12 

8 333 DMF 70.1 88.0 12.0 10 

9 323 DMF 47.0 88.0 12.0 7 

10 353 No solvent 89.4 36.0 64.0 13 

Reaction conditions: Aniline, 2 mmol; n-BuBr, 2 mmol; CO2, 3.4 bar; DMF, 10 g; TS-

1, 100 mg; temperature, 353 K; run time, 3 h. 
aruns 2,4 and 6 were performed with no catalyst. 

 
A broad range of amines could be converted to carbamates by this method 

(Table 4.4). Carbamate yields decreased in the order: n-dodecylamine (89.5%) > aniline 

(89.3%) > hexylamine (86.4%) > benzylamine (63.4%) > cyclohexylamine (58.5%) > 

2,4,6-trimethylaniline (54.7%) > cyclododecylamine (8.1%). In the case of bulky 

substrates like 2,4,6-trimethylaniline and cyclododecylamine, the mesoporous Ti-SBA-

15 was more active than the medium-pore TS-1 (Table 4.4). Ti in titanosilicate 

molecular sieves is Lewis acid in nature. The amines molecules get activated by the Ti 
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and react further with CO2 to form carbamate anions. This carbamate anion readily 

reacts with alkyl halides yielding the corresponding carbamates. 

 
   Table 4.3. Influence of alkyl halide concentration on catalytic activity  

Product selectivity (mol %) Run no. Concentration 

of n-BuBr  

(mmol) 

Aniline 

conversion 

(mol %) 

Butyl-N-

phenyl 

carbamate 

N,N-dibutyl-

aniline 

TOF 

(h-1) 

1 1.0 46.5 96.0 4.0 7 

2 1.5 53.0 92.3 7.7 8 

3 2.0 81.6 82.9 17.1 12 

4 3.0 82.4 78.2 21.8 12 

5 4.0 91.4 77.7 22.3 13 

6 6.0 95.8 59.4 40.6 14 

Reaction conditions: Aniline, 2 mmol; CO2, 3.4 bar; DMF, 10 g; TS-1, 100 mg; 

temperature, 353 K; run time, 3 h. 

 
4.3.2. Carbamate Synthesis over MPc-Y 

The catalytic activity of “neat” CuPc and zeolite-Y encapsulated MPc-Y (Fig. 

4.1) were investigated for butyl-N-phenyl carbamates synthesis from aniline, n-BuBr 

and CO2. The intrinsic activity (TOF) decreased in the order: CuPc-Y (107) > NiPc-Y 

(96) > ‘‘neat’’ CuPc (85) > CoPc-Y (65). The MPc-Y catalysts could be easily 

separated and recycled with negligible loss in activity (Table 4.5). The superior activity 

of the CuPc-Y compared to the ‘‘neat’’ CuPc complex is attributed to the geometric 

distortion of the isolated MPc molecules in the supercages of zeolite-Y and consequent 

electronic change (Fig. 4.1) [11]. 
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Table 4.4. Carbamate synthesis-Influence of substrate 

Product selectivity (mol %)Amine Titanosilicate Alkyl halide Amine conversion 
(mol%) Carbamate  N-alkylated

product 

Carbamate 
yield % 

TOF (h-1)

TS-1      n-BuBr 91.4 94.5 5.5 86.4 13NH2  
TS-1       

       
n-BuCl 83.0 96.4 3.6 80.0 12

TS-1 n-BuBr 92.8 96.5 3.5 89.5 13NH2  
TS-1       

       
n-BuCl 78.4 95.2 4.8 74.6 11

TS-1 n-BuBr 63.2 92.5 7.5 58.5 9NH2

 
TS-1       

       
 

n-BuCl 53.8 96.4 3.6 51.9 8

TS-1 n-BuBr
 

93.0 96.0 4.0 89.3 13
(94.2)a (96.1)a (3.9)a (90.5)a (13)a

NH2

 
TS-1       

       
n-BuCl 81.4 96.7 3.3 78.7 12

TS-1 n-BuBr 66.6 95.2 4.8 63.4 10NH2

 TS-1       
       

n-BuCl 60.4 87.6 12.4 52.9 9
TS-1 n-BuBr 56.0 97.8 2.2 54.7 8NH2

 

Ti-SBA-15 n-BuCl      

       

76.0 97.1 2.9 73.8 9

TS-1 n-BuBr 8.6 93.8 6.2 8.1 1NH2

 
Ti-SBA-15 n-BuCl      27.4 88.4 11.6 24.2 3

Reaction conditions: Amine, 2 mmol; n-BuX, 1 mmol; catalyst, 100 mg; DMF, 10 g; CO2, 3.4 bar; temperature, 353 K; run time, 3 h.  

a Value in parenthesis are those obtained on 3rd recycle of the catalyst.  
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Fig. 4.1. MPc-Y encapsulated in zeolite-Y. 

 
Table 4.5. Synthesis of butyl-N-phenyl carbamate over MPc-Y catalysts 

Product selectivity (mol %) Run no. MPc-Y Aniline 

conversion 

(mol %) 

Butyl-N-

phenyl 

carbamates 

N,N-

dibutyl-

aniline 

TOF 

(h-1) 

1 CuPc-Y 86.1 79.6 20.4 107 

2 CuPc-Ya 59.4 92.6 7.4 74 

3 NiPc-Y 83.3 78.7 21.3 96 

4 CoPc-Y 89.2 74.8 25.2 65 

5 CoPc-Y-Ib 91.5 70.2 29.8 67 

6 CoPc-Y-IIc 92.9 69.8 30.2 68 

7. CuPc-“neat” 93.1 71.0 29.0 85 

Reaction conditions: Aniline, 2 mmol; n-BuBr, 6 mmol; CO2, 3.4 bar; DMF, 10 g; 

catalyst, 83 mg and 0.0072 mol for CuPc-“neat”; temperature, 353 K; run time, 3 h. 
a n-BuBr 2 mmol instead of 6 mmol was used. b Ist recycle, c 2nd recycle. 

 
High carbamate selectivity (92%) could be achieved when lower amounts of 

alkyl halides are used (Table 4.5). The carbamate yields in different solvents over 

CuPc-Y decreased in the order: N-methyl-2-pyrolidone (NMP) > N,N-

dimethylacetamide (DMA) > N,N-dimethylformamide (DMF) > CH3OH > CH3CN 
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(Table 4.6). A tentative reaction mechanism for carbamate synthesis over MPc catalysts 

is shown in Scheme 4.1. 

 
Table 4.6. Influence of solvent on the synthesis of butyl-N-phenyl carbamate over 

CuPc-Y catalyst 

Product selectivity (mol %) Run 
no. 

MPc-Y Aniline 
conversion 
(mol %) 

Butyl-N-phenyl 
carbamates 

N,N- 
dibutylaniline 

1 No solvent 99.1 41.4 58.6 

2 CH3CN 46.0 92.4 7.6 

3 CH3OH 61.6 85.4 14.6 

4 DMF 93.6 80.0 20.0 

6 NMP 98.2 64.0 36.0 

7. DMA 94.4 64.1 35.9 

Reaction conditions: Aniline, 2 mmol; n-BuBr, 6 mmol; CO2, 3.4 bar; DMF, 10 g; 

CuPc-Y, 83 mg; temperature, 353 K; run time, 3 h. 
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4.3.3. Carbamates synthesis over Organo-Functionalized, Ordered Mesoporous 

Materials 

In case of zeolite-encapsulated metal phthalocyanines and titanosilicates use of 

a basic solvent is essential for high carbamate yields. DMF enables the availability of 

CO2 in the liquid phase and even, perhaps, keeps CO2 in its activated state. The metal 

ions activate amine molecules. Carbamates synthesis would be more efficient when 

both the acidic and basic active functionalities are present in the catalyst system. This 

hypothesis is investigated in this section using organo-functionalized Ti-SBA-15 

catalysts. Using these, novel, hybrid catalysts the reaction can be conducted even in the 

absence of solvent. Various alkyl and aryl carbamates were synthesized, under mild 

conditions, by a reaction of amines, CO2, and n-butyl bromide (Table 4.7).  

Butyl-N-phenyl carbamate is the major product and N,N-dibutylamine (N-

alkylation) is the minor product. Both aliphatic and aromatic amines could be converted  

into their corresponding carbamates. Aliphatic amines could be more easily converted. 

The carbamate yields decreased in the order octylamine > hexylamine > 

cyclohexylamine > benzylamine > aniline > 2,4,6 trimethylaniline (Table 4.7). With 

most of the hitherto known catalyst systems, the reaction occurs in the presence of a 

solvent like DMF. In the absence of solvents, the N-alkylated compound was the main 

product. Interestingly, over Ti-SBA-15-pr-Ade, carbamate product could be obtained in 

high selectivity (84–95%), even without any solvent (Table 4.7). SBA-15 alone is only 

weakly active (Table 4.7, entry no. 1). The catalytic activity enhanced upon titanation 

(see entry nos. 5–7). A slight enhancement in activity was observed upon adenine 

functionalization (see entry no. 3). When both Ti and adenine were present, the 

catalytic activity was much higher, and complete conversion of amine (aniline) was 

observed (see entry no. 10). Similar conversions could be achieved even on SBA-15-
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pr-Ade but at longer hours (10 h instead of 4 h) (compare entry nos. 3 and 4). When 

both Ti and adenine were present (Ti-SBA-15-pr-Ade), there was a synergistic effect 

that significantly enhanced the conversion (see entry nos. 3, 5, and 10, 13). Substrate 

(aniline) conversion increases with a decrease in Si/Ti ratio up to a value of 40. The 

adenine-modified Ti-SBA-15 showed superior activity compared to the propyl amine 

and propyl chloride catalysts (compare entry nos. 8–10).  

Fig. 4.2 shows the efficiency of the Ti-SBA-15-pr-Ade catalyst system for 

carbamate synthesis from aniline, CO2, and n-butyl bromide in three recycling 

experiments. Deposition of carbonaceous matter is also likely the cause for catalyst 

deactivation.  

As revealed by Table 4.7, both the titanium ions (weak Lewis acid sites) and the 

amine moieties (the basic sites) are necessary for maximum catalytic activity and 

selectivity. Attempt to quantify the relationship between the concentration of these sites 

and conversion by calculating turnover frequency (TOF) values were made. Even 

though the calculation of TOF values is not unambiguous in this case, where the “active 

sites” comprise two structurally different surface species (acidic Ti ions and basic 

amine moieties) and the rate-determining step is not known with certainty, such values 

can be of use in determining the relative importance of the two sites and, thereby, lead 

to the design of superior catalysts. Table 4.8 presents TOF values per acid site (moles 

of substrate converted per mole of NH3 desorbed per hour) or per basic site (moles of 

substrate converted per mole of CO2 desorbed per hour). Samples that contain the more 

basic adenine molecule and those that contain both Ti and adenine molecule have 

higher intrinsic catalytic activity. It should be born in mind that the TOFs in Table 4.8 

are the minimum values, since many of the sites, from which CO2 or NH3 desorb, may 

not participate in the catalytic reaction. Aniline adsorption studies on different catalyst 
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Table 4.7. Carbamate synthesis over adenine-modified SBA-15 in the absence of solvent
 
Entry 
No. 

Catalyst (Si/Ti) Amines Run 
time (h)

Amine 
conversion (%) 

Product selectivity (%) 

      Carbamate N,N-Dialkylation
1     SBA-15 Aniline 4 16.5 81.1 18.9 
2     
       
       
       
       
       
 
 
 
     
      
 
     
 
      
      
       

SBA-15-pr-NH2 Aniline 4 20.0 94.8 5.2
3 SBA-15-pr-Ade Aniline 4 44.2 87.3 12.7
4 SBA-15-pr-Ade Aniline 10 99.4 77.9 22.1
5 Ti-SBA-15 (40) Aniline 4 48.1 79.1 20.9
6 Ti-SBA-15 (68) Aniline 4 32.9 78.2 21.8
7 Ti-SBA-15 (104) Aniline 4 26.5 79.3 20.7
8 Ti-SBA-15-pr-Cl (40) Aniline 4 51.2 83.2 16.8 
9 Ti-SBA-15-pr-NH2 (40) Aniline 4 61.6 69.1 30.9 
10 Ti-SBA-15-pr-Ade (40) 

 
Aniline 4 100 89.0 11.0 

11 Ti-SBA-15 (40) 2,4,6-trimethylaniline 4 21.8 87.4 12.6
12 SBA-15-pr-Ade 2,4,6-trimethylaniline 4 32.5 93.5 6.5
13 Ti-SBA-15-pr-Ade (40) 2,4,6-trimethylaniline 

 
4 74.5 87.8 12.4 

14 SBA-15-pr-Ade Benzylamine 4 62.0 98.0 2.0
15 Ti-SBA-15-pr-Ade (40) 

 
Benzylamine 4 88.6 92.8 7.2 

16 SBA-15-pr-Ade Cyclohexylamine
 

4 91.0 83.5 16.5
17 SBA-15-pr-Ade Hexylamine 4 96.5 88.0 12.0
18 SBA-15-pr-Ade Octylamine 4 98.8 93.5 6.5
Reaction conditions: catalyst, 100 mg; amine, 10 mmol; n-butyl bromide, 12 mmol; CO2, 3.4 bar; solvent, nil; temperature, 353 K. 
Amine content: SBA-15-pr-NH2 = 2.45 mmol/g catalyst; Ti-SBA-15-pr-NH2 (40) = 2.2 mmol/g catalyst. Adenine content: SBA-15-pr-Ade = 
1.29 mmol/g catalyst; Ti-SBA-15-pr-Ade (40) = 0.91 mmol/g catalyst; Ti-SBA-15-pr-Ade (68) = 0.95 mmol/g catalyst; Ti-SBA-15-pr-Ade 
(104) = 0.96 mmol/g catalyst. 
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supports have also been studied. The study reveals that aniline adsorption is higher 

when Ti (Lewis acid) is present in the catalyst. The carbamate yield increases with an 

increase in the amount of available adsorbed aniline. It may be recalled that DRIFT 

spectroscopy of adsorbed CO2 on various catalysts (Chapter 3, Fig. 3. 15) had indicated 

that CO2 activation (based on the intensity of the carbamate peak at 1609 cm-1) takes 

place only in the case of propylamine- and adenine-functionalized SBA-15 and Ti-

SBA-15 supports. Pure SBA-15 or Ti-SBA-15 could not activate CO2. Furthermore, the 

amounts of activated CO2 were higher in the case of adenine-functionalized supports 

than in the case of propylamine-functionalized supports. In other words, while the Ti 

ions adsorb the epoxides or the alkyl or aryl amines, the adenine functionality activates 

CO2. Accordingly, the carbamate yields correlate with the availability of the adsorbed 

aniline and activated CO2 (Fig. 4.3). 

