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Chapter 1. INTRODUCTION 

 

1.1. GENERAL BACKGROUND 

Transition metal catalyzed reactions are already established as an important part of 

synthetic chemistry involving organic transformations like oxidation, reduction and 

carbon-carbon bond forming reactions [1].  Transition metal complexes of ligands such 

as porphyrins and salens are capable of catalyzing the oxidation of hydrocarbons even 

under mild conditions [2-4].  Palladium is the prime metal used in various carbon-

carbon coupling reactions like Heck, Suzuki and others [5, 6].  In biological systems, 

harmful organic molecules like hydrocarbons are metabolized to give water-soluble 

compounds or biologically important materials by metallo-enzymes.  Fe containing 

Cytochrome P-450 is an important oxygenase enzyme, which catalyzes many oxidations 

[7].  Manganese ions are involved in a number of fundamental biochemical processes, 

for example, the photosynthetic conversion of CO2 into carbohydrate and dioxygen in 

green plants, algae and some bacteria is known to occur on the active sites of 

tetranuclear manganese clusters in photosystem II (PS II) [8-12].  Copper is another 

abundant trace metal in biological systems and is often found as a co-factor in proteins 

spanning over a wide range of functions.  Heme/copper terminal oxidases catalyze the 

four electron reduction of dioxygen to water [13, 14].  In view of this, model Fe and 

Mn-porphyrin complexes (Fig. 1.1a) have been investigated for their ability to transfer 

oxygen atom from different oxygen sources (H2O2, ROOH, PhIO etc.) to hydrocarbons 

[15-19].  Synthetic non-porphyrin transition metal complexes like metal salens are also 

gaining importance as model systems for non-heme enzymatic oxidation reactions [20-

37].  Metal phthalocyanine complexes (Fig. 1.1b) have been extensively studied as 

biological analogues [38].  The coordination chemistry of cyclic aliphatic amines with 
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transition metals is well known.  These complexes have been investigated for their 

catalytic behavior in the selective epoxidation of hydrocarbons.  

(a) (b) 

M(porphyrin)

N N

NN

R

R

R

R M

R = aryl

N N

NN

N

N

N

N

M

M(phthalocyanine)

  

Figure 1.1. Molecular structures of metal porphyrins (a) and phthalocyanines (b)  (M = 

iron, manganese, etc.). 

 

Immobilization of transition metal catalysts on solid supports facilitates easy 

handling and recovery and could result in improved activities and selectivities through 

support effects [39-41].  Many approaches aimed at heterogenizing precious palladium 

catalysts for carbon-carbon bond formation reactions have been reported [42].  Metal 

complexes of porphyrins, salens, phthalocyanines, etc. have been heterogenized using 

various supports like clays [41], microporous silica [43, 44], mesoporous zeolites [45-

52] and polymers [53, 54].  Metal complexes encapsulated in zeolites are called by the 

acronym, zeozymes (zeolite based enzyme mimics).  Zeolite lattices with their net 

negative charge can serve as anions to complexes of metal ions and provide a different 

environment as well.    As a result, catalytic properties of encapsulated metal complexes 

have been found to be different from those of neat complexes.  Besides, the acid-base 

properties of the zeolite may also influence the products obtained [45].     

  2 
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1.2. HOMOGENEOUS COPPER AND MANGANESE CATALYSTS IN 

OXIDATION REACTIONS 

1.2.1. Schiff Base Complexes 

Schiff bases are a class of acyclic ligands that are known to form stable metal 

complexes due to their “chelating effect”.  In 1889 Combes prepared the copper 

complex of the Schiff base ligand (Fig. 1.2), for the first time, while studying the effect 

of diamines on diketones [55].  Later on reports appeared on metal salen complexes in 

1933 and since then many complexes have been synthesized [56].  At present, metal-

salens constitute a standard system in coordination chemistry.  The investigation on 

metal salens took new turn since last decade especially following the discovery of salen 

catalyzed enantioselective epoxidation of olefins by Jacobsen and Katsuki groups (Fig. 

2) [57, 58].  Srinivasan et al. [24] isolated Mn(II)-salen complexes for the first time and 

used them for epoxidation.  There are scattered reports on the use of homogeneous 

Cu(II) salen complexes in oxidation reactions [59].  The development of chiral salen 

metal complexes and catalysts has stimulated a rapid growth in the chemistry and 

application of metal salen complexes.   

SalenH2

Jacobsen's Chiral SalenH2

OH

NN

OH OH

N

OH

N

Ph Ph

NN

OH OH

Combes' Schiff base 

 

Figure 1.2.  Molecular structures of Schiff base ligands. 
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1.2.2. Peraza Macrocyclic Complexes 

The peraza crowns or peraza macrocycles are also an important class of cyclic 

complexing agents for transition metal ions [60].  They form more stable complexes 

with a variety of metal ions than do the open chain polyamines containing the same 

number of nitrogen atoms.  This extra stability of the metal complexes involving 

macrocyclic ligands over those with non-cyclic counterparts is called the “macrocyclic 

effect” [61].  The enhanced complexing ability of aza macrocycles for transition-metal 

ions has made them interesting to researchers in many areas [62-65].  The most 

important macrocycles are 1,4,7-triazacyclononane (tacn) - a nine membered 

macrocycle ([9]aneN3), 1,4,7,10-tetraazacyclododecane (cyclen) - a twelve membered 

macrocycle ([12]aneN4), 1,4,8,11-tetrazacyclotetradecane (cycalm) - a fourteen 

membered macrocycle ([14]aneN4) and their N-alkylated derivatives (Fig. 1.3).  The 

important N-alkylated derivatives are 1,4,7-trimethyl-1,4,7-triazacyclononane (tmtacn), 

1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane (tmcyclen) and 1,4,8,11, 

tetramethyl-1,4,8,11-tetrazacyclotetradecane (tmcyclam).  These macrocycles can be 

synthesized either "free" or bound to a given metal ion [66, 67].  The preparation of the 

N N

NN

N N

N

R

M( M(

N

N

N

N

M(

M = Cu

R R

R R

M

RR

M

M(tacn), R=H
Me3tacn), R=Me 

M(cyclen), R=H
Me4cyclen), R=Me

R

R

R

R

M

M(cyclam), R=H
Me4cyclam), R=Me

+2, Mn+2 etc.

 

Figure 1.3. Molecular structures of copper and manganese perazamacrocyclic 

complexes.  
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free macrocycle has many advantages.  The macrocycles are usually prepared by 

Richman-Atkins procedure [68].  In the last two decades metal complexes of these 

amines (Fig. 1.3) have been extensively studied  [61, 69]. 