 
Table 4.8. Turnover frequencies (TOF) for n-butyl-N-phenyl carbamate synthesis over 

Ti-SBA-15 catalyst systems 

TOF(h-1)aCatalyst CO2 
desorbed 
(mmol/g. 
catalyst) 

NH3 desorbed 
(mmol/g. 
catalyst) Based on CO2 

desorbedb
Based on NH3 
desorbedc

Ti-SBA-15  

(Si/Ti = 40) 

2.9 0.9 - 13.8 

SBA-15-pr-NH2 3.8 - 1.4 - 

Ti-SBA-15-pr-

NH2 (Si/Ti = 40) 

3.9 0.9 3.9 15.9 

SBA-15-pr-Ade 4.3 - 2.5 - 

Ti-SBA-15-pr-Ade 

(Si/Ti = 40) 

5.3 1.0 4.7 23.2 

a TOF values are calculated from the conversions reported in Table 4.7  
bTOF = moles of aniline converted per mole of CO2 desorbed per hour. 
cTOF = moles of aniline converted per mole of NH3 desorbed per hour. 

 174



Chapter-4: CO2 Utilization in Carbamates Synthesis 
____________________________________________________________________________________ 

 

0 1 2 3
0

20

40

60

80

100

 Aniline conversion

%

Number of recycles

 Carbamate selectivity

Fig. 4.2. Reusability of Ti-SBA-15-pr-Ade in butyl-N-phenyl carbamate synthesis. 
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Fig. 4.3. Correlation of n-butyl-N-phenyl carbamate yield with the amount of aniline 

adsorbed (×3, wt%) and carbamate IR peak intensity (1609 cm-1) over different solid 

catalysts. 
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4.3.4. Carbamate Synthesis over Organo-Inorganic Hybrid Catalysts 

It is known that carbamates can be synthesized using homogeneous onium salts 

[12]. Since as-synthesized zeolite-beta and MCM-41 contain onium ions in their 

cavities/pores, it is believed that they can be used as heterogeneous catalysts for cyclic 

carbonates synthesis. This section presents catalytic activity studies on these catalyst 

systems. 

Various alkyl and aryl carbamates were synthesized under mild conditions from 

the corresponding amines, CO2 and n-butyl bromide (n-BuBr) over zeolite-beta and 

MCM-41 catalysts. The reaction of CO2 with a primary amine readily forms the 

carbamic acid ammonium salt (Eq. (1)). In the presence of quaternary ammonium ion 

catalysts (template), ion-exchange takes place, carbamate anion is stabilized, and 

equilibrium shifts to the right side (Eq. (2)). Further reaction of this carbamate anion 

with n-BuBr yields the corresponding alkyl carbamate (Eq. (3)). However, in the 

absence of an efficient catalyst, carbamic acid ammonium salt (in Eq. (1)) is unstable 

and the amine formed by the reverse reaction reacts with n-BuBr yielding 

predominantly the nitrogen-derived products (Eq. (4)). The inorganic–organic hybrid 

catalysts favor the formation of carbamate rather than that of the nitrogen-derived 

products (N-alkylated products). 

  
2 RNH2 + CO2             [RNHCOO-][RNH3

+]                                                                                          (1)

[RNHCOO-][RNH3
+] + Et4N+X-             [RNHCOO-][Et4N+] + [RNH3

+X-]                                         (2)

[RNHCOO-][Et4N+] + [RNH3
+X-] + n-BuBr             RNHCOO(n-Bu) + RNH2 + Et4N+X- + HBr    (3)

RNH2 + n-BuBr            RNH(n-Bu) + HBr                                                                                            (4)  
 
Both aliphatic and aromatic amines could be converted into their carbamates 

using zeolite-beta and MCM-41. With different amines, the carbamate yields varied in 

the order: octylamine > cyclohexylamine > hexylamine > benzylamine > aniline > 2,4,6 

 176



Chapter-4: CO2 Utilization in Carbamates Synthesis 
____________________________________________________________________________________ 

trimethyl aniline (Table 4.8). Aliphatic amines can be more easily converted to their 

corresponding carbamates as compared to aromatic amines. With all the known catalyst 

systems, the reaction had to be conducted in a solvent medium (DMF); in the absence 

of solvent, the N-alkylated compound formed as the main product. Interestingly, when 

as-synthesized zeolite-beta catalysts were used, carbamate product formed with high 

selectivity (84 – 95%) without any solvent. 

 Influence of pressure on the synthesis of butyl-N-phenyl carbamates by reacting 

aniline, CO2 and n-BuBr was studied over MCM-41. It was found that aniline 

conversion increased by increasing pressure from 1 to 3.4 bar, but any further increase 

in pressure led to only a marginal increase in aniline conversion (Fig. 4.4 (a)). The 

catalysts were found stable in at least five recycling experiments (Fig. 4.4 (b)). 
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Fig. 4.4. (a) Influence of CO2 pressure on the synthesis of butyl-N-phenyl carbamate 

(b) Catalytic activity of MCM-41 in recycling experiments. 
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                  Table 4.8. Synthesis of carbamates over zeolite-beta and MCM-41 in the absence of solvent 

Zeolite-beta  MCM-41Entry no Amines 

Amine Conv. 

(mol %) 

carbamate 

Selc. (%) 

TOF  

(h-1) 

Amine 

conv. 

(mol%) 

Carbamate 

Selec. (%) 

TOF (h-1) 

1 NH2       100 91.7 11.2 100 90.1 36.2

2 NH2  93.8     84.2 10.5 90.4 94.5 32.7

3 NH2

 

96.5     88.6 10.8 94.0 80.6 34.0

4 NH2

 
76.2     90.0 8.5 76.0 91.0 27.5

5 NH2

 
52.8     86.9 5.9 51.0 83.7 18.5

6 NH2

 

21.1     95.2 2.4 30.0 94.8 10.9

                              Reaction conditions: Amines, 10 mmol; n-butyl bromide, 10 mmol; catalyst, 150 mg; CO2 pressure, 3.4 bar;  
                              run time, 3 h; temperature, 353 K.  
                              a Turnover frequency (TOF) = moles of amine converted per mole of quaternary ammonium ion (template) in  
                               as-synthesized zeolite-beta or MCM-41 per hour. 
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4.4. Conclusions 

Alkyl and aryl carbamates were synthesized at mild reaction conditions (353 K 

and 3.4 bar) from amines, alkyl halides and CO2. The catalytic activities of four 

different solid catalyst systems have been evaluated. When titanosilicates and zeolite 

encapsulated metal phthalocyanine complexes were used as catalysts the reactions had 

to be conducted in solvents like DMF to obtain high yields of carbamtes. However, 

with as-synthesized zeolite-beta and MCM-41 as well as with organo-functionalized Ti-

SBA-15 catalysts the reactions occur even in the absence of solvents. The latter type 

catalysts are reusable in several recycling experiments. Adsorption experiments reveal 

while the amines are activated at Ti sites, CO2 is activated at basic sites (adenine). 

There exists synergism when both the acidic (Ti) and basic (adenine) sites are present 

in the catalyst system. This method of carbamate synthesis utilizing CO2 is a benign 

process. The catalysts investigated in the present study especially adenine-

functionalized Ti-SBA-15 are more efficient than the known heterogeneous catalysts. 

FT-IR and 1H NMR spectra of the isolated product from the reaction of aniline, CO2 

and n-butyl bromide are presented in Appendices 4.A and 4.B, respectively.  
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5.1. Introduction 
 

Transesterification is a process where an ester is transformed into another 

through interchange of the alkoxy moiety. It is an equilibrium process and finds 

importance in several industrial manufacturing processes (Chapter 1; Section 1.5). 

Several homogeneous catalysts such as distannoxanes [1], InCl3 [2], LiClO4 [3], Ti(IV) 

alkoxides [4], and sulphated-SnO2 [5] catalyze these reactions. A few heterogeneous 

catalysts like envirocat EPZG [6, 7], amberlyst-15 [8], polymer supported lipase [9], 

zeolites [10] and hydrotalcites [11] have also been employed recently. Dialkyl 

carbonates are useful chemical intermediates in organic synthesis and bis-phenol-A-

polycarbonate manufacturing. They are conventionally synthesized using toxic 

phosgene chemicals or by hazardous oxidative carbonylation route [12]. Their synthesis 

by transesterification of cyclic carbonates with alcohols is an attractive, eco-friendly 

process. Tatsumi et al [13] reported the use of K-TS-1 for the synthesis of dimethyl 

carbonate (DMC) from ethylene carbonate and methanol. Ethene carbonate conversion 

of 68% and DMC yield of 51% were obtained. Hydrotalcite [14] and CaO/C [15] gave 

the DMC yields 58 and 42%, respectively. DMC can be synthesized directly by the 

reaction of epoxides, CO2 and methanol. However the DMC yield in direct one-pot 

synthesis utilizing CO2 was poor [16]. 

In recent years, there has been a growing interest in alternative fuels from 

vegetable and animal sources. Again, transesterification plays an important role in these 

bio-fuels manufacturing. A variety of homogeneous catalysts [17] and alkali loaded 

heterogeneous catalysts [18] were reported for the production of fatty acid methyl 

esters (bio-diesel). This chapter describes the catalytic activity of titanosilicate 

molecular sieves and double metal cyanide Fe-Zn catalysts for several 

transesterification reactions.  
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Titanosilicates have been widely investigated, for more than two decades, as 

selective oxidation catalysts [19]. Acid properties of titanosilicates are not much 

exploited. Here, the application of TS-1, Ti-MCM-41 and amorphous TiO2–SiO2 in 

transesterification of a cyclic ester — propene carbonate (PC) with several alcohols is 

studied.  

Double metal cyanides were originally discovered by General Tire Inc. in 1960 

[20]. They were revisited starting in the middle of 1980s, with improvements made by 

some companies like ARCO [21], Shell [22] and Asahi glass [23]. These improvements 

made double metal cyanide catalysts much more attractive for commercial production 

of polyether polyols [24]. Compared with the conventional KOH catalyst, this catalyst 

gave high quality PPG products that have low level of unsaturation, narrow molecular 

weight distribution and low viscosity. Kim et al. [25] recently reported the use of 

double metal cyanide catalyst for ring opening polymerization of propene oxide. This 

opened up the possibility to apply this for the transesterification reaction of cyclic 

carbonates with alcohols forming dialkyl carbonates. The acid properties of the 

catalysts were investigated using DRIFT spectroscopy of adsorbed pyridine and NH3-

TPD. 

5.2. Experimental Section 

 Synthesis and physicochemical characterization of the titanosilicates and double 

metal cyanide Fe-Zn catalysts are described in Chapter-2. 

5.2.1. Reaction Procedures 

5.2.1.1. Transesterification of Propene Carbonate with Alcohols 

 10 mmol of propene carbonate, 100 mmol of alcohol and catalyst (50 - 250 mg) 

were taken in a rotating hydrothermal reactor (Hero Co., Japan; rotation speed = 50 

rpm). The reaction was conducted at 373 - 443 K for 8 h. After the reaction, the reactor 
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was cooled to room temperature and sample was analyzed by gas chromatography 

(Varian 3800; CP-8907 column; 15 m x 0.25 mm x 0.25µm). The products were 

identified by GC-MS (Shimadzu QP-5000; 30 m-long, 0.25 mm-i.d., and 0.25 µm-thick 

capillary column DB-1), GC-IR (Perkin Elmer 2000; BP-1 column; 25 m-long, and 

0.32 mm-i.d.) and 1H NMR (Bruker AC 200). The product was purified by column 

chromatography (100-200 mesh silica gel) with dichloromethane as eluent; polarity of 

the eluent was increased with methanol. 

5.2.1.2. Transesterification of Ethylacetoacetate (EAA) and Diethylmalonate (DEM) 

In a typical reaction, a known quantity of reactants (ester and alcohol) and 

catalyst were taken and the reaction was conducted at a desired temperature (298 – 423 

K) for a specific period. At the end of the reaction the catalyst was separated and the 

liquid portion was analyzed by gas chromatography (Varian 3400; CP-SIL8CB column; 

30 m-long, and 0.53 mm-i.d.). The products were identified by GC-MS, GC-IR and 1H 

NMR. In some cases the product was isolated by column chromatography (silica gel 

(60 – 120 mesh); petroleum ether : ethylacetate =  80 : 20 v/v eluent). 

5.2.1.3. Bio-diesel/ lubricant Production 

In a typical reaction, vegetable oil (5 g), alcohol (oil : alcohol  = 1:6 mole ratio), 

catalyst (1 wt %; 50 mg) were charged into a 100 ml hydrothermal reactor. The reaction 

was carried out at 443 K for 4 h. The contents were allowed to cool to room 

temperature. Catalyst was separated by filtration from the reaction mixture. Then, the 

alcohol was removed by distillation. Now the reaction mixture contains unreacted oil, 

transesterified product (fatty acid alkyl ester) and glycerol. To this, petroleum ether (60 

ml) and methanol (20 ml) were added. The methanol and petroleum ether layers were 

separated using a separating funnel. Again, 20 ml of methanol was added to the 

separated petroleum ether layer and two layers were separated. The methanol fractions 
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containing glycerol were combined and treated with 60 ml of petroleum ether. Any 

trace amounts of unreacted oil and fatty acid esters present in the methanol layer along 

with glycerol were, thus, separated out. Later, methanol was distilled out and the by-

product glycerol obtained was collected and its weight was noted for estimating the 

conversion of vegetable oil. The ether portion was evaporated to obtain the fatty acid 

esters and unconverted vegetable oil. The products were analyzed by gas 

chromatography (Shimadzu-14B; SE-52 packed column (6-feet long x 8 inch i.d.)) 

(Program: start at 425 K (2 min), ramp at 2.5 K/min to 477 K (0 min hold), ramp at 10 

K/min to 513 K (20 min). 100 mg of ester was dissolved in 1 g of dichloromethane and 

used for analysis. The products were identified by GC-MS. 

5.3. Results and Discussion 

5.3.1. Acidic Properties 

5.3.1.1. Titanosilicates  

 DRIFT Spectroscopy of Adsorbed Pyridine. The acidic properties of 

titanosilicates (TS-1, Ti-MCM-41 and amorphous TiO2-SiO2) were investigated by 

pyridine adsorption-IR (Fig. 5.1). It is known that upon hydration Ti ions in 

titanosilicates expand their coordination number from 4 to 5 or 6 [19]. Studies were 

also performed on titanium-free silicalites (Si-MCM-41, for example). Peaks around 

1595 and 1445 cm-1 due to hydrogen-bonded pyridine and 1580 and 1485 cm-1 due to 

pyridine-coordinated to weak Lewis acid sites are observed. Absence of peaks at 1623 

and 1455 cm-1 indicates the absence of strong Lewis acid sites. Brönsted acid sites 

(peaks at 1639 and 1546 cm-1) are also absent in all the titanosilicate samples. The IR 

bands are relatively more intense for Ti-MCM-41 and amorphous TiO2-SiO2 than for 

TS-1 consistent with the easy accessibility of the Ti sites in the former two 

titanosilicalites than in the latter. Ti-free silicalite samples (Si-MCM-41) showed IR 

 186



Chapter-5: Transesterification - Dialkyl Carbonates & Bio-fuel 
____________________________________________________________________________________  

peaks (Fig. 5.1(d)) due to hydrogen-bonded pyridine only. Absence of infrared bands at 

1580 and 1485 cm-1 in Si-MCM-41 confirms that these bands in titanosilicate samples 

arise from pyridine attached to Lewis Ti sites.  

The IR peaks due to pyridine disappeared completely above 398 K on TS-1 and 

523 K on Ti-MCM-41 and amorphous TiO2-SiO2 suggesting that the strength of Lewis 

acid sites on the latter type catalysts is higher than the former. The easy accessibility of 

Ti sites in Ti-MCM-41 with open tetrahedral Ti(OH)(OSi)3 structure form stabler Ti-

pyridine complexes than the Ti in TS-1 possessing closed tetrahedral Ti(OSi)4 

structure. 

NH3-TPD. These studies showed a desorption peak at 448 K (Fig. 5.2 (a)). This 

band in Ti-MCM-41 and amorphous TiO2-SiO2 is more intense and asymmetric 

indicating that the strength of the Lewis acid sites on different titanosilicates increases 

in the order: TS-1 (NH3 desorbed = 0.118 mmol/g) < Ti-MCM-41 (0.160 mmol/g) ≤ 

amorphous TiO2- SiO2 (0.175 mmol/g) in agreement with the IR spectra for adsorbed 

pyridine. NH3-TPD measurements were also performed on TS-1 samples (Si/Ti = 33) 

calcined at different temperatures (723 – 923 K) (Fig. 5.2 (b)). The amount of NH3 

desorbed increased up to 823 K and then decreased (calcination temperature, ammonia 

desorbed: (723 K, 0.097 mmol/g); (773 K, 0.105 mmol/g); (823 K, 0.118 mmol/g); 

(923 K, 0.109 mmol/g)). 
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Fig. 5.1. DRIFT of adsorbed pyridine on (a) TS-1, (b) Ti-MCM-41, (c) amorphous 

TiO2-SiO2 and (d) Si-MCM-41. 
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Fig. 5.2. NH3-TPD of (a) TS-1, Ti-MCM-41 and amorphous TiO2–SiO2, (b) TS-1 

calcined at various temperatures. 

 
5.3.1.2. Fe-Zn Double Metal Cyanide Catalysts 

DRIFT Spectroscopy of Adsorbed Pyridine. Fig. 5.3 depicts the difference FT-

IR spectra (DRIFT mode) of adsorbed pyridine on double metal cyanide Fe-Zn 

catalysts prepared by different methods. After adsorption of pyridine, the temperature 

of the samples was raised to a desired value and the spectrum was recorded. Absence of 

peaks at 1639 and 1546 cm-1 in the difference FT-IR spectra (Fig. 5.3) confirm that the 

samples do not contain Brönsted acid sites. The peaks at 1608 and 1450 cm-1 reveal the 

presence of strong Lewis acid sites and the peak at 1490 cm-1 is due to pyridine 

coordinated to weak Lewis acid sites. Except for some marginal changes in peak 

positions, the difference FT-IR spectra of Fe-Zn catalysts prepared by different 

methods (Fe-Zn-1, Fe-Zn-2, Fe-Zn-3) were almost identical. The types of the acid sites 
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are the same in all the Fe-Zn catalysts investigated. As expected, with an increase in 

temperature (from 323 to 473 K) the intensity of the pyridine IR peaks decreased. 

However, they have not disappeared even at 473 K indicating that the samples are not 

weakly acidic. 

A comparison of the pyridine adsorption-IR studies of titanosilicate samples 

(Fig. 5.1) and Fe-Zn double metal cyanide catalysts (Fig. 5.3) point out that the former 

type catalysts contained only weak Lewis acid sites while the latter contained both 

weak and strong Lewis acid sites. In the case of titanosilicate catalysts hydrogen-

bonded pyridine is more in amount than pyridine coordinated to weak Lewis acid sites. 

Further, the number of acid sites is more in the case of Fe-Zn than in titanosilicate 

catalysts. Pyridine desorbed completely at 373 – 423 K from titanosilicates while a 

significant amount of pyridine was present even at 473 K on Fe-Zn catalysts indicating 

that the latter are more strongly acidic than the former. 

NH3-TPD. The samples were activated at 473 K, NH3 was adsorbed at 323 K 

and the desorption of NH3 was monitored in the temperature range 323 – 473 K. The 

double metal cyanide Fe-Zn samples showed a broad asymmetric desorption feature 

which could be deconvoluted into three desorption peaks with peak maxima at 357 K, 

382 K and 417 K, respectively (Fig. 5.4). While the desorption peak at 357 K could be 

attributed to physisorbed NH3, the peaks at 382 K and 417 K could be corresponded to 

weak and strong Lewis acid sites, respectively. The total amount of NH3 desorbed from 

Fe-Zn-1, Fe-Zn-2 and Fe-Zn-3 samples is 1.96, 1.87 and 1.77 mmol/g, respectively. 

The amount of NH3 desorbed from the deconvoluted peak with maximum at 417 K is 

0.57 for Fe-Zn-1 and 0.29 mmol/g for Fe-Zn-2. 
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Fig. 5.3. DRIFT spectra of pyridine adsorbed on (a) Fe-Zn-1, (b) Fe-Zn-2 and (c) Fe-

Zn-3 as the temperature is raised from 333 – 473 K. 

 
NH3 desorbed from the deconvoluted peak with maximum at 382 K is 0.85 for 

Fe-Zn-1 and 0.83 mmol/g for Fe-Zn-2 catalyst, respectively. The study thus reveals that 

the amount of strong acid sites is more on Fe-Zn-1 than on the other two catalysts while 
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the weak Lewis acid sites are in similar quantity. This result is in agreement with the 

acidity study by pyridine-IR technique. 

 The acidity measurement, thus, reveal that the method of preparation has a 

marked effect on acidity. Further, Fe-Zn double metal cyanide catalysts are more 

strongly acidic than titanosilicate catalysts. These differences in acidity affect the 

catalytic properties of the materials. 
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Fig. 5.4. NH3-TPD of (a) Fe-Zn-1, Fe-Zn-2 and Fe-Zn-3. (b) Deconvoluted plot of Fe-

Zn-1. 

5.3.2. Synthesis of Dialkyl Carbonates over Titanosilicates 

Transesterification of cyclic carbonates with methanol is important because the 

transester, dimethyl carbonate (DMC) is a value-added chemical for applications as an 

efficient methylating agent and precursor for polycarbonates. In addition to acidity, the 

pore structure of titanosilicates is found to play an important role in transesterification 
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of cyclic esters like propene carbonate (Scheme 5.1). TS-1 showed no activity for 

cyclic esters (Table 5.1). Amorphous TiO2-SiO2 exhibited the highest activity (Table 

5.1).  

2 ROH +
C C

O O
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+
H3C

C C
OHHO
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O
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OHRO
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Scheme 5.1. Transesterification of propene carbonate (PC) with alcohols. 

 
Table 5.1. Transesterification of cyclic propene carbonate (PC) with different alcohols 

and phenol (ROH) over titanosilicatesa, b

 
Titanosilicate ROH Reaction 

time   
(h) 

Conversion of PC, 
mol% 

Selectivity of 
transester product, 
mol%b

TS-1 Methanol 2 Nil - 
TiMCM-41 Methanol 2 5.1  
 Phenol 8 58.9 24.4 
Amorphous 
TiO2-SiO2

Methanol 4 
 
8 

71.4 
 
86.0 

48.2 
 
51.2 

 Ethanol 8 73.0 61.8 
 Propanol 12 86.3 69.4 
 n-Butanol 12 85.0 73.4 
 n-Hexanol 12 49.0 61.5 
aReaction conditions: Catalyst (TS-1 or TiMCM-41), 400 mg; propylene carbonate, 

1.36 g, ROH (methanol, 3.2 g; phenol, 4.7 g); temperature, 393 K. 
bReaction conditions: Catalyst (amorphous titanosilicate), 400 mg; propylene 

carbonate, 1.02 g (0.01 mol); ROH, 0.1 mol; temperature, 423 K. 
cBalance is the corresponding ether 
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Propene carbonate could be transesterified with various alcohols over 

amorphous TiO2-SiO2. However, with lower chain alcohols the selectivity for the 

transester product was low. The transester (dialkyl carbonate) possibly participates in 

subsequent O-alkylation reaction of the diol (Scheme 5.1). This was confirmed later by 

performing separate experiments of O-alkylation reactions of ethylene glycol with 

methanol and dimethyl carbonate. No alkylation occurred in the absence of Ti catalyst. 

With amorphous TiO2-SiO2, 30.1% of ethylene glycol was methylated when methanol 

was the alkylating agent. Complete conversion of ethylene glycol to dimethylated 

glycol occurred when dimethyl carbonate was the alkylating agent. The alkylating 

ability of dipropyl and dibutyl carbonates is lower than that of dimethyl or diethyl 

carbonates. Hence, the selectivity of dimethyl carbonate is lower that the other 

carbonates due to its participation in consequent alkylation reactions (Table 5.1).  

5.3.3. Synthesis of Dialkyl Carbonates over Fe-Zn Double Metal Cyanides 

To overcome the issue of low selectivity for dialkyl carbonates in 

transesterification reactions, new solid Fe-Zn-based double metal cyanide catalysts 

were developed. Transesterification of propene carbonate with different alcohols 

yielded dialkyl carbonates; 1,2-propene glycol formed as by-product in equivalent 

amounts (Scheme 5.1). The reaction occurred only in the presence of a catalyst. The 

influence of various reaction parameters (temperature, alcohol/propene carbonate ratio 

and catalyst amount) on the dialkylcarbonate yield was studied. 

The influence of temperature on the yield of dimethyl carbonate (DMC) from 

propene carbonate (PC) and methanol over Fe-Zn-1 catalysts is shown in Fig. 5.5 (a). 

The reaction did not occur up to 353 K. At 373 K, a very low yield of DMC (6.6 %) 

was obtained. Catalytic activity increased with increasing reaction temperature. A 

maximum yield of DMC was obtained at 443 K.  
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 Fig. 5.5(b) shows the effect of methanol to PC molar ratio on DMC yield. In 

these experiments while keeping the PC concentration constant, the amount of 

methanol in reaction mixture was increased and DMC (isolated) yield was monitored. 

DMC yield increased with increasing methanol content. As transesterification is an 

equilibrium reaction, increasing methanol content favored the forward reaction 

(Scheme 5.1) in agreement with the Le Chatelier’s principle. A methanol to PC ratio of 

8 – 10 (mol/mol) is optimum for the highest yield of DMC. 
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Fig. 5.5. Influence of (a) temperature and (b) alcohol to cyclic carbonate ratio on 

transesterification of propene carbonate (PC) with methanol over Fe-Zn-1 catalyst. 
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The amount of the catalyst has a significant effect on DMC yield (Fig. 5.6). The 

yield of DMC increased with an increase in catalyst amount and reached a maximum 

when the catalyst amount was 0.25 g. The catalysts formed a heterogeneous phase and 

at the end of the reaction it could be separated by centrifugation/filtration from the 

reaction mixture. Filtered catalyst was washed initially with methanol and then with 

acetone and air-drying at room temperature, the catalyst could be reused. No significant 

loss in activity was observed in at least 5 recycling experiments (Table 5.2; Run Nos. 6 

- 11). 
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Fig. 5.6. Influence of catalyst amount on the transesterification of Pc with MeOH over 

Fe-Zn-1 catalyst. 