1.2.2.1. Copper Complexes 

In general, the study of copper complexes as homogeneous oxidation catalysts is 

not as widely reported as those of the other first row transition metals.  Bunce et al. [70] 

have investigated copper complexes as homogeneous catalysts.  Many copper 

complexes of macrocyclic amines have been designed in order to prepare low molecular 

weight biomimics of copper(II) containing metalloprotiens.  Bis(µ-O) dicopper 

complexes of N-alkylated tacn have been synthesized and characterized by various 

spectroscopic techniques [71].  The preparation, spectroscopic properties and crystal 

structure have been reported for a monomeric Cu(II) compound containing the cyclic 

triamine tacn [72].  Binuclear Cu(II) complexes of tmtacn (1,4,7-trimethyl-1,4,7-

triazacyclononane) bridged by anions like oxalate have also been reported [73].  Kinetic 

and thermodynamic stabilities of copper triaza macrocyclic complexes have been 

studied [74, 75]. The dissociation of [Cu(cyclen)]+2 in acid solution has been 

investigated by Hay and Pujari [76].  The copper complex of tetramethylcyclen has also 

been prepared [77].  Of the several tetradentate macrocyclic ligands known, cyclam is 

the most studied.  Copper cyclam complexes have been prepared and characterized by 

many researchers [78].  However, the study of copper macrocyles as catalysts for 

oxidation reactions remains to be explored fully.   

1.2.2.2.  Manganese Complexes 

Since recently, much research is being carried out on the catalytic activity of 

binuclear manganese complexes with tacn and its N-methyl derivative tmtacn  [79-82].  

A large number of crystalline structures of complexes like the thermodyanamically 
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stable tetranuclear complex [(tacn)4MnIV
4O6(Br)3.5(OH)0.5].6H2O and  

[(tmtacn)2MnIII
2(m-O)(m-CH3CO2)2](ClO4)2 dimers have been studied in detail by 

Wieghardt et al. [83, 84].  Synthesis, crystal structure and biological relevance of the 

complex [(tmtacn)MnIV(µ-O)3MnIV(tmtacn)](PF6)2.H2O and a series of related binuclear 

manganese complexes have been studied by them [82].  Very recently, De Vos et al. 

[85, 86] reported that Mn-tmtacn complexes are extremely active catalysts for 

oxidations with H2O2.  They also found that in situ prepared Mn-tmtacn exhibited 

efficient and selective catalytic activity for the epoxidation of olefins at ambient 

conditions using H2O2 as the oxidant in the presence of a carboxylic acid buffer [86].  

The activity of this catalyst was found to be remarkably high in the presence of oxalate 

buffer and the reaction was found to be stereospecific for cis olefins.  The oxalate ligand 

is believed to act as a co-ligand.  In another investigation, Mn-tmtacn-ascorbate buffer 

was found to surpass the activity of Mn-tmtacn-oxalate buffer in epoxidation and 

alcohol oxidation [87].  Attempts to induce asymmetry to the epoxide using these 

catalysts have, however, not been successful.  Shulpin et al. [88] activated the C-H bond 

of saturated alkanes at ambient temperatures using the binuclear Mn(IV) complex 

[LMnIV(O)3MnIVL]2+.  The synthesis, characterization and the crystal structure of di-µ-

oxo-dimanganese(III, IV) and (IV, IV) complexes employing the tetra-dentate ligands 

1,4,7,10-tetraazacyclododecane (cyclen) and 1,4,8,11-tetraazacyclotetradecane (cyclam) 

have also been reported [89, 90].  However, reports on mononuclear complexes of 

manganese with these polycyclic amines are scarce [91].  It appears that substantial 

scope exists for studying the catalytic activity of in situ prepared Mn-tmtacn complexes 

in various hydrocarbon oxidations as analogues of biomimic manganese and iron 

porphyrins. 
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1.3.  HETEROGENIZATION OF HOMOGENEOUS OXIDATION 

CATALYSTS 

Immobilizing the metal complex catalysts by anchoring, incorporating or 

encapsulating into an organic (polymer / dendrimer) or an inorganic support (metal 

oxide, zeolite etc.) is an active area of research [92-94].  Many polymer and silica 

supported porphyrins have been prepared [95, 96].  The process not only allows the 

separation of the catalyst from the reaction mixture but also sometimes improves its 

activity and selectivity.  Many strategies have been adopted to heterogenize metal 

complexes.  

1.3.1. Heterogenization via covalent linking 

The metal complex can be anchored to the support material such as SiO2 through 

a ligand.  For e.g., modified salen ligands have been tethered to polymeric 

supports/SiO2 [51, 97, 98].  Mn-tacn and Mn-dmtacn (dmtacn = 1,4-dimethyl-1,4,7-

triazacyclononane) anchored to a silica support have been found to possess very good 

catalytic activity [50, 99].  Subba Rao et al. [50] tethered the copper and manganese 

complexes of tacn to silica or MCM-41 through glycidylation (Fig. 1.4).        

 

 
 

Figure 1.4.  Tacn-type ligands covalently bonded on silica. 
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OH
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1.3.2. Heterogenization by encapsulation 

It was Herron et al. who encapsulated the Ni(CO)L, complexes entrapped in 

zeolite X for the first time and referred to such a zeolite guest molecule as “ship-in-

bottle” complexes [100].  This means that all of the individual components (metal ion 

and the various ligands) may easily pass in and out of the zeolite but the final assembled 

coordination complex is too large and rigid to pass out once assembled inside.  In later 

years, cobalt salen was encapsulated in the supercages of zeoite-Y in an attempt to 

prepare the analogue of hemoglobin and myoglobin following the same principle [101].  

As a support, zeolites have the advantage that a metal complex can be physically 

trapped in the pores (cages) and not necessarily bound to the oxide surface (Fig. 1.5a).  

So the metal complex is free to move within the confines of the supercages acting as 

small reaction vessels.   

The microporus zeolites X and Y possess large supercages of 12-13 Å diameter 

with pore openings of ~ 7 Å.  Ligands with molecular dimensions smaller than 7Å can 

easily diffuse inside the zeolite pores.  The metal complex once formed is too large to 

diffuse out.  Therefore, usually a method that involves the diffusion of the ligands into 

the M-zeolites (M = transition metal) and complexation with the metal ion (called the 

“flexible ligand method”) is used to encapsulate metal complexes.  Various 

coordinations are possible in neat complexes but due to geometric restrictions inside the 

zeolite, the complexes are formed inside the zeolite matrix with certain coordinations 

only.  Mesoporous materials possess pore diameters greater than 20Å.  In these systems 

there is no need to construct metal complexes as in flexible ligand or template synthesis 

method.  They can be directly introduced inside the mesopores of these materials.  The 

metal complexes, however, may be leached out during the preparation itself.  In order to 

achieve better encapsulation, these mesoporous materials have to be modified. 
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 )
(a)
 

Figure 1.5.  Model diagrams for metal salen comple

[Cu(cyclen)]+2 inside the layers of  montmorillonite 
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nature of these complexes [108, 109].  Many complexes of cyclic and acyclic amines 

with manganese have been encapsulated by this method by Knops-Gerrits et al. [110].  

They studied the physicochemical behavior of manganese complexes with 

polypyridines, polyamides, salens and polyamines and their catalytic behavior in 

selective oxidations with H2O2 as oxidant.  Both the ligands tacn and tmtacn chelate 

with intrazeolite Mn.  With tacn as the ligand, only decomposition was the main process 

with little epoxidation.  But with tmtacn as the ligand selective epoxidation was the 

major process.  This difference between the ligands may be due to the formation of a 

hydrogen bond between the N-H group and H2O2 increasing the concentration of 

hydrogen peroxide on the Mn site resulting in its disproportionation.  The catalytic 

activity of Mn(tmtacn) encapsulated in NaY has been found to be comparable to that of 

homogeneous Mn(tmtacn) catalyst [112].  Yet another example is [Cu(cyclam)]+2 

intercalated into the layers of montmorillonite cationic clay by Choy et al. (Fig. 1.5b) 

[111].  However, there are no reports on the encapsulation of copper and manganese 

complexes of tetraaza macrocycles in zeolites. 

 

1.4. HYDROTALCITES AS HETEROGENEOUS CATALYSTS 

In recent years, layered double hydroxides (LDH) or more conveniently called as 

hydrotalcite (HT) like anionic clays are gaining interest as catalysts, catalyst supports, 

ion-exchangers and composite materials [113, 116].  They belong to the class of 

anionic, basic clays having the general formula, [M(II)
(1-x) M(III)

x (OH)2]x+ [(An- )x/n 

yH2O]x- where x = 0.1-0.33, M(II) = Mg, Cu, Ni, Co, and Mn, M(III) = Al, Fe, Cr, and Ga 

and An- is an interlayer anion such as CO3
2-, NO3

-  and SO4
2- [113].  Their calcination at 

723 K gives rise to the decomposition of the layer structure and formation of basic 

mixed oxides having high surface area.  These ‘spinel type’ oxides have shown promise 
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as catalysts [117, 118].  The characteristic double-layered structure can be associated 

with different cations and offers a pronounced versatility with regard to the elemental 

composition.  Transition metals, that are expected to act as active sites of catalysts can 

also be introduced in the brucite layer [114].  Hydrotalcites containing metals like Ni, 

Cu, Co, Pd etc., have already been reported in the literature [113, 115].  Hydrotalcites 

with zirconium incorporated into the layers have been used for the selective oxidation of 

phenol to catechol with H2O2 [116].  Kaneda et al. [119] reported the use of Ru-Co-Al-

CO3 HT for the oxidation of alcohols.  Choudhary and co-workers [120] have found out 

that Ni-Al hydrotalcite is active in the oxidation of alcohols using molecular oxygen.  

They also investigated the application HTs for asymmetric C-C bond-forming reactions 

[121]. Narayanan et al. [122] studied the hydrogenation of phenol to cyclohexanone 

over Pd(II) containing Mg-Al hydrotalcites.  Very recently, a single-pot biomimic 

synthesis of chiral diols mediated by a newly developed trifunctional solid catalyst 

consisting of active palladium, tungsten, and osmium species embedded in a single 

layered double-hydroxide matrix has been achieved by Choudary et al. [123].  Another 

important development in LDH catalysis is the nano-palladium immobilized layered 

double hydroxide (LDH-Pd(0)) catalyzed Heck olefination, Suzuki coupling and 

Sonogashira reactions of chloroarenes [124].  Unlike other supported Pd catalysts, 

hydrotalcites incorporated with palladium in their structure could be good catalysts with 

minimal leaching. 

 

1.5. SELECTIVE OXIDATION OF HYDROCARBONS 

The selective oxidation of hydrocarbons, comprising alkanes, olefins and aromatics 

has far-reaching practical implications [125].  The activation of the inert C–H bond of 

alkanes at transition-metal centers, under mild conditions and with high selectivity is 
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extremely important.  Although profitable practical applications have not yet been 

developed, the understanding of how these organometallic reactions occur, and what 

their inherent advantages and limitations are, has progressed considerably.  A variety of 

enzymes efficiently and selectively catalyze alkane oxidation at body temperatures and 

pressures.  The direct use of biological organisms for industrial alkane oxidation under 

such benign conditions has not yet been possible in practice.  Hence, the numerous 

inorganic biomimic analogues of these enzymes have been under investigation for some 

time [126].    

1.5.1. Choice of an Oxidant  

It is essential that the oxidant is cheap and generates no side products that need 

additional investment for their separation.  Molecular oxygen (or air) is the primary 

oxidant used in the industry for economic and environmental reasons [127].  However, 

O2 has a tendency to oxidize the substrate by mechanisms that are not readily or 

rationally controlled and hence it is difficult to control product selectivity.  H2O2 is 

environmentally friendly as the only waste product resulting from using it for oxidation 

is water [127, 128].  The “active oxygen” content of hydrogen peroxide, 47 % of its 

weight, is much higher than that of other oxidants.  Also, aqueous hydrogen peroxide is 

a stable reagent, provided it is handled and stored in the correct manner [129].  

Therefore, H2O2 is the second best oxidant for catalytic liquid phase oxidations.  The 

problem, however, is its reactivity in the presence of transition metal catalysts leading to 

homolytic cleavage of the weak O-O bond (∆H = 50 kcal/mole) generating hydroxy 

radicals that perform non-selective oxidations or cause its decomposition into molecular 

oxygen.  Other oxidants generally used for oxidation reactions include NaOCl, organic 

hydroperoxides, PhIO and percarboxylic acids.  For both aqueous and non-aqueous 

reaction conditions, TBHP (tert-butylhydroperoxide) is often found to be the more 
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selective oxidant [130, 131].  Compared to other organic oxidants it is not expected to 

be a persistent environment pollutant.  The byproduct t-butanol is a valuable chemical.  