 
Propene carbonate could be transesterified with various alcohols. A variety of 

dialkyl carbonates could be prepared over Fe-Zn-1 catalyst (Table 5.2). Chain length of 

the alcohol has a marked effect on catalytic activity. The yield of dialkyl carbonate 

decreased with increasing chain length. Transesterification of propene carbonate with 
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phenol yielded diphenyl carboanate (DPC) over Fe-Zn-1 catalyst but in very small 

amounts (∼ 2%).  

 
Table 5.2. Reaction of propene carbonate with various alcohols over Fe-Zn-1 catalyst 
 
Run no. Alcohol Dialkyl carbonate 

yield ( mol %) 

TON  

1 Benzyl alcohol 77.8 95 

2 Hexanol 62.5 77 

3 Butanol 69.3 85 

4 Propanol 77.5 95 

5 Ethanol 79.4 97 

6 Methanol 86.6 106 

7 Methanol (recycle-1) 83.2 102 

8 Methanol (recycle-2) 83.5 102 

9 Methanol (recycle-3) 84.9 104 

10 Methanol (recycle-4) 83.2 102 

11 Methanol (recycle-5) 82.6 101 

Reaction conditions: Propene carbonate = 10 mmol; alcohol = 100 mmol; catalyst = 

250 mg; reaction temperature = 443 K; reaction time = 8 h 

TON = moles of propene carbonate converted per mole of catalyst. 

5.3.4. Transesterification of Propene Carbonate with Alcohols Mixture over Fe-Zn-1 

Catalyst 

When propene carbonate was reacted with methanol, dimethyl carbonate 

(DMC) was the product along with an equivalent amount of by-product 1,2-propene 

glycol. When the reaction was carried out with ethanol instead of methanol, diethyl 

carbonate (DEC) was the product. The rate of the transeterification is lower in ethanol 
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than in methanol. When the reaction was conducted with an equimolar mixture of 

methanol and ethanol, methyl ethyl carbonate (MEC) formed in addition to DMC and 

DEC (Scheme 5.2). Asymmetric carbonates like MEC find important application as 

intermediates in chemicals synthesis. Organic carbonates like MEC could be 

synthesized with high selectivity by fine-tuning the reaction conditions.  
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  Fig. 5.7. Influence of reaction time on DMC, MEC and DEC selectivity.  
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Fig. 5.7 shows the catalytic activity and product distribution as a function of run 

time in reaction of propene carbonate with an equimolar mixture of methanol and 

ethanol. Initially, DMC was the main product and DEC formed in smaller quantities. 

When the reaction was conducted beyond 2 h, the concentration of MEC increased 

significantly at the expense of DMC. There was only a marginal increase in the 

concentration of DEC. The composition of the product mixture did not change beyond 

4 h due to attainment of equilibrium.  

5.3.5. Transesterification of Dimethyl Carbonate with Various Alcohols  

Scheme 5.3. Transesterification of DMC with alcohols

+ +ROHCO OCH3 CH3

O

CO OR CH3

O

CO OR R

O

 

Having understood that asymmetric organic carbonates like MEC can be 

synthesized by transesterification of propene carbonate with a mixture of methanol and 

ethanol, detailed kinetics studies were undertaken to transesterify DMC with various 

alcohols to produce different organic carbonates (Scheme 5.3). Transesterification of 

DMC was found more facile than propene carbonate. As observed in the previous 

section, catalytic activity in transesterification decreased with an increase in the chain 

length of the alcohol (Table 5.3). This is more obvious in the product pattern. 

Symmetric alkyl carbonates were formed in higher amounts when smaller chain length 

alcohols were used. However, with longer chain length alcohols asymmetric carbonates 

formed with high selectivity.  
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Table 5.3. Reaction of dimethyl carbonate with various alcohols 
 
Run 
no. 

Alcohol DMC 
conversion 
( mol %) 

Dialkyl 
carbonate 
selectivity (%) 

Methyl alkyl 
carbonate 
selectivity 
(%) 

TON 

1 Benzyl alcohol 96.0 63.4 36.6 117 

2 Hexanol 92.8 26.1 73.9 113 

3 Butanol 94.6 30.2 69.8 115 

4 Propanol 93.4 34.9 65.1 114 

5 Ethanol 97.4 60.9 39.1 118 

Reaction conditions: Dimethyl carbonate (DMC)  = 10 mmol; alcohol = 100 mmol; 

catalyst = 250 mg; reaction temperature = 443 K; reaction time = 8 h 
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Fig. 5.8. Influence of reaction time on the transesterification of DMC with ethanol.  
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Fig. 5.8 shows the catalytic activity and product distribution as a function of 

time for transesterification of DMC with ethanol. About 60% conversion of DMC was 

observed in the first 2 hrs. The reaction had to be conducted for 8 hrs for complete 

conversion of DMC. MEC is the major product in the first 2 hrs while DEC formed as 

minor product. With time the selectivity of DEC increased from 8.5% (at 2 h) to 61% at 

8 h. The slowed down DMC conversion beyond 2 h is due to competing 

transesterification reactions of DMC and MEC with ethanol. 

5.3.5.1. Influence of Activation Temperature 

The catalyst was activated at different temperature (333 – 673 K) and the 

activity was investigated for transesterification of DMC with ethanol (Table 5.4). No 

notable changes in catalytic activity and product selectivity were observed when the 

catalyst activation temperature was increased from 333 to 473 K. Above that 

temperature the activity of the catalyst decreased. DMC conversion decreased from 

97% (activation temperature = 473 K) to 37.8 (activation temperature = 673 K).  

Interestingly, symmetric diethyl carbonate (DEC) selectivity increased from 61% to 

81.5% when the catalyst activation temperature was raised from 473 K to 673 K. It may 

be recalled from Chapter 2 (Section 2.8) that the Fe-Zn catalyst decomposes beyond 

473 K forming a different kind of mixed oxidic material. The mixed oxide formed from 

Fe-Zn-1 catalyst is therefore less active but more selective for symmetric dialkyl 

carbonates synthesis.   

5.3.5.2. Influence of the Method of Catalyst Preparation 

 In the preparation of Fe-Zn-1 catalyst, tert-butanol and a tri-block copolymer 

EO20PO70EO20 were used as complexing and co-complexing agents, respectively. In 

order to examine the influence of these chemicals on the catalyst formed, synthesis of 
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Table 5.4. Influence of Fe-Zn-1 activation temperature on the reaction of DMC with 

ethanol 

 
Run no. Catalyst 

activation 
temperature 
(K) 

DMC 
conversion 
(mol %) 

Dialkyl 
carbonate 
selectivity 
(%) 

Methyl 
alkyl 
carbonate 
selectivity 
(%) 

TON 

1 298 95.5 58.6 41.4 116 

2 333 94.8 59.5 40.5 116 

3 373 95.0 58.2 41.8 116 

4 473 93.4 65.1 34.9 114 

5. 523 54.0 80.5 19.5 - 

5 573 47.6 81.5 18.5 - 

6 673 37.8 80.0 20.0 - 

Reaction conditions: Dimethyl carbonate (DMC)  = 10 mmol; alcohol = 100 mmol; 

catalyst = 250 mg; reaction temperature = 443 K; reaction time = 8 h 
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Fig. 5.9. Influence of method of catalyst preparation on the transesterification of DMC 

with ethanol. 
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Fe-Zn catalysts was performed with the complexing agent alone and with no 

complexing and co-complexing agents. The catalyst prepared with the former condition 

is designated as Fe-Zn-2 and the catalyst prepared with the latter conditions is 

designated as Fe-Zn-3.  

Fe-Zn-1 catalyst prepared in the presence of both complexing and co-

complexing agents showed the highest activity (Fig. 5.9). Fe-Zn-3 catalyst prepared in 

the absence of both the complexing and co-complexing agents showed the lowest 

catalytic activity (Fig. 5.9). DEC selectivity was the highest over Fe-Zn-1 catalyst 

while asymmetric organic carbonate (MEC) selectivity was more over Fe-Zn-2 and Fe-

Zn-3 than over Fe- Zn-1 catalyst. The characterization studies (Chapter-2) revealed no 

spectral differences for the above three catalysts. Surface area of all the three catalysts 

was similar. X-ray diffraction patterns of these catalysts were also the same, suggesting 

that they are different polymorphic forms. Chemical composition and FT-IR 

spectroscopy reveal that Fe-Zn-1 catalysts contain a coordinated tert.-butanol 

(complexing agent) in the catalyst structure which is not present in the other two 

catalysts. The coordinated tert.-butanol is possibly replaced by water molecule in Fe-

Zn-2 and Fe-Zn-3 catalysts. The coordinated tert-butanol in Fe-Zn-1 is possibly more 

labile than the coordinated water molecules in Fe-Zn-2 and Fe-Zn-3 leading to a more 

active Fe-Zn-1 catalyst. Although co-complexing agent is not present in the catalyst 

composition, it facilitated coordination of tert-butanol to the zinc moiety, which is the 

active Lewis acid site in the transesterification reaction. It may be gratifying to note the 

coordinated tert-butanol plays an important role also in ring opening polymerization of 

epoxides [25]. A similar enhancement in activity in the presence of coordinated tert.-

butanol is observed even in the present case. 
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5.3.5.3. Kinetic Study  
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The transesterification of DMC with ethanol (EtOH) involves two consecutive 

equilibrium steps:  (1) formation of methyl ethyl carbonate (MEC) from dimethyl 

carbonate (DMC) and (2) formation of diethyl carbonate (DEC) from MEC (Scheme 

5.4). In this experiment alcohol was taken in excess. This reaction can be treated as a 

psuedo-first-order series reaction with MEC as intermediate product. The rate constants 

were determined using the following equations: 

CA/CA0 = e-k
1

t

CR/CA0 = k1(e-k
1

t - e-k
2

t )/(k2 - k1) 

where CA0  and CA are the concentrations of DMC at t = 0 and at time t, respectively, CR 

is the concentration of the intermediate product MEC at time t, and k1 and k2 are the rate 

constants for the first- and second-steps, respectively. The concentration profiles of 

DMC, MEC and DEC at two temperatures (413 and 423 K) and two EtOH/DMC 

concentration ratios (4 and 6 mol/mol) in the transesterification reaction of DMC with 

ethanol are presented in Fig. 5.10. The profiles are those expected for typical first-order 

consecutive reactions.  The nature of the profile, especially that for MEC, depends on 

the relative values of k1 and k2. Energy of activation and rate constants (k1 and k2) are 
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listed in Table 5.5. Reaction temperature and EtOH/DMC ratio affected the 

concentration of MEC (Fig. 5.10). 

 

         Table 5.5. Kinetics parameters for transesterification of DMC with ethanol  

Rate constant 

h-1 (10-3) 

DMC/EtOH 

(molar ratio) 

Temperture 

(K) 

k1 k2

Ea 

(kJ/mole) 

1:4 413 20 19 

1:4 423 29 28 

2.06 

1:6 413 22 21 

1:6 423 29 28 

1.87 

 

5.3.6. Comparative Study of the Transesterification of Propene Carbonate over Fe-

Zn-1 and TS-1 catalysts 

 In this chapter propene carbonate was transesterfied with different alcohols over 

two types of catalysts viz., titanosilicates (TS-1, Ti-MCM-41 and amorphous TiO2-

SiO2) and double metal cyanide complexes (Fe-Zn-1) and the results are presented in 

Tables 5.1 and 5.2, respectively. As evident from Table 5.1, the reaction did not 

proceed over microporous TS-1 catalysts. A little conversion was observed over 

mesoporous Ti-MCM-41. Amorphous TiO2-SiO2 having the highest acidity (NH3 

desorbed = 0.175 mmol/g catalyst) compared to TS-1 (NH3 desorbed = 0.118 mmol/g 

catalyst) and Ti-MCM-41 (NH3 desorbed = 0.160 mmol/g catalyst) showed the highest  
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Fig. 5.10. Kinetics plots for the reaction of DMC with EtOH: (a) DMC: EtOH = 1:4 at 

413 K, (b) DMC: EtOH = 1:6 at 413 K, (c) DMC: EtOH = 1:4 at 423 K and (d) DMC: 

EtOH = 1:6 at 423 K. 
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catalytic activity (propene carbonate conversion: nil over TS-1 (in 2 h), 5.1% over Ti-

MCM-41 (in 2 h) and 71.4% over amorphous TiO2-SiO2 (in 4 h)). Conversions are 

higher over Fe-Zn-1 catalyst than on titanosilicate catalysts. Acidity (NH3 desorbed = 

1.97 mmol/g catalyst) of Fe-Zn-1 catalysts is higher than that of titanosilicates. The 

stronger Lewis acid sites present only on the former type of catalysts are possibly the 

cause for their superior activity in transesterification reactions. There have been several 

reports on the direct synthesis of DMC from epoxides, CO2 and methanol in a one-pot 

reaction [16]. However, the yield of DMC in those studies was very poor. DMC 

synthesis by transesterification of cyclic carbonates with methanol, seems to be a more 

efficient way of its synthesis. 

 Having found that titanomolecular sieves and double metal cyanides catalyze 

transesterification of organic carbonates, the study is extended further to various other 

important transesterification reactions. 

5.3.7. Transesterification of Monoester –Ethylacetoacetate (EAA) over TS-1  

Acetoacetylated materials are of interest as chemical intermediates in the 

pharmaceutical, agrochemical, chemical and polymer industries. The reaction did not 

take place (at this experimental conditions) in the absence of TS-1 or with Ti-free 

silicalite samples indicating that the acid sites associated with substituted Ti are the 

active sites in the reactions. Fig. 5.11 shows the catalytic activity of TS-1 in the 

transesterification of EAA with n-butanol (Scheme 5.5) at room (298 K) and elevated 

(383 K) temperatures. TS-1 exhibits high activity in the transesterification reaction. 

About 70% EAA conversion, with 94% transester selectivity was achieved in the initial 

1 h itself. Complete conversion of EAA was obtained at the end of 4 h. However, the 

transester selectivity decreased to about 84%. Mechanistic studies [26] suggested that 

this reaction proceeds via the intermediacy of acetylketene. During the initial hours, 
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transester is the major product. As the reaction continued further, the EAA conversion 

increased but the formation of side product, cyclic lactone also increased.   

Scheme 5.5. Transesterfication of ethylacetoacetate (EAA) with alcohol.  
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Fig. 5.11. Catalytic activities of TS-1 in transesterification of ethylacetoacetate (EAA) 

with n-butanol at (a) 383K and (b) 298 K. Reaction conditions: EAA, 5 mmol; n-

butanol, 15 mmol; TS-1, 130 mg, reaction time = 4 h.  

 

Upon fine-tuning the reaction conditions the side product can be eliminated. If 

the reaction was performed at 298 K (EAA conversion = 47% and transester selectivity 

= 100% at 1 h) no cyclic lactone was observed in the initial hours. Complete EAA 
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conversions were obtained at longer hours (~ 12 h) at 298 K instead of 4 h at 383 K. 

Table 5.6 shows that the transesterification of EAA can be performed with various 

alcohols with high efficiency over TS-1. Allylic acetoacetates are difficult to prepare 

because of facile decarboxylated rearrangement (Carrol rearrangement) [26]. TS-1 

shows good activity for this reaction also (Table 5.6; entry 8). 

 
Table 5.6. Reaction of ethylacetoacetate (EAA) with alcohols (ROH) over TS-1a

 
Entry ROH Transester product Conv.,  

(EAA

mol%) 

Product 

yield % 

1 OH  
O O

O  

95.6 92.9 

2 OH  
O O

O  

100 87.1 

3 OH  
O O

O  

97.6 90.7 

4 OH  
O O

O  
99.2 85.0 

5 
OH  

O O

O  

96.2 84.3 

6 OH
 

O O

O  

96.4 95.3 

7 OH

 

O O

O

 

86.4 69.5 

8 OH  
O O

O  

83.1 66.9 

9 CH3(CH2)7CH=CH(CH2)7CH2OH  O O

(CH2)8CH=CH(CH2)7CH3O

 

 87.6b

aReaction conditions: Catalyst (TS-1; Si/Ti = 33), 130 mg; EAA, 5 mmol; ROH, 15 

mmol; temperature = 383 K, run time = 4 h. 
b Isolated yield. 
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5.3.8. Transesterification of Diester – Diethylmalonate (DEM) over TS-1 

TS-1 exhibits high activity in the reaction of DEM with various alcohols 

(Scheme 5.6). With DEM and n-butanol, about 85% DEM conversion could be 

achieved in the initial 3 h over TS-1; mono to diester selectivity was 70:30.  

O

OC2H5

O

H5C2O
+ ROH

TS-1

- C2H5OH
383 K

O

OR

O

H5C2O
+

O

OR

O

RO

Mono Di

Scheme 5.6. Transesterification of diethylmalonate (DEM) with alcohols. 

Fig. 5.12. (i) Transesterification of diethylmalonate (DEM) with n-butanol at 383 K.  
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Reaction conditions: DEM, 5 mmol; n-butanol, 15 mmol; TS-1, 130 mg, temperature = 

383 K, reaction time = 12 h. (ii) Total NH3 desorbed in TPD and catalytic activity 

(DEM conversion) in the transesterification of DEM with n-butanol (at 383 K) over 

TS-1 catalysts calcined at different temperatures. Reaction conditions: same as in (i) 

except that the temperature = 353 K.  

 210



Chapter-5: Transesterification - Dialkyl Carbonates & Bio-fuel 
____________________________________________________________________________________  

When the reaction was continued for 12 h, complete conversion of DEM and 

diester selectivity of 90% were achieved (Fig. 5.12 (i)). Entries 4 and 5 in Table 5.7 

shows that the catalyst can be reused. No loss in activity and product selectivity was 

observed. Transesterifications were performed with various alcohols. Complete 

conversion of DEM was achieved in 12 h but the product selectivity 

(monoester/diester) depended on the alcohol group. The conversion was lower (84%) 

with benzyl alcohol (Table 5.7, entry 10), probably due to diffusional limitations in 

micropores of TS-1. On TS-1 samples calcined at different temperatures (723 – 923 K) 

activity (DEM conversion) varied with the acidity of the catalysts (Fig. 5.12 (ii)). 

 
 
Table 5.7. Transesterification of diethyl malonate (DEM) with various alcohols (ROH) 

over TS-1a

 
Products distribution, 

% 
ROH DEM 

conversion,  
mol% 

Total 
transester 
selectivity, % Mono Di 

n-propanol 97.5 98.4 26.6 73.4 

n-butanol 99.3 97.0 16.0 84.0 

n-butanolb 95.8 100 46.4 53.6 

n-butanol (recycle I)b 95.0 100 45.9 54.1 

n-butanol (recycle II)b 94.4 100 46.6 53.4 

n-hexanol 99.7 100 10.9 89.1 

n-octanol 100 100 82.6 17.4 

Iso-butanol 95.6 96.3 58.0 42.0 

Cyclohexanol 100 100 34.4 65.6 

Benzyl alcohol 84.2 88.8 39.0 61.0 
aReaction conditions: Catalyst (TS-1; Si/Ti = 33), 130 mg; DEM, 5 mmol (0.8 g); 

ROH, 15 mmol; temperature = 383 K, run time = 12 h. bReaction conditions: Same as 

in “a” except the temperature = 353 K. 
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5.3.9. Comparative Activity of Titanosilicates in Transesterification Reactions 

 DRIFT spectroscopy of adsorbed pyridine and NH3-TPD study reveals that the 

amorphous TiO2-SiO2 has more acidity as compared to TS-1 and Ti-MCM-41 (Figs. 

5.1 and 5.2). Table 5.8 demonstrates the influence of catalyst structure/acidity on 

transesterification of (a) EAA with benzyl alcohol and allyl alcohol and (b) DEM with 

n-butanol. The efficiency and transester yield increase with acidity and catalyst 

structure in the order: TS-1 < Ti-MCM-41 < amorphous TiO2-SiO2. 

 

Table 5.8. Comparative activity of TS-1, Ti-MCM-41 and amorphous TiO2-SiO2 in 

transesterification of (a) ethylacetoacetate with benzyl alcohol and allylalcohol and (b) 

diethylmalonate with n-butanola

 
(a) Ester – Ethylacetoacetate (Run time = 4 h) 

Benzyl alcohol  Allylalcohol Catalyst 
Ester 

conversion, 
mol % 

Transester 
yield, % 

Ester 
conversion, 

mol % 

Transester 
yield, % 

TS-1 86.4 69.5 83.1 69.8 

Ti-MCM-41 93.7 90.2 85.2 84.5 

Amorphous 

TiO2-SiO2

95.2 91.9 87.3 86.1 

(b) Ester – Diethylmalonate (Run time = 12 h); Alcohol – n-butanol 
Catalyst Ester 

conversion, 
mol % 

Transester 
yield, % 

Monotransester 
selectivity % 

Ditransester 
selectivity % 

TS-1 58.2 57.4 59.0 41.0 

Ti-MCM-41 66.5 65.6 87.2 12.8 

Amorphous 

TiO2-SiO2

68.6 66.7 89.2 10.8 

 
aReaction conditions: Ester, 5 mmol; alcohol, 15 mmol; catalyst, 130 mg; temperature, 

383 K. 
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5.3.10. Transesterification of Vegetable Oils over Fe-Zn-based Double Metal Cyanide 

Catalysts 

The diminishing natural oil resources and environmental advantages of biofuels 

over the conventional petroleum-based fuels have led to intense research worldwide on 

the production of bio-fuels. Alkaline metal alkoxides (CH3ONa) are the most active 

catalyst for this reaction; high yields (>98%) of transester are obtained in short contact 

times (30 min) [27]. The operation however, requires absence of water, which makes it 

inappropriate for typical industrial processes. Alkali hydroxides (NaOH and KOH) are 

cheaper than metal alkoxides but more amount of catalyst is needed (1 – 2 mol%) [28, 

29]. NaOH is more superior to KOH; latter and other alkali hydroxides yield more 

soponified products than bio-diesel. In the commercial process fat or oil is reacted with 

an alcohol like methanol (methanolysis), in the presence of an alkali catalyst to produce 

glycerol and methyl esters or bio-diesel. Methanol is charged in excess to assist a quick 

conversion. The unreacted alcohol is recovered and reused. At the end of the reaction 

the base catalyst is neutralized with mineral acid and separated by washing the products 

with water. During this process saponified products are formed and complicate the bio-

diesel recovery. Cost is the major factor slowing the commercialization of bio-diesel. 

Replacement of homogeneous catalyst by a solid, base catalyst eliminates the 

processing costs associated with the homogeneous catalysts. At the end of the reaction 

the solid catalyst can be recovered by simple filtration from the product mixture and 

reused. There have been some reports on the use of zeolites [30], immobilized enzymes 

[31] and metal oxides [32] as heterogeneous catalysts for this reaction. 

 In the present section, the activity of double metal cyanide catalysts (Fe-Zn-1) 

for transesterification of triglycerides of vegetable oils into fatty acid esters for bio-
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diesel and lubricant applications is investigated (Scheme 5.7). Vegetable oils such as 

coconut oil, sunflower oil, soyabean oil and margarine oil were transesterified with C1 

to C8-alcohols.  

Scheme 5.7. Synthesis of bio-diesel from vegitable oils

Triglycerides 

CH2-O-CO-R1
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+   3 ROH
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R-O-CO-R3

+
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5.3.10.1. Synthesis of bio-diesel 

  To start with oil-methanol mixture is cloudy and during reaction it converted 

into a transparent liquid. Methyl esters were less viscous than the original unesterified 

oil. A description of the physical state of reaction mixture of different oils is given in 

Table 5.9. Isolated yield of glycerol was used for estimating the vegetable oil 

conversion. Glycerol forms about 10 wt% of the unesterified oil. The catalyst shows 

extremely high activity for the transesterification reaction. Conversion of oil based on 

isolated glycerol is above 90%  (Table 5.10). There could be some amount of 

diglyceride and monoglyceride components in the products mixture, which could not be 

estimated. These products could be identified only by HPLC technique. However, their 

concentrations in the present case are believed to be very low as the isolated glycerol 

itself is more than 90%. The fatty acid alkyl esters selectivity is as per the expected 

value.  
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Table 5.9. Physical state of reaction mixture (oil + methanol) before and after the 

reaction 

Oil Reaction 

mixture at 

ambient 

condition 

At hot 

condition 

After 

reaction at 

room 

temperature 

Isolated ester 

product 

Viscous 

nature 

Sunflower 

oil 

Liquid, 

cloudy 

Cloudy 

/transparent 

Transparent Liquid, 

transparent 

Less 

viscous than 

oil 

Coconut oil Liquid, 

cloudy 

Cloudy 

/transparent 

Transparent Liquid 

containing 

solid portion 

transparent 

Less 

viscous than 

oil 

Margarine 

oil 

Liquid, 

cloudy 

Cloudy 

transparent 

Transparent Liquid 

transparent 

Less 

viscous than 

oil 

 

  Sunflower oil is a triglyceride of C16 (palmitic) and C18 (stearic, oleic and 

linoleic) acids. Coconut oil is a triglyceride of C9 (caprilic), C10 (capric), C12 (lauric), 

C14 (myristic), C16 (palmitic) and C18 (stearic, oleic and linoleic) acids. Margarine oil 

is a triglyceride of C16 (palmitic) and C18 (stearic, oleic and linoleic) acids. The solid 

catalyst could be reused with no loss in activity (Table 5.10). Used oils contain free 

fatty acids in addition to the fatty acid triglyceride. Commercially, transesterification of 

cooked oils is done in two-states. In stage-1, the used oil is first esterified with an acid 

catalyst. This mixture is then used in stage-2 for transesterification using a base catalyst 
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(alkali salt or alkali methoxide, for example). However, it has been observed that over 

Fe-Zn-1 catalyst the reaction can be performed in a single-stage. Used oil could be 

transesterified forming high amounts of fatty acid alkyl esters. The catalyst exhibited 

almost similar activity for both the used and unused oils and in recycling experiments 

(Table 5.10).    