TBHP has been found to be by far the most preferred oxidant for epoxidation reactions 

[132].  

1.5.2. Epoxidation of Olefins 

The catalytic oxidation of olefins to epoxides is an important transformation in 

organic synthesis [133, 134].  Much attention has been given to develop transition metal 

catalysts with various synthetic ligands such as porphyrins [135], Schiff bases [133, 

136, 137] and cyclic amines [138].  All transition metal catalyzed epoxidations are one 

oxygen transfer (oxo transfer) reactions [139].  Salen complexes have been investigated 

the most as they have many advantages over porphyrin complexes and titanium tartarate 

catalysts [140].  Although many metal ions form complexes with salen, only chromium 

[141], manganese [24], nickel [142], and ruthenium have been used in epoxidation 

reactions [143].  Among them, MnIII(salen) reported by Kochi and co-workers are found 

to be the most efficient. A new chapter in epoxidation was opened in 1990 when 

Jacobsen and co-workers reported chiral MnIII(salen) catalysts for epoxidation [144].  

However, reports on the use of hydrogen peroxide with manganese catalysts are not 

many [85-87, 145, 146].  Iron-cyclam has been reported for epoxidation of olefins with 

H2O2 [138].  Nickel cyclam complexes are again well known as epoxidation catalysts.  

The in situ prepared, Mn-tmtacn was found to be very efficient for the epoxidation of 

electron deficient, terminal and non-terminal alkenes with H2O2 (Scheme 1.1) and its 

catalytic activity was enhanced in the presence of carboxylic acid buffers [85-87].  The 

mechanism of Mn-tmtacn-catalysed epoxidation has been the subject of much research.  

However, little is known about the mechanisms or the nature of the active intermediates 

in these catalytic systems. 
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O
0.1 mol % MnSO4.H2O
   0.15 mol% tmtacn
2 eq. H2O2 (aq. 30%)
     acetone, 273 K

 

Scheme 1.1.  Epoxidation of styrene catalyzed by in situ formed Mn-tmtacn complex in 

acetone (Ref. 18). 

  

Various successful attempts to fine-tune catalyst selectivity for epoxidation have 

been reported. The encapsulation of Mn-tmtacn complex in zeolites increased the 

epoxidation selectivity [109].  By immobilisation of the triazacyclononane ligand on an 

inorganic support, a new group of active heterogeneous manganese tacn epoxidation 

catalysts were introduced [85].  Improved selectivities were found but the conversions 

obtained were lower than with the homogenous catalysts.  Epoxidation of olefins with 

heterogeneous chiral and achiral salen complexes of manganese have also been 

explored [39, 147, 148].  The oxidation of alkenes over some transition metal 

exchanged zeolites has also been reported [149, 150].  However, investigations related 

to the epoxidation of olefins with copper complexes are not many in the literature. 

1.5.3. Oxidation of C-H Bond of Alkanes 

1.5.3.1.  Cyclohexane Oxidation 

The selective oxidation of cyclohexane under mild conditions is a topic of great 

interest [151].  Many biomimetic catalyst systems that can catalyze the selective 

oxidation of alkanes at room temperature with different oxidants have been developed.  

The ability of cytochrome P-450 enzyme to transfer oxygen to unreactive hydrocarbons 

led synthetic chemists to mimic these catalysts [152].  Recently, Shulpin et al. [88] 

reported the use of a binuclear manganese(IV) complex ([LMnIV(O)3MnIVL]2C, L: 

1,4,7-trimethyl-1,4,7-triazacyclononane) as the catalyst, in the presence of acetic acid 
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which results in decreased decomposition of H2O2 to water and oxygen. The reaction 

initially forms cyclohexyl hydroperoxide (CHHP), as the predominant product, which is 

later decomposed to cyclohexanone and cyclohexanol.  Many homogeneous and 

heterogeneous catalysts have been developed for cyclohexane oxidation using different 

oxidants [153, 154].  Reports on the use of H2O2 as oxidant are not many.           

1.5.3.2.  Benzylic Oxidation 

Benzylic oxidation of aromatics is an important reaction from industrial and 

synthetic organic chemistry angles [155, 156].  Commercial processes involve the use of 

cobalt and bromide ion catalysts in acetic acid medium at 473 K and oxygen pressure of 

30 bars.  Many homogeneous and heterogeneous transition metal catalysts have been 

reported to effect this transformation, and many of them are Cr- based [157-159].  

Benzylic oxidations using cerium ammonium nitrate in hot acetic acid, HNO3 and 

HClO4 and Ce(IV)-triflate with water that are akin to the industrial processes have also 

been reported [159, 160].  In biomimic catalysis, manganese porphyrins are known to 

perform benzylic oxidation using H2O2 as oxidant (Scheme 1.2) [161].  Oxo-Ru-

porphyrins have been reported to be useful in chiral catalysis [162].  Asymmetric 

Aq. H2O2, CH3CN 
Imidazole

Mn(TDCPP)Cl 

Ar= Aryl,  R1 = H, CH3, Aryl, etc.

TDCPP = Tetrakis (2,6-dichlorophenyl) porphyrin

Ar C R1

H

H
+Ar C R1

OH

H
Ar C R1

O

 

Scheme 1.2.  Benzylic oxidation in the presence Mn-porphyrin-imidazole catalyst 

system using H2O2. 
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benzylic oxidation has also been carried out using Mn-salen catalysts and PhIO as 

oxidant [163].  However, the efficiency of these catalysts is not significant.     

 

1.6. CARBON-CARBON BOND FORMING REACTIONS OVER 

HETEROGENOUS PALLADIUM CATALYSTS 

Heterogeneous palladium catalysts possess very good activity and selectivity in C-

C bond forming reactions such as Heck reaction, Suzuki coupling etc., apart from their 

easy separation from the reaction medium and reuse [164].  Generally, these involve 

palladium metal dispersed onto the surface of the support or modifying the support in 

order to anchor the active homogeneous palladium catalysts.  Numerous reports are 

available in the literature on palladium containing heterogeneous catalysts.    

1.6.1. Heck Reaction 

Heck olefination or simply the “Heck reaction” was discovered independently 

by T. Mizorki and R. F. Heck in 1973 [165, 166], although Heck is mainly remembered 

for his initial work on noncatalytic (stoichiometric) reactions, and subsequent work to 

establish its generality.  In general, the Heck reaction involves the C-C bond formation 

reaction between aryl halides and olefins catalyzed by palladium in the presence of a 

base (Scheme 1.3) [167-172].   