5.3.10.2. Synthesis of Bio-lubricants 

  Fatty acid alkyl esters having 22 to 26 carbon atoms come under the category 

of lubricants. Transesterification of vegetable oils with C6 – C8 alcohols yields fatty 

acid esters applicable for lubricants purpose. Apart from their use in automobile 

industry, biolubricants find applications also in the manufacture of cosmetics, 

feedstuffs, soaps etc. Recently, there have been efforts to develop bio-based lubricants 

that are more stable toward oxidation and cold temperature. Biolubricants are 

renewable, biodegradable, less environmentally hazardous and safer to human contact 

unlike the petroleum-based lubricants and oils. The catalysts are highly active even in 

this transesterification reaction and triglyceride ester conversion of more than 90% was 

obtained (Table 5.11). The physical properties of fatty acid octyl esters obtained by 

transesterification of sunflower oil with octanol over Fe-Zn-1 catalyst are listed in 

Table 5.12. The studies reveal that the fatty acid octyl esters possess the desired 

properties for lubricants application.   
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Table 5.10. Biodiesel production: catalytic activity of Fe-Zn-1 

Entry No. Oil Alcohol Oil conversion 
based on isolated 
glycerol yield 
(mol%) 

Alkyl esters selectivity (mol%) 

1 Coconut oil Methanol 92.5 Methyl caprilic ester (8.7%)+ Methyl capric ester (5.8) + Methyl lauric 
ester (45.6) + methyl myristic ester (18.4) + Methyl Palmitic ester (7.9%) + 
Methyl (oleate + stereate+linoleate) esters (13.7) 

 2 Sunflower oil Methanol 92.3 Methyl Palmitic ester (6.8%) + Methyl (oleate + stereate+linoleate) esters 
(92.0) 

 3 Soybean oil Methanol 92.0 Methyl esters (99%) 
 4 Margarine Methanol 93.0 Methyl palmitate (10.1%) + Methyl (oleate + stereate+linoleate) esters 

(88.2) 
 5 Used/Cooked 

margarine 
Methanol 92.8 Methyl palmitate (10%) + Methyl (oleate + stereate + linoleate) esters 

(88.0) 
 6 Coconut oil Butanol 92.0 Butyl caprilic ester (9.5%)+ Butyl capric ester (8.0) + Butyl lauric ester 

(45.1) + Butyl myristic ester (19.6) + Butyl palmitic ester (9.2%) + Bytyl 
(oleate + stereate+linoleate) esters (8.3) 

 7 Sunflower oil Butanol 91.0 Butyl palmitic ester (8.7%) + Butyl (oleate + stereate+linoleate) esters 
(91.1) 

 8 Margarine Propanol 93.7 Propyl palmitate (12.7%) + Propyl (oleate + stereate+linoleate) esters 
(86.5) 

 9 Margarine Butanol 92.1 Butyl palmitate (13.5%) + Butyl (oleate + stereate+linoleate) esters (86.0) 
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Table 5.11. Lubricants preparation: catalytic activity data 

Entry No. Oil Alcohol Conversion of 

triglycerides 

into glycerol 

(mol%) 

Alkyl esters selectivity (mol%) 

2 Coconut oil Octanol 92.5 Octyl laurate (40.5%) 

Octyl myristate (22%) 

Octyl palmitate (11%) 

Octyl oleate + Octyl stereate + 

Octyl linoleate (13.6%) 

3 Sunflower oil Octanol 91.0 Octyl palmitate (7.9%) 

Octyl oleate + Octyl stereate + 

Octyl linoleate (92.1%) 

4 Soybean oil Octanol 92.0 Octyl esters (99%) 

5 Margarine Octanol 91.0 Octyl palmitate (13.8%) 

Octyl oleate + Octyl stereate + 

Octyl linoleate (86.2%) 

6 Margarine Hexanol 91.0 Octyl palmitate (12.7%) 

Octyl oleate + Octyl stereate + 

Octyl linoleate (84.2%) 

7 Margarine-

used/cooked 

oil 

Octanol 92.0 Octyl palmitate (13.8%) 

Octyl oleate + Octyl stereate + 

Octyl linoleate (86.2%) 

8 Margarine Octanol 96.0 Octyl palmitate (13.8%) 

Octyl oleate + Octyl stereate + 

Octyl linoleate (86.2%) 
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Table 5.12. Physical properties of fatty acid octyl esters prepared from sunflower oil 

S.No. Test Method Result 

1 Kinematic Viscosity, at 313 K, cst IS:1448[P:25] 7.93 
 

2 Kinematic Viscosity, at 373 K, cst IS:1448[P:25] 2.74 
 

3 Viscosity Index IS:1448[P:56] 226 
 

4 Density at 288 K ASTM D 4052 0.8813 
 

5 Pour Point, °C IS:1448[P:10] (-)3 
 

6 Copper strip corrosion, at 373 K for 3 
hours 

IS:1448[P:15] No.1 

7 Total Acid number, mg KOH/g IS:1448[P:1] 0.76 
 

8 Rotary Bomb Oxidation test 
(RoBOT), Induction period, in 
minutes, at 373 K  

ASTM D 4742 23 
 

9 
 

Lubricity on HFRR, Friction 
coefficient, Load 2N, 333 K 

ISO 12156 280  µ 

10 
 

Lubricity on HFRR, wear scar dia, 
Load 2N, 333 K 

ISO 12156 180 micro 

11 Lubricity on HFRR, contact potential, 
Load 2N, 333 K 

ISO 12156 44-48 mV 
 

 

5.4. Conclusions 

 Catalytic activities of titanosilicates (microporous TS-1, mesoporous Ti-MCM-

41 and amorphous TiO2-SiO2) and double metal cyanide Fe-Zn complexes for the 

synthesis of organic dialkyl carbonates by transesterification reaction was reported. The 

activity of these catalysts was investigated also for the transesterification of 

ethylacetoacetate (a monoester), diethylmalonate (a diester) and vegetable oils (a 

triester). While the titanosilicates showed efficient activity for the transesterification of 

ethylacetoacetate and diethylmalonate, Fe-Zn catalysts (having stronger acid sites) were 

found superior in reactions of organic carbonates and vegetable oils. The studies 

revealed that transesterification is an efficient pathway for the synthesis of dialkyl 

carbonates (DMC, for examples) as compared to the one-pot synthesis involving the 
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reaction of epoxides, CO2 and alcohols. The catalysts are efficient in recycling 

experiments. The structure of the catalyst, amount and type of acidity and the method 

of preparation influenced the catalytic activity. Reusability and good activity at mild 

conditions makes these solid catalysts efficient for transesterification reactions and for 

the eco-friendly synthesis of organic carbonates. The GC charts of the product esters 

obtained from different oils and the 1H NMR spectra of different isolated dialkyl 

carbonates are shown in Appendices-5.A and 5.B, respectively.   
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Appendix-5.A 
 

GC Charts: Fatty acid methyl esters (top), fatty acid butyl esters (middle) and fatty acid 

octyl esters (bottom) prepared from coconut oil by transesterification reaction 
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Appendix-5.A (contd.) 
 

GC-Chart: Fatty acid methyl esters (top), Fatty acid butyl esters (middle), fatty acid 

octyl esters (borrom) prepared from sunflower oil  
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Appendix-5.A (contd.) 
 

GC-Chart: Fatty acid methyl esters (top), fatty acid butyl esters (middle), fatty acid 

octyl esters (bottom) prepared from margarine oil 
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Appendix-5.B 
 

1H NMR spectra (Bruker Avance 200 MHz, in CDCl3) of: dimethyl carbonate (top), 

diethyl carbonate (middle) and dipropyl carbonate (bottom) prepared by 

transesterification reactions 
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Appendix-5.B (contd.) 
 

1H NMR spectra (Bruker Avance 200 MHz, in CDCl3) of: dibutylcarbonate (top) and 

dihexyl carbonate (bottom) prepared by transesterification reaction 
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6.1. Introduction 

Transition metal catalyzed carbon-carbon (C-C) coupling is one of the most 

important reactions in synthetic organic chemistry [1]. Palladium catalyzed C-C bond 

forming Heck reaction is one of them [2]. The recent applications of Heck reactions 

include the manufacture of Novartis’ ProsulfuronTM- an agrochemical, octyl-p-

methoxycinnamte - a sunscreen agent, Albemarle’s naproxen - an antibiotic and 

Singulair - an antiasthma drug [3]. The loss of the catalyst, which usually cannot be 

recovered and the need of aryl iodides or bromides as starting materials are the major 

bottlenecks that have prevented a more extensive exploitation of this reaction so far. A 

major limitation of palladium catalyzed coupling process has been the poor reactivity of 

aryl chloride. Aryl chlorides are more attractive substrates because they are cheaper and 

easily available than the corresponding bromides, iodides and triflets. Traditional 

palladium/triarylphosphene catalysts are only effective for the coupling of certain 

activated aryl chlorides such as hetero-arylchloride and substrate that bear electron-

withdrawing group but not for aryl chloride, in general [4]. Most of the homogeneous 

Pd complexes are notorious for air and moisture sensitivity, they deactivate fast and it 

is tedious and not an economical affair to recover and recycle the catalyst. Much 

attention has been paid to heterogeneous palladium catalysts due to their easy recovery 

and recycling. Efforts have been made to support Pd on metal oxides, polymers, clay, 

MCM-41 etc. [5-8]. Cheap transition metals such as Ni and Cu containing materials 

have also been studied for this reaction [9]. 

The palladium catalyzed Heck reaction of aryl halide and olefins is generally 

catalyzed by Pd(0) or Pd(II) complexes (Scheme 6.1) [10]. The objective of the present 

study is to (1) replace palladium with less expensive transition metal-based catalysts, 

(2) replace aryl bromide and iodide with cheaper chlorides,  (3) eliminate the use of 
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costly and non-recyclable catalyst system, and (4) utilize heterogeneous, reusable 

catalyst in place of present homogeneous systems. A new, efficient heterogeneous 

catalyst is reported here, for the first time, for C-C bond forming reactions. 

Scheme 6.1. C-C coupling Heck reaction

R = H, NO2

X

R

+ OCH3

O

X= I, Br, Cl R

OCH3

O

 

Literature reveals that Pd supported on basic metal oxide (MgO) is less active 

than Pd supported on Al2O3, SiO2, mordanite and H-Y [11] due to low metal dispersion 

and low surface area in case of the former. Pd supported catalyst can be made by ion 

exchanging zeolites and MCM-41 followed by reduction with hydrogen.  Mordenite 

and H-zeolite are active with high palladium loading. Acidic nature of catalyst makes 

metal surface less oxidizable than the required one, hence high metal loading is 

required. It was also found that, MCM-41 (high surface area, silica material) is not 

suitable for Heck reaction due to less stability [11]. In the present study, Cu, Ni and Pd 

containing silicoaluminophosphates, SAPO-11, SAPO-31 and SAPO-41 have been 

prepared. The catalysts were used for the activation of aryl halides and olefins for C-C 

coupling Heck reaction.  

6.2.  Silicoaluminophosphate as a Catalyst 

 SAPO-11 has non-intersecting, 10 member-ring channel with elliptical pore 

aperture of 0.63 × 0.39 nm. The topology consists of sheets of six-ring-six-ring-four-

ring (S6R-S6R-S4R) units (Scheme 6.2). SAPO-31 has uni-dimensional, non-

intersecting, 12 member ring channels with circular pore opening of 0.54 × 0.54 nm in 
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diameter and non-planner layer of alternating S4R and S6R building units. SAPO-41, a 

medium pore zeolite, has a uni-dimensional elliptical 10-membered ring pore of 0.43 × 

0.70 nm in diameter (Scheme 6.2). In fact, the 10-membered ring in SAPO-41 is not 

strictly elliptical and further more is slightly larger in size than the elliptical 10-

membered ring in SAPO-11. IR and TPD studies reveal that the distribution of weak 

and strong acid sites depends on the mode of Si substitution, the formation of Si-O-Si 

domain leads to reduced acidity. The acidity varies in the order: SAPO-41 > SAPO-11 

> SAPO-31 [12]. SAPOs were found to be most suitable for obtaining high yield of 

isomerization of long chain alkanes [13]. SAPOs are well documented for alkylation 

reaction due to its acidic properties [14]. Pt-SAPOs were found to be efficient catalysts 

for n-octane hydroisomersiation [15].  

SAPO-11 SAPO-41SAPO-31
 

Scheme 6.2. Structural topology of SAPOs. 

6.3. Experimental Section 

6.3.1. Reaction Procedure 

The Heck reactions were carried out in a glass, round bottom flask (25 ml) fitted 

with a water-cooled condenser. In a typical reaction, halo benzene (1 mmol), methyl 

acrylate (2 mmol), base (1.5 mmol) and catalyst (4 wt% with respect to halo benzene) 
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were taken in 5 g of solvent. The reaction was conducted at 333 – 393 K under a 

nitrogen atmosphere. The progress and completion of the reaction was monitored by 

gas chromatography. The products were identified by GC-MS, GC-IR and 1H NMR. 

After the completion of the reaction, the catalyst was filtered, washed with acetonitrile 

and acetone and dried at 573 K. Water (25 ml) was added to filtrate and the product 

was extracted with ethyl acetate (30 ml; two times). The organic layer was given dil 

HCl, water and brine wash and was dried over sodium sulfate. The product obtained 

after evaporation of the solvent was purified by column chromatography. 

Analysis: (E)-Methyl – 3 methyl propenoate  

1H NMR (CDCl3) δ ppm: 3.8 (s, 3H), 6.47 (d, 1H J = 16 Hz), 7.39 (m, 3H), 7.5 

(m, 2H), 7.65 (d, 1H, J = 14Hz). IR (Neat) cm-1: 2920, 2850, 1725, 1635, 1445, 1310, 

1165, 975,760. 

(E)- Methyl – 3 methyl-(4-methoxyphenyl)-propenoate  

1H NMR (CDCl3) δ ppm: 3.8 (s, 3H), : 3.84 (s, 3H), 6.26 (d, 1H J = 8 Hz), 6.89 

(d, 1H J = 8 Hz), 7.39 (m, 3H), 7.46 (d, 2H, J = 8Hz), 7.62 (d, 1H, J = 8Hz). IR (Neat) 

cm-1: 2948, 1710, 1637, 1602, 1562, 1454, 1290, 1170, 1025, 980, 765. 

6.3.2. Recyclability Test  

Iodo benzene (1 mmol), methyl acrylate (2 mmol), base (1.5 mmol) and catalyst 

(4 wt% with respect to halobenzene) were taken in 5 g of solvent. The reaction was 

conducted at 393 K for 2 h under nitrogen atmosphere. After the reaction, catalyst was 

separated by filtration, washed with acetonitrile and then with acetone. Then the 

catalyst was activated at 573 K before using for further recycling. The used catalyst 

was examined with TEM and XPS.  
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6.4. Results and Discussion 

The silicoaluminophosphates, SAPO-11 and SAPO-31, were prepared 

hydrothermally using di-N-propylamine as the organic template. SAPO-41 was 

prepared using di-N-ethylamine. Pd-SAPOs was prepared by the ion exchanging the 

SAPOs with aqueous (NH3)4PdCl2.H2O solution (Chapter-2). The solid Pd-SAPOs 

were calcined at 823 K for 6 h and then reduced at 673 K under hydrogen flow for 6 h. 

Cu(NO3)2.2.5H2O and Ni(NO3).2H2O were used for preparing Cu-SAPOs and Ni-

SAPOs, respectively. The metal contents were estimated by AAS. The metal contents 

in different catalysts are listed in the Table 6.1. 

 
        Table 6.1. Metal content and surface area of SAPOs 

Catalyst Metal (M) content (wt %) Surface Area (m2/g) 

Pd-SAPO-11 2.91 175 

Pd-SAPO-31 3.0 201 

Pd-SAPO-41 2.72 195 

Cu-SAPO-11 3.12 - 

Cu-SAPO-31 3.19 196 

Cu-SAPO-41 2.97 - 

Ni-SAPO-11 2.98 - 

Ni-SAPO-31 3.02 189 

Ni-SAPO-41 2.87 - 

 

The Cu and Ni loaded catalysts showed lower acitivity than Pd loaded catalysts 

(Table 6.2).  Complete conversion of iodobenzene was observed in just 1.5 h using Pd-

SAPO-31, DMF solvent and K2CO3 as base. However, complete conversion for Ni- and 

Cu-SAPO-31 was achieved in 24 h. Ni- and Cu-SAPO-31 catalysts were not efficient 
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with less activated bromobenzene; on the contrary, Pd-SAPO-31 efficiently activated 

bromobenzene (Table 6.2). 

 

Table 6.2. Catalytic activity for the Heck reaction over various M-SAPO-31 catalysts 

Catalyst ArX Run Time (h) ArX Conv. 

(mol %) 

C-C product 

Sel. (mol%) 

Ni-SAPO-31 Bromobenzene 24 9.9 99.7 

Cu-SAPO-31 Bromobenzene 24 9.8 97.0 

Pd-SAPO-31 Bromobenzene 24 68.4 91.6 

Ni-SAPO-31 Iodobenzene 10 99.7 97.3 

Cu-SAPO-31 Iodobenzene 12 98.2 91.7 

Pd-SAPO-31 Iodobenzene 1.5 100 98.8 

Reaction conditions: Halobenzene, 1 mmol; methyl acrylate, 2 mmol; K2CO3, 1.5 

mmol; DMF, 5 g; reaction temperature, 393 K. 

 

Effect of temperature on coupling reaction of iodobenzene and methylacrylate 

over Pd-SAPO-31 using K2CO3 as base and DMF as solvent was investigated (Fig. 

6.1). The reaction that takes ~ 74 h (100 % conv. of iodobenzene) at 333 K was 

completed in ~ 1.5 h when it was conducted at 393 K. Only the Pd catalyst was active 

for the reactions of chlorobenzene and its derivatives (Table 6.3). The reaction is more 

facile in the presence of electron-withdrawing substituents, such as a nitro group 

(compare runs 4 – 6). The catalysts can be used effectively for the arylation of a variety 

of olefins. In the reaction of iodobenzene and methyl acrylate, the trans-product was 

predominant with selectivity greater than 96%. However, with styrene, α-

methylstyrene and ethyl cinnamate both cis- and trans-products were detected (Table 

6.3; runs 13–15). Among the bases, potassium and cesium carbonates were more 

effective affording complete conversion of iodobenzene in 1.5 h with 98% selectivity 
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for the C-C product. Among the various solvents, N,N-dimethylacetamide (DMA)  

yielded higher amounts of the C-C product. Solvent played an important role for this 

reaction, solvent makes soluble complex with Pd(0) species that activates aryl halides. 
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Fig. 6.1. Effect of temperature on C-C bond formation reaction over Pd-SAPO-31. 

 
 A comparative study reveals that Pd-SAPO-31 is more active and efficient than 

other heterogeneous catalysts. The reaction takes place in about 1.5 h as compared to 4 

– 14 h with Pd supported on carbon [16], graphite [17], MgO [18] and Al2O3 [19] (for 

carbon–iodobenzene/methyl acrylate/Na2CO3; 423 K; 4 h - yield = 70%; for MgO –

iodobenzene/acrylonitrile/Et3N; 413 K; 14 h - yield = 78%; for Al2O3 –

iodobenzene/acrylonitrile/Et3N; 413 K; 14 h – yield = 72% and for graphite = 37 wt%; 

iodobenzene/styrene/K2CO3; 373 K; 95 h - yield = 82%). The amount of supported Pd 

is also lower in SAPO-31 catalysts (3 wt%) as compared to carbon, MgO and Al2O3 (5 

wt%) and graphite (37 wt%). Further, the reaction for non-activated aryl halides takes 

place at relatively lower temperatures (333- 393 K) with Pd-SAPO-31 than with the 

other solid catalyst systems (373 – 423 K). 
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Table 6.3. Heck reaction of aryl halides and methyl acrylate over Pd-SAPO-31 at 393 

K 

Run 
No.a

Aryl halide Base Solvent Run 
time 
(h) 

Aryl halide 
conversion,  
mol% 

C-C 
product 
selectivity, 
mol % 

1 Chlorobenzene NEt3 DMF 24 29.5 79.9 

2 Chlorobenzene NEt3 NMP 24 32.6 98.6 

3 Chlorobenzene NEt3 NMP 70 50.3 94.6 

4 Chlorobenzene NEt3 DMA 70 70.1 96.7 

5 o-Nitro-chlorobenzene NEt3 DMA 70 77.5 96.2 

6 p-Nitro-chlorobenzene NEt3 DMA 70 87.9 97.3 

7 Iodobenzene Na2CO3 DMF 6 99.8 97.9 

8 Iodobenzene K2CO3 DMF 1.5 100 98.8 

9 Iodobenzene Cs2CO3 DMF 1.5 99.8 98.3 

10 Iodobenzene NEt3 DMF 2 100 96.8 

10a Iodobenzene NEt3 DMF 2 100 96.3 

10b Iodobenzene NEt3 DMF 2 98.9 97.2 

10c Iodobenzene NEt3 DMF 2 98.3 96.8 

11 Iodobenzene NPr3 DMF 3 98.9 84.0 

12 Iodobenzene NBu3 DMF 3 99.5 76.8 

13b Iodobenzene K2CO3 DMF 2 99.2 93.7 

(14/86)e

14c Iodobenzene K2CO3 DMF 12 96.7 80.0 

(36/64)e

15d Iodobenzene K2CO3 DMF 8 99.4 78.1 

(29/71)e

aRun Nos. 10a – 10 c are the 1st, 2nd and 3rd recycles of Run No. 10. bStyrene was used 
in place of methyl acrylate. cα-Methyl styrene was used in place of methyl acrylate. 
dEthyl cinnamate was used in place of methyl acrylate. eValues in parentheses are 
distributions of cis-/trans-isomers. 
DMF = N,N-dimethylformamide, NMP = N-methyl-2-pyrrolidinone, DMA = N,N-
dimethylacetamide. 
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It has been found that SAPO-31 is showing better catalytic activity than other 

catalysts of the same family. Catalytic activity decreased in order: SAPO-31 > SAPO-

11 > SAPO-41. The catalytic activity of different SAPOs for reactions with 

iodobenzene are compared (Table 6.4).  

 

Table 6.4. Catalytic activity in the Heck reaction using various Pd-SAPO as catalysts 

Run 

No. 

Catalyst Olefine Run 

time (h)

Aryl halide 

conversion,  

mol% 

C-C product 

selectivity, 

mol % 

1 SAPO-31 Methylacrylate 2.0 100 96.8 

2 SAPO-11 Methylacrylate 3.5 84.0 100.0 

3 SAPO-41 Methylacrylate 3.5 70.2 98.4 

4. SAPO-31 Styrene 2.0 99.2 93.7 (14/86) 

5. SAPO-11 Styrene 4.0 100 96.2 (12/88) 

6. SAPO-41 Styrene 4.0 81.4 96.5 (18/82) 

Reaction conditions: Iodobenzene, 1mmol; methyl acrylate, 2 mmol; K2CO3, 1.5 mmol; 

DMF, 5 g; reaction temperature, 393 K. 

 
6.5. Catalyst Stability-Leaching Tests 

Metal leaching from the supported catalysts under working conditions is a 

major issue with most of the known catalysts. It is, for instance, the major cause of 

deactivation of Pd/C catalysts employed for industrial hydrogenation of nitro 

compounds [20]. The following questions generally arise. If there is any palladium 

leaching, are the released species catalytically active? In this case, which is the 

minimum level of Pd leaching for appreciable catalytic activity in solution? 
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Table 6.5. Comparative activity of various heterogeneous catalysts in the C-C coupling Heck reaction 

Catalyst  
% Pd (w/w) 

Ar-X     Alkene Base Solvent Temperature
(K) 

Time (h) Yield(%) 

Pd/C (5) Ph-I Methylacrylate Na2CO3 Methanol    423 4 70
Pd/C (5) Ph-Br Styrene NaOAc DMA 413 20 84 
Pd/CGr (33) Ph-I Ethylacrylate NBu3 None    

    
    

    

       
       

        

    
    
    
    

373 6 87
Pd/CGr (37) Ph-I Styrene K2CO3 DMF 373 95 82
Pd/MgO (5) Ph-I Acrylonitrile NBu3 CAN 413 14 78
Pd/MgO (4.9) Ph-Br Styrene NaOAc DMA 413 20 36.5 
Pd/Al2O3 (5) Ph-I Acrylonitrile NBu3 CAN 413 14 72
Pd/SiO2 (5) Ph-Br Styrene NaOAc DMF 413 20 8.2 
Pd-Nb-MCM-41 Ph-Br Butylacrylate NEt3 DMA 443 48 32
Pd-Nb-MCM-41 Ph-Cl Butylacrylate NEt3 DMA 443 32 6.8
Pd/Na-Mor (7) Ph-Br Styrene NaOAc DMA 413 20 32 
Pd/H-Mor(7) F-Ph-Br Styrene NaOAc DMA 413 20 92
Pd/Na-Mor (7) F-Ph-Br Styrene NaOAc DMA 413 20 92 
Pd-SAPO-31 (3) Ph-I Methyl acrylate K2CO3 DMF 393 1.5 100
Pd-SAPO-31 (3) Ph-Cl Methyl acrylate NEt3 NMP 393 24 32.6
Pd-SAPO-31 (3) Ph-Cl Methyl acrylate NEt3 NMP 393 70 50.3
Pd-SAPO-31 (3) Ph-Br Methyl acrylate K2CO3 DMF 393 24 68.4
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All these aspects are extremely important for both fundamental understanding of this 

reaction and its technological applications. Arai and co-workers [21] investigated the 

leaching process and reported very interesting results. It has been observed that some 

palladium catalysts, including 10% Pd/C and 1% Pd/SiO2, underwent extensive 

leaching during the Heck reaction of iodobenzene and methylacrylate, in the presence 

of NEt3 in N-methylpyrrolidinone. It was also found that the maximum apparent 

reaction rate was attained at a maximum palladium concentration in solution, which 

was monitored during the reaction course. At the end of reaction, finally, palladium re-

precipitated onto the support. Palladium leaching at the end of the reaction (413 K) 

amounted to 4% for Pd/C (either Na2CO3 or NEt3) and to 51% (NEt3) or 76% (Na2CO3) 

for Pd/SiO2, but it was limited to 2% (Pd/C) and 9% (Pd/SiO2) with the mixed bases. 

Carbon showed the highest affinity to palladium and turned out to be the most effective 

support for palladium re-precipitation.  

In the present study also a similar phenomenon is observed. During the reaction, 

metal ions leached out of the support (Pd was estimated by atomic absorption 

spectroscopy). However, when the reaction was complete (6 h for iodobenzene) the 

metal ions could not be detected in the liquid phase indicating that all the leached Pd 

was apparently redeposited onto the SAPO-31 support (Fig. 6.2). As a consequence of 

this redeposition phenomenon, the Pd-SAPO-31 catalyst could be recovered from the 

reaction mixture by filtration and recycled without significant loss in activity or 

selectivity for a minimum of three cycles (Table 6.3; Run Nos. 10a – 10c). Fig. 6.3 

shows the TEM pictures of Pd metal on SAPOs before and after the reaction (Fig. 6.3).   

 X-ray photoelectron spectra of fresh and used samples are shown in Fig. 6.4. It 

is clear from XPS analysis that all the palladium is present as Pd(0). The binding 

energies are comparable with the binding energies for Pd(0), 335.3 eV and 340.5 eV  
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Fig. 6.2. Pd leached into the solution at different reaction times. 
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Fig. 6.3. TEM photographs of fresh and used Pd-SAPO-31 catalysts. 
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for 3d5/2 and 3d3/2, respectively. Pd (II) has binding energy in the range of 337-339 eV 

The binding energy for 3d5/2 level of Pd in Pd(NH3)4Cl2, PdCl2 and PdO are 338.2, 

337.5 and 336.2 eV, respectively [22]. The binding energies for 3d3/2 level for PdCl2 

and PdO are 342.8 and 341.8 eV, respectively [22]. The Pd metal has binding energies 

of 335.4 and 340.2 for 3d5/2 and 3d3/2, respectively [22]. Pd is present in zero-valent 

state in both the used and in fresh catalysts. 
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Fig. 6.4. XPS spectra of fresh and used Pd-SAPO-31 catalysts. 