W W

Ar
Ar X +

Base
Pd

A r =  A ryl                    
X  =  I, Br , C l                                            
W  =  C O 2M e, Ph  etc.      Base=  E t3N , K 2C O 3, N aO A c etc

 

Scheme 1.3. Heck reaction between aryl halides and olefins. 
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Typical catalysts are Pd(0)-phosphine complexes, e.g. Pd(PPh3)4, or in situ 

catalysts such as Pd(OAc)2/PPh3.  The bases may be either organic, such as Et3N and t-

Bu3N or inorganic, such as K2CO3 and NaOAc.  Aryl halides will be normally aryl 

iodides or aryl bromides.  However, attempts are on to utilize the cheap aryl chlorides in 

the reaction.  Many homogeneous catalysts/catalyst systems are known for the Heck 

reaction [173].  The first reports on the employment of heterogeneous catalysts for the 

Heck reaction followed its discovery soon.  Mizoroki [174] observed that catalytic 

activity was independent of the amount of Pd black.  In the same year Julia et al. [175] 

reported the use of Pd/C as heterogeneous catalyst for Heck reaction.  In 1990’s, 

heterogeneous Heck Reaction (HETHR) was extensively studied due to its popularity 

and its applicability in the industry.  It is practiced on an industrial scale in the 

manufacture of (a) the agrochemical Prosulfuron-TM and the sunscreen agent octyl p-

methoxycinnamte by Novartis, (b) Naproxin by Albemarle and (c) anti-asthma agent 

(Singulair) by Merk [176, 177].  Important advantages of this reaction are the broad 

availability of aryl halides and tolerance of the reaction for a wide variety of functional 

groups.  Augustine and O’ Leary [178], Zhuangyu and co-workers [179, 180], Ying and 

co-workers [181, 182], Arai and co-workers [183] and Köhler and co-workers [42] 

studied the action of heterogeneous catalysts thoroughly.  To name a few of the 

heterogeneous catalysts, polymer/dendrimer supported palladium catalysts [184], 

palladium on carbon [185] and palladium supported on metal oxides [186], clays [187], 

and molecular sieves [182, 188] have been used in the Heck reaction.  Yet another 

recent development is the use of palladium nanoclusters [189].  Recently, novel Ni, Co, 

Cu and Mn heterogeneous catalysts have been reported [190].   Very recently, Pd(0) 

supported on hydrotalcite like anionic clays has been found to act as a good catalyst for 

the Heck C-C coupling [123].  Unlike all other supports, Pd(II)-containing hydrotalcites 
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are believed to undergo minimum leaching due to its incorporation into the layers of the 

hydrotalcite structure.  The fact that no inert atmosphere and no ligands are necessary, 

the easy catalyst separation and the potential to increase the existing catalyst activity 

makes supported Pd catalysts an important alternative to homogeneous catalysts for 

industrial applications.  

1.6.2. Suzuki Coupling  

Suzuki reaction is another Pd catalyzed C-C coupling reaction that involves the 

reaction of an aryl boronic acid with an aryl halide, diazonium salt or trifalte to produce 

a biaryl (Scheme 1.4) [191].  A base is necessary to neutralize the liberated acid.  

Suzuki reaction is much favored in the pharmaceutical industry due to non-toxicity and 

non-moisture sensitivity of the organoboranes.  Biaryls are important as building blocks 

for biologically active substances [192].  Many developments in homogeneous catalysts 

have been reported for Suzuki coupling [193].  However, the use of heterogeneous 

catalysts has not been explored much [194-196].  The Suzuki coupling reactions 

mediated by a heterogeneous palladium catalyst are confined to bromo- and iodoarenes.  

However, very recently, Choudary et al. reported Pd(0)-supported on Mg-Al 

hydrotalcite as a heterogeneous catalyst for Suzuki reaction with chlororarenes [124].  

Pd 
Base 

X

R

B(OH)2
+

R1 R

R1

 

Scheme 1.4.  Suzuki coupling of aryl halides with aryl boronic acids.   

 

1.6.3. Sonogashira Reaction 

Similar to the Heck reaction, the Sonogashira reaction is also a C-C bond 

forming reaction, which involves the coupling of terminal alkynes with aryl or alkyl 
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halides [197].  This reaction generally involves the use of a palladium catalyst in 

conjunction with copper iodide, the copper reacting with the alkyne to form an 

alkynylcuprate (Scheme 1.5). 

 

Scheme 1.5. Example of Sonogashira reaction. 

HXR + RR1 Pd/CuI 
Base R1

X = I, Br, Cl
R = Aryl
R' = Aryl, Alkyl 

 

If the reaction is performed on an alkene, the geometry about the double bond is 

usually reserved, making this an extremely useful reaction for the synthesis of ene-yne 

molecules with specific geometry (Scheme 1.6).   

X

R

H+ R1
Pd/CuI
Base 

R

R1

 

Scheme 1.6.  Sonogashira reaction of alkenyl halides.  

Though homogeneous catalysts are well known for this reaction, there are few 

reports on the use of heterogeneous catalysts [196, 124]. 

1.6.4. Recovery and leaching of the catalyst 

Though supported catalysts have the advantage of easy recovery, the problem of 

metal leaching from the catalyst under liquid-solid conditions is well known.  It is 

reported that the supported catalysts are just reservoirs of soluble active species, 

generated under reaction conditions [197].  Many people have argued that the reaction 

involves leached homogeneous species in the solution, the leached palladium re-

depositing onto the support at the end of the reaction on cooling.  The extent of re-
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deposition depends on several factors including the nature of solvent and base 

employed, the reaction temperature and the nature of the support [165].    In general, it 

is just the “release and recapture” principle that has been proposed to explain the 

mechanism and higher activity of the supported catalyst in heterogeneous C-C bond 

forming reactions [198].  However, it must be pointed out that homogeneous catalytic 

reactions with the same ppm level of Pd are not efficient.  Therefore, it is possible that 

in some cases the catalysts may be truly heterogeneous in that the active species remains 

attached to the surface during the reaction.   

                   

1.7.  SCOPE OF THE THESIS 

The aim of the present investigation is to develop novel transition metal catalysts 

for selective oxidations and carbon-carbon bond forming reactions.  The processes 

involving these catalysts are expected to lead to green chemistry/technology.   

1.7.1. Objectives of the thesis 

The objectives of the thesis are as follows: 

1. To synthesize and characterize neat Cu and Mn of Schiff base and perazamacrocylic 

ligands complexes and to evaluate their catalytic activities in epoxidation of olefins 

and benzylic oxidation of aromatics. 

2. To heterogenize Cu and Mn complexes by encapsulating them inside the pores of 

zeolite-Y and to evaluate their catalytic activities.  

3. To study the effect of molecular confinement, size of the macrocyclic ligand, N-

substitution and buffer on the catalytic activity of the complexes.  

4. To synthesize and characterize palladium-containing hydrotalcites and to evaluate 

their catalytic activity for carbon-carbon bond forming reactions viz., Heck reaction, 

Suzuki coupling and Sonogashira reaction. 
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1.7.2. Organization of the work 

The introduction chapter (this chapter) presents an overview on metal catalyzed 

hydrocarbon oxidations and carbon-carbon bond forming reactions.  Literature reports 

on Schiff base and perazamacrocyclic complexes of copper and manganese, their 

synthesis, characterization and the catalytic activities as biomimic homogeneous and 

heterogeneous catalysts for oxidation of hydrocarbons is briefly described.  It also 

presents a brief discussion on hydrotalcites and transition metal incorporated 

hydrotalcites as heterogeneous catalysts for important organic transformations such as 

C-C bond forming reactions.  Finally the scope of the thesis is discussed. 

Chapter 2 deals with the synthesis of Schiff base and tri- and tetraaza 

macrocyclic ligands. Richman-Atkins synthesis of peraza macrocyclic ligands has been 

simplified and generalized for all tri- and tetraaza ligands prepared in this work.  It 

describes the preparation of Cu and Mn complexes of these ligands and encapsulation of 

these complexes in zeolite Na-Y.  This chapter also describes the various 

physicochemical techniques and methods of sample pre-treatment. 

Chapter 3 presents the characterization and catalytic activities of Mn and Cu 

complexes of tri- and tetraaza macrocycles and quadridentate Schiff base ligands (salen 

and saloph).  It also presents the characterization and activities of these complexes 

encapsulated in zeolite-Y.  The formation of different complexes of manganese with 

1,4,7-triazacyclononane was observed at different pH of the reaction medium.  

Activities of these metal complexes have been investigated in the epoxidation of styrene 

and ethyl benzene oxidations with H2O2 and TBHP oxidants. 

Chapter 4 gives an account of the epoxidation of olefins and benzylic oxidation 

of aromatics using in situ prepared Mn-tmtacn-oxalate buffer-H2O2 system at ambient 

temperatures (273 – 333 K).  The influence of buffers (acetate, oxalate, tartarate, 
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malonate, citrate and ascorbate) on the catalytic activity of Mn-tmtacn during 

epoxidation of allyl acetate and terminal/non-terminal olefins and benzylic oxidation of 

aromatics is investigated.  The structure of the active Mn species (in situ formed) is 

determined by EPR, UV-visible and FT-IR-ATR spectroscopies.   

Chapter 5 reports the synthesis and characterization of Pd containing Mg/Al 

hydrotalcites with different Mg/Al and Pd/Mg ratios (Mg/Al = 2-3 and Pd/Mg = 0.01- 

0.05) and their application as catalysts in carbon-carbon bond forming reactions viz. 

Heck reaction, Suzuki coupling and Sonogashira reaction.   

  Chapter 6 presents the overall summary of the work.  
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Chapter 2. SYNTHESIS OF METAL COMPLEXES AND 

CHARACTERIZATION METHODOLOGIES 

____________________________________________________________ 

2.1. INTRODUCTION 

This chapter describes the synthetic methodologies adopted for the preparation 

of the various ligands and their Cu and Mn complexes used in the study.  It also 

presents the different techniques employed for the characterization of the prepared 

materials.  The complexes studied are categorized into two groups viz., Schiff bases and 

peraza macrocycles.  These systems have been widely investigated for the past several 

decades due to their relevance to metalloenzymes [1 - 4].  The encapsulation of these 

complexes in the supercages of zeolite Y to develop inorganic mimics of enzymes is 

reported. 

Schiff bases were prepared according to reported procedures [5-7] by 

condensing salicylaldehyde with ethylenediamine (to prepare N,N’-

ethylenebis(salicylidinamine); salenH2) or o-phenylenediamine (to prepare N,N’-o-

phenylenebis(salicylidinamine); salophH2) in alcohol. Molecular structures of these 

ligands are shown in Fig. 2.1. 

Peraza macrocycles can be synthesized either "free" or bound to a given metal 

ion [8, 9].  Preparation of the “free” macrocycles has, however, several advantages. The 

H forms of the ligands (i.e., “free” macrocycles) were prepared by a modified Richman-

Atkins synthesis [10, 11], which is an improved method of Stetter and Roos [12]. N-

methylated forms were prepared according to the reported procedure [13]. Three types 

of peraza macrocycles viz., 1,4,7-triazacyclononane ([9]ane-N3; tacn), 1,4,7,10-

tetraazacyclododecane ([12]ane-N4; cyclen) and 1,4,8,11-tetraazacyclotetradecane 

([14]ane-N4; cyclam), and the N-methylated derivatives, 1,4,7-trimethyl-1,4,7-
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triazacyclononane (Me3[9]ane-N3; tmtacn) and 1,4,7,10-tetramethyl-1,4,7,10-

tetraazacyclododecane (Me4[12]ane-N4; tmcyclen) were prepared in this study. 

Molecular structures of these macrocycles are also shown in Fig. 2.1. Variation is made 

in the size of macrocyclic ring, number of N-donor atoms and substitution to examine 

their influence on the molecular structure and catalytic activity.  

Acetate salts of Cu and Mn were used in the preparation of Schiff base salen and 

saloph complexes.  However, these salts did not yield the desired complexes with 

peraza macrocycles and hence, the nitrate and chloride salts were used in their 

preparation.  Detailed synthesis procedure of these ligands and metal complexes is 

given in the following section. 

 

 

Figure 2.1. Molecular structures of Schiff base and peraza macrocycle ligands. Dotted 

lines indicate the bonds formed during the cyclization of the macrocyclic ligands. 
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2.2. SYNTHESIS 

2.2.1. Materials 

The solvents methanol, chloroform, N,N-dimethylformamide (DMF) and 

acetonitrile used in this work were of A.R. grade and procured from s. d. fine Chem., 

India.  All the other chemicals used in the synthesis were obtained from Merck, India.  

The solvents were purified and dried according to standard purification procedures [14].  

2.2.2. Synthesis of Schiff Base Complexes 

2.2.2.1.  Synthesis of Schiff Bases (Fig. 2.1) 

SalenH2. To prepare N,N’-ethylenebis(salicylidenamine) (salenH2), 

salicylaldehyde (40 mmol, 4.26 ml) was added to a solution of ethylenediamine (20 

mmol, 1.33 ml) in absolute ethanol (40 ml). The mixture was heated to reflux for 1 h 

and the bright yellow crystalline solid salenH2 formed was collected by filtration. Yield 

92% (4.98 g).  Melting point (m. p.)  128oC.  

Anal. (wt %): Found - C: 71.2, H: 6.0, N: 10.3. Calcd - 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 (Nujol) cm-1: 2854-2924, 1633, 1577, 1417, 1375, 1282, 1197, 1150, 1020, 1041, 

975, 858. 

SalophH2. N,N’-o-phenylenebis(salicylidenaminate) (salophH2) was prepared in 

a similar manner as described above using o-phenylenediamine and salicylaldehyde.  

Yield 88 %. m. p.  161oC. 

Anal. (wt %): Found - C: 71.2, H: 6.0, N: 10.3. Calcd. - C: 71.6, H: 6.0, N: 10.4. 

1H NMR (CDCl3) δppm: 6.47-7.22 (m, 12H), 8.3 (s, 2H), 12.2 (br s, 2H).   

IR (Nujol) cm-1: 2854-2924, 1649, 1560, 1375, 1275, 1191, 1149, 1103, 908. 

 

 



_______________________________________________________________________ 

 

                                           Chapter 2
 

34 
 

2.2.2.2.. Synthesis of Neat Cu and Mn Schiff Base Complexes 

Cu(salen) and Cu(saloph). In the preparation of Cu(salen) and Cu(saloph), the 

corresponding Schiff base ligand (5 mmol) was taken in 20 ml of methanol. To a boiling 

solution of this, Cu(CH3COO)2.H2O (5 mmol) dissolved in 15 ml of methanol was 

added slowly, over a period of 30 min.  The reaction mixture was refluxed for 3 - 4 h 

and allowed to cool to room temperature. The solid complexes thus obtained were 

filtered and recrystallized from methanol/chloroform. 

Cu(salen). Anal. (wt %): Found - C: 56.0, H: 4.7, N: 7.5. Calcd. - C: 56.4, H: 5.0, N: 

7.7. IR (Nujol) cm-1: 2854-2924, 1647, 1629, 1596, 1541, 1377, 1304, 1190, 1141, 980. 

Cu(saloph). Anal. (wt %): Found - C: 62.4, 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. 

Mn(salen) and Mn(saloph). The Mn complexes were prepared in a similar 

manner using Mn(CH3COO)2.4H2O and the corresponding Schiff base ligand. Synthesis 

was carried out under argon atmosphere. 

Mn(salen). Anal. (wt %): Found - C: 60.0, H: 4.4, N: 8.2. Calcd. - C: 59.8, H: 4.4, N: 

8.7. IR (Nujol) cm-1: 2854-2924, 1627, 1598, 1541, 1496, 1377, 1284, 1199, 1149, 

1126, 908. 

Mn(saloph). Anal. (wt %): Found - C: 61.1, H: 4.4, N: 6.4. Calcd. - C: 60.0, H: 4.5, N: 

6.9. IR (Nujol) cm-1: 2924, 1627, 1597, 1541, 1496, 1377, 1284, 1199, 1149, 1126, 

1022, 856. 

2.2.2.3.  Synthesis of Encapsulated Schiff Base Complexes 

Preparation of Cu(II) and Mn(II)-exchanged NaY. To prepare the Cu (1.2%)-

exchanged NaY, 0.024 g of Cu(CH3COO)2.H2O was dissolved in 10 ml of distilled 

water. To this, 2 g of NaY was added and stirred for 12 h.  The solid was filtered and 
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washed repeatedly with distilled water.  Cu-Y thus obtained by the ion exchange 

method was dried at 120oC for 12 h.  Powder XRD showed no structural change of 

zeolite Y. The amount of Cu (1.2%) loading was estimated by atomic absorption 

spectroscopy (AAS). 

Mn-Y (with 1.2% Mn) was prepared in a similar manner using NaY and 

Mn(CH3COO)2.4H2O. 

Preparation of Cu(salen)-Y, Cu(saloph)-Y, Mn(salen)-Y and Mn(saloph)-Y. 

The encapsulated Schiff based complexes were prepared by the “flexible ligand 

synthesis method.” In a typical preparation of these materials, the copper or manganese 

exchanged NaY samples were initially evacuated at 100oC. They were then mixed 

thoroughly with the corresponding Schiff base ligand (3 times excess). The mixture was 

heated to 100oC for 1 h and then, the temperature was raised to 250oC. Heating was 

continued for 5 - 6 h. A change in the color from cream to brown indicated the 

formation of the Schiff base complexes inside the zeolite cages. The free ligand was 

removed by Soxhlet extraction with chloroform, acetonitrile and finally, with acetone 

for 2 days each.  The characteristics of these materials are given in Chapter 3.  

2.2.3.  Synthesis of Peraza Macrocyclic Complexes 

2.2.3.1.  Synthesis of Peraza Macrocyclic Ligands (Fig.2.1) 

A generalized method for the synthesis of tacn, cyclen and their methylated 

compounds is shown in Scheme 22 and of cyclam is shown in Scheme 23. The details 

of the synthesis of different peraza macrocycles and their intermediates are described in 

the following section. 

1,4,7,-Triazacyclononane (tacn) 

The ligand tacn was prepared initially as a tosylated compound using N,N’-

bis(p-tolylsulfonyl)ethylenediamine, N,N’,N-tris(p-toluenesulfonyl) diethylenetriamine, 
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N,N’-ditosyl-1, 2-disodiumethylenediamine, 1,4,7-tritosyl-1, 7-disodium-1, 4, 7-

triazaheptane, 1,2-di(toluene-p-sulfonyloxy)ethane, N, O, O’-tris (p-tolylsulfonyl) 

diethanol amine and N-tosyl-2,2’-dichloethylamine.  It was then detosylated by different 

methods.  Details of the preparation of tacn and the starting materials used are as 

follows. 

Preparation of N, N’-bis(p-tolylsulfonyl)ethylenediamine (1a) (Scheme 2.3). 

A solution of ethylenediamine (1.8 g, 30 mmol) in pyridine (Py; 30 ml) was added 

slowly to a stirred solution of toluene-p-sulfonyl chloride (TsCl; 11.4 g, 60 mmol) in 

pyridine (30 ml) keeping the temperature below 50oC.  The solution was then heated at 

50-60oC for 6 h.  The reaction mixture was cooled and added to a beaker containing 350 

g of ice and stirred well.  The precipitate obtained was filtered after attaining the room 

temperature, washed with cold ice-cold water and 50% aq. ice-cold ethanol. It was dried 

at room temperature and recrystallized form ethanol to get 89.4% yield of product 1a 

(9.86 gm). m.p.163oC (lit. [15] 165 oC ). 

Anal. (wt %): Found - C: 52.4, H: 5.2, N: 7.6, S: 17.3. Calcd. C: 5.4, H: 5.4, N: 7.6, 

S:16.9. 

1H NMR (CDCl3) δppm: 1.66 (s, 6H), 2.44 (s, 2H), 3.07 (s, 2H), 5.0 (br s, 2H), 7.34 (d, 

4H, J = 8.3 Hz), 7.7 (d, 4H, J = 8.5 Hz).  

IR (Nujol) cm-1: 3288, 2926, 1596, 1446, 1323, 1157, 1089, 913. 

  

Preparation of N,N’,N-tris(p-toluenesulfonyl)diethylenetriamine (1b)  

(Scheme 2.4).  A solution of diethylenetriamine (3.01 g, 30 mmol) in pyridine (30 ml) 

Scheme 2.3

H H
TsCl, Py
50-60 oCNH2NH2

NN TsTs

1a
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was added slowly to a solution of toluene-p-sulfonyl chloride (17.2 g, 90 mmol) in 

pyridine (30 ml) with constant stirring and cooling so as to keep the temperature below 

50oC.  When the addition was over, the reaction mixture was heated at 50-60oC for 

additional 4 hours and poured into a beaker containing 300 g of ice and stirred well. The 

solid obtained was filtered, washed repeatedly with water and then with 50% aq. cold 

ethanol and dried at 100oC to obtain a pale yellow solid.  The solid was purified by 

crystallization from acetonitrile. Yield 93% (15.8 g). m.p. 177-178oC (lit. [16] 175oC). 

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. 

 

Preparation of N,N’-ditosyl-1,2-disodiumethylenediamine (2a) (Scheme 2.5). 

A solution of sodium ethoxide (prepared from 0.23 g of Na in 10 ml of dry ethanol) was 

Scheme 2.4
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added under dry conditions to slurry of 1a (1.84 g, 5 mmol) in dry ethanol (50 ml) at 

80oC. The mixture was refluxed for 4 h with vigorous stirring and left at room 

temperature overnight.  Excess ethanol was decanted and the solid was dried to get 99% 

of the highly hygroscopic sodium salt (1.98 g). m.p. > 290oC. 

 Preparation of 1,4,7-tritosyl-1, 7-disodium-1,4,7-triazaheptane (2b) (Scheme 

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

ethanol) was added under dry conditions to a slurry of 2a (11.3 g, 20 mmol) at 80oC and 

stirred for half an hour at that temperature. Then the reaction mixture was left at room 

temperature overnight to get 98% (11.9 g) yield of crystalline 2b, which is highly 

hygroscopic. m.p. > 290oC. 

  

Preparation of 1,2-di(toluene-p-sulfonyloxy)ethane (3a) (Scheme 5). To a 

stirred solution of ethane-1,2-diol (1.86 g, 30 mmol) and toluene-p-sulfonyl chloride 

(11.44 g, 60 mmol) in dichloromethane (60 ml) was added triethylamine (66 mmol, 9.2 

ml) dropwise with constant stirring and cooling at 0oC under argon atmosphere. The 

reaction mixture was stirred overnight at room temperature. The white precipitate 

obtained was filtered off and washed with dichloromethane. The filtrate was washed 

with water, 1N HCl, 1N NaHCO3 and brine and dried over Na2SO4.  The solvent was 

evaporated to get the crude product, which was crystallized from ethanol/acetone. Yield 

91% (10.1 g). m.p. 125oC (lit [17] 126oC). 
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Anal. (wt%): Found - C: 51.9, H: 5.4, S: 17.5 Calcd.- C:  51.8, H: 4.9, S: 17.3. 

1H NMR (CDCl3) δppm: 2.46 (s, 6H), 4.18 (s, 4H), 7.37 (d, 4H, J = 4 Hz), 7.32 (d, 4H, 

J = 4 Hz). 

IR (Nujol) cm-1: 2924-2854, 1596, 1361, 1180, 1093, 918. 

  

Preparation of N, O, O’- tris(p-tolylsulfonyl) diethanol amine (3b) (Scheme 

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

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

triethylamine (7.5 ml, 54 mmol) dropwise with constant stirring and cooling to 0oC 

under dry conditions. The reaction mixture was stirred overnight at room temperature. 

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

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

NaHCO3 and brine and was 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. Yield 94% (8.0 g). m.p. 93oC (lit. [18] 93-94oC). 

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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Preparation of N-tosyl-2,2’-dichloroethylamine (3c) (Scheme 2.9). To a 

solution of the HCl salt of 2,2’-dichloroethylamine (4.46 g, 25 mmol) dissolved in 

pyridine (20 ml) was added slowly a solution of toluene-p-sulfonyl chloride (4.75 g, 25 

mmol) with constant stirring and keeping the temperature below 60oC. When the 

addition was over the reaction mixture was heated at 60-70oC for 4 hours and poured 

into a beaker containing 300 g of ice and stirred well. The solid obtained was filtered, 

washed with cold water and dried at room temperature. The sample was purified by 

crystallization from pet. ether / ethyl acetate. Yield 65.4% (4.1 g). m.p. 48oC (lit. [19], 

49oC).  

Anal. (wt%): Found - C: 44.4, H: 5.1, N: 4.6, S: 1.8. Calcd. - C: 44.6 H: 5.0, N: 4.7, S: 

10.8.  

1H NMR (CDCl3) δppm: 2.45 (s, 3H), 3.46 (d, 2H, J = 8 Hz), 3.69 (s, 2H, J = 8 Hz), 

7.33 (d, 2H, J = 8 Hz), 7.70 (d, 2H, J = 8 Hz).   

IR (Nujol) cm-1: 2854-2924, 1660, 1456, 1375, 1155, 1092, 966, 760. 

 

Preparation of 1,4,7-tritosyl-1,4,7-triazacyclononane (4a); Route-1 (Scheme 

2.10).  To the solution of 2b (6.09 g, 10 mmol) in dry DMF (25 ml) heated at 100oC was 

added slowly through a syringe a solution of 3a (3.7 g, 10 mmol) in dry DMF (15 ml) 

with stirring over a period of 1h. After the addition was over the heating was continued 

for another 4 hrs and the reaction mixture