 
6.6. Mechanism 

 The possible mechanism of Heck olefination of iodobenzene over supported 

palladium catalysts is shown in Scheme 6.3. In the first step, soluble catalytically active 

Pd complexes [Pd(solvent)m(Base)n] are formed by the coordination of polar solvents 

and base. Oxidative addition of iodobenzene, for example, to this species forms [Ph-

Pd(solvent)m(Base)nI]. Then followed by syn-insertion of olefins an intermediate 

species is formed. Syn elimination of [H-Pd(solvent)m(Base)nI] from the intermediate 

species forms the desired trans-product followed by reductive elimination of base.HI. 
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The active soluble Pd species is generated back. When iodobenzene is completely 

consumed, the soluble species [Pd(solvent)m(Base)n] which is short lived, dissociates 

and Pd is redeposited onto the SAPO surface.  

[Pd(solvent)m(Base)n] PhI

[Ph-Pd(solvent)m(Base)nI]

H

Pd(Solvent)m(Base)nIH Pd(Solvent)m(Base)nI

[H-Pd(solvent)m(Base)nI]

Base

Oxidative addition

Syn insertion

Internal rotation

syn elimination

Reductive elimination

COOCH3

COOCH3

COOCH3

COOCH3

Ph

Ph

Base.HI

Ph

Scheme 6.3. Possible mechanism for Heck coupling reaction

6.7. Conclusions 

Pd-SAPO-31 is a reusable and highly efficient catalyst for Heck reaction. 

Neutral or non-activated aryl halides like chlorobenzene are activated for the Heck 

reaction. Pd-SAPO-31 is more efficient than Pd-SAPO-11 and Pd-SAPO-41. In other 

words, support influences the catalytic activity. The activities of Ni and Cu catalysts are 

lower than that of the Pd catalyst. 1H NMR spectra of some Heck reaction products are 

shown in Appendix 6.A 
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Appendix-6.A 

1H NMR spectra of some Heck reaction products 
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Chapter-7: Summary & Overall Conclusions 

Activation and utilization of small molecules, in particular CO2, for preparing 

value-added chemicals, by environmentally benign routes, using solid catalysts is an 

important and challenging area in catalysis research. The progressively increasing 

levels of CO2 in the atmosphere are posing a great threat to the mankind. Hence, its 

activation and utilization in the synthesis of organic compounds is of considerable 

importance. CO2 is an inexpensive reagent, environmentally benign, non-flammable 

and easily separable from the reaction mixture. However, due to inert nature of CO2, its 

activation and incorporation into organic substrates still remains as a challenging task. 

The cycloaddition reaction of CO2 and epoxide is a powerful method for CO2 fixation 

to produce five-member-cyclic carbonates which can be used as polar aprotic solvents, 

precursor for polycarbonate materials and as intermediates in organic synthesis. 

Organic carbamates (RNHCO2R’) are another important group of compounds widely 

used for a number of purposes including pharmaceutical preparation, production of 

agrochemicals such as pesticides and herbicides, and more generally, of intermediates 

of fine and commodity chemicals. These products are commonly synthesized by the 

aminolysis of chloroformate esters, obtained from phosgene and alcohol. This method 

of carbamates synthesis is hazardous because of the toxicity and corrosive properties of 

phosgene. To overcome this drawback many alternative routes have been developed. 

Most eco-friendly process is the coupling reaction of amines, CO2 and alkyl halides. 

Good results were obtained using onium salts and base catalysts. Sterically hindered 

organic bases, crown ethers and cesium carbonate were reported to catalyze the 

carbamate synthesis through the anion route. Development of more efficient solid 

catalysts for this reaction is, however, needed. Activation and the mode of CO2 

coordination are the key steps for CO2 utilization.  
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Organic carbonates such as dimethyl carbonate can be synthesized more 

efficiently by transesterification of cyclic carbonates with alcohol. Tranesterifiaction is 

an important organic reaction to prepare a variety of esters. Bio-fuel is fatty acid alkyl 

esters, which is conventionally prepared by transesterification of vegetable oils with 

alcohols in the presence of an alkali catalyst. At the end of the reaction the base catalyst 

is neutralized with mineral acid and separated by washing the products with water. 

During this process, saponified products are formed and complicate the bio-fuel 

recovery. Replacement of homogeneous catalyst by solid catalysts minimizes the 

processing costs. At the end of the reaction, the solid catalyst can be recovered by 

simple filtration from the product mixture and reused.  

C-C bond formation (Heck) reaction is one of the versatile methods in modern 

organic chemistry. Recently, a few of the products are commercialized based on this 

reaction. To minimize the cost of production efforts are being made to replace Pd with 

less expensive Ni catalyst, replace aryl iodide and bromide with cheaper aryl chloride, 

eliminate the use of expensive phosphine ligands and utilize the heterogeneous, 

reusable catalysts in place of the present homogeneous catalysts. 

To accomplish the above objective several catalyst systems have been 

investigated in the present work. They are (a) homogeneous copper complexes of 

acyclic and cyclic ligands (Cu-phenanthroline, Cu-bipyridine, Cu-salen, Cu-

phthalocyanine, Cu-tetraphenylporphyrin), (b) zeolite-Y-encapsulated metal 

phthalocyanines (MPc-Y; M = Cu2+, Ni2+, Co2+ and Al3+), (c) titanosilicate molecular 

sieves (microporous TS-1, mesoporous Ti-MCM-41 and Ti-SBA-15 and amorphous 

TiO2-SiO2), (d) organic-inorganic hybrids (as-synthesized zeolite-beta and Si-MCM-

41), (e) organo-functionalized, ordered mesoporous materials (amine-, imidazole-, 

guanine- and adenine-functionalized (Ti/Al)-SBA-15), (f) Pd/Ni/Cu-loaded 
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silicoaluminophosphates (SAPO-31, SAPO-11 and SAPO-41), and (g) double metal 

cyanide catalysts of Fe and Zn. Chapter-2 described the synthesis and characterization 

(C, H & N and AAS analyses, XRD, TEM, nitrogen adsorption, thermal analysis, 

DRIFT-IR, DRUV-visible, EPR and NMR) of these materials. 

Cyclic carbonates including chloropropene carbonate, propene carbonate, 

styrene carbonate and n-butene carbonate were synthesized at moderate reaction 

conditions by cycloaddition reaction of CO2 with the oxirane ring of corresponding 

epoxides viz., epichlorohydrin, propene oxide, styrene oxide and n-butene oxide, 

respectively (Chapter-3). Catalytic activities of copper complexes, zeolite-Y-

encapsulated metal phthalocyanine complexes, titanosilicates, organo-inorganic hybrids 

and organo-functionalized mesoporous silica have been evaluated. Cyclic carbonate is 

the main product; diols and ethers formed as minor products. Pressure and temperature 

influenced the catalytic activity. The optimum reaction conditions for high yields of 

cyclic carbonates were found to be 6.9 bar and 393 K. The homogeneous metal 

complexes in combination with a co-catalyst/promoter (N,N-dimethylaminopyridine; 

DMAP)  showed good activity but required additional efforts for their separation from 

the reaction mixture. Molecular structure and the nature of the ligand influenced the 

catalytic activity. Copper phthalocyanines and porphyrines exhibited higher activity 

than the Schiff base, cyclen, phenanthroline and bipyridine complexes. Titanosilicate 

molecular sieves and zeolite-Y-encapsulated metal phthalocyanine complexes were 

recyclable, but needed the co-catalyst/promoter. The use of co-catalysts/promoters was 

avoided when organo-inorganic hybrids and organo-functionalized mesoporous silica 

catalysts were used. These solid catalysts were reusable in several recycling 

experiments without significant loss in activity and cyclic carbonate selectivity. 

Activation and coordination of CO2 and the mechanism of cyclic carbonate formation 
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were probed by DRIFT, TPD and other spectroscopic methods. The study revealed 

acidic Ti and Al in SBA-15 are the sites for epoxide activation. The organic functional 

groups (bases - amine, imidazole, guanine and adenine) are the sites for CO2 activation. 

The type of the base amine (primary, secondary and tertiary) influenced the activation 

of CO2. When both the acidic and basic sites are present in the catalyst system a 

synergic enhancement in catalytic activity was observed. Organo-fuctionalized 

mesoporous silica having both the acidic and basic active sites exhibited higher activity 

than the other catalysts investigated. Availability of epoxide and activation of CO2 are 

the crucial factors for high carbonate yields. Using these novel mesoporous catalyst 

systems larger size cyclic carbonates, styrene carbonate, for example, could be 

synthesized in high yields. These catalysts are perhaps more efficient than the reported 

systems. In other words, more efficient solid catalysts are discovered for CO2 activation 

for its further utilization as a replacement for toxic, phosgene in cyclic carbonate 

synthesis by cycloaddition reaction. 

A “green”-route for the synthesis of alkyl and aryl carbamates utilizing CO2 

over solid catalysts has been developed (Chapter-4). A variety of carbamates were 

synthesized by coupling amines (butyl amine, hexylamine, octylamine, dodecyl amine, 

cyclohexyl amine, benzylamine, aniline, 2,4,6-trimethylaniline and 

cyclododecylamine), CO2 and n-butyl halide. Catalytic activities of four different 

catalyst systems viz., titanosilicates, encapsulated metal phthalocyanines, organo-

inorganic hybrids and organo-functionalized mesoporous silica for this reaction have 

been studied (Chapter-4). Influence of reaction conditions (temperature, pressure, 

solvent, amount of catalyst, amine to bromide ratio etc.) on the catalytic activity was 

examined; 3.4 bar and 353 K were found to be the optimum conditions. The catalysts 

employed were highly active and reusable. In the case of titanosilicates and 

 248



Chapter-7: Summary & Overall Conclusions 

encapsulated metal phthalocyanines high yields of carbamates were obtained only when 

the reaction was carried out in a solvent medium e.g., N,N-dimethylformamide (DMF). 

With organic-inorganic hybrids and organo-functionalized mesoporous silica, 

carbamates could be synthesized even without using DMF. Mechanism of carbamate 

synthesis was probed using DRIFT spectroscopy. Ti ions on SBA-15 activate amines. 

The activated CO2 (at adenine base) participates in the reaction with activated amines 

forming the corresponding carbamates. The study revealed that the presence of Lewis 

acid Ti ions and basic adenine molecules are essential for high carbamate yields. These 

catalysts stabilized the carbamate anion and suppressed formation of N-alkylated side-

product. CO2 is used as a replacement for toxic phosgene/isocyanate in the synthesis of 

a variety of carbamates. 

Novel solid catalysts for the synthesis of a variety of alkyl carbonates by 

transesterification reaction of cyclic carbonates with different alcohols have been 

studied (Chapter-5). Two types of solid catalysts viz., titanosilicates and double metal 

cyanides (Fe and Zn based) were used. Double metal cyanide catalysts are known for 

their remarkably high catalytic activity in polymer synthesis. Their catalytic activity for 

transesterification reactions is examined for the first time, in this work. These catalysts 

were found superior to titanosilicates and other known catalysts in transesterification of 

cyclic carbonates with various alcohols. Competitive transesterification reactions in the 

presence of more than one alcohol were also studied. The method of preparation of 

double metal cyanide catalysts affected the catalytic activity. The catalysts prepared in 

the presence of tert.-butanol (complexing agent) and tri-block copolymer 

EO20PO70EO20 (co-complexing agent) exhibited superior activity. The activity of 

double metal cyanide catalysts for transesterification of triglycerides of vegetable oils 

into fatty acid esters for bio-diesel and lubricant applications was also investigated 
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(Chapter-5). Vegetable oils such as coconut oil, sunflower oil, soyabean oil, margarine 

oil were transesterified with C1 to C8-alcohols. The study revealed that the process 

employing these solid catalysts is possibly more convenient than the conventional bio-

diesel production using homogeneous alkali metal and mineral acid catalysts. 

Activation of olefins and aryl halides for C-C coupling (Heck) reaction over Pd-

loaded silicoaluminophosphates has been studied (Chapter-6). Three types of catalysts 

of varying pore dimensions and acidity viz., Pd-SAPO-31, Pd-SAPO-11 and Pd-SAPO-

41 were investigated. The performance of these catalysts in the preparation of a variety 

of C-C coupled products of industrial importance was studied. Most of the known 

catalysts systems are active only with aryl iodides. The unique feature of the present 

catalysts is that they can be used even for the deactivated aryl halides like 

chlorobenzene in C-C coupling reactions. During the reaction, metal ions leached out of 

the support. However, when the reaction was complete, the metal ions could not be 

detected in the liquid phase (AAS); all the leached Pd redeposited back onto the SAPO-

31 support. These catalysts could be reused in recycling experiments with little loss in 

activity and selectivity. The Pd-containing catalysts are more efficient than the Ni and 

Cu-loaded catalysts. The SAPO catalysts exhibited high activity even with a small 

amount of Pd loading. A higher dispersion of zero-valent Pd is the cause for the 

superior activity.  

By and large, the thesis reports efficient, reusable, novel, solid catalysts for 

activation of carbon dioxide, olefins and alkyl halides for their use in the benign 

synthesis of a variety of industrially important synthetic organic intermediates. The 

work contributes to the area of green chemistry and sustainable catalytic processes. 
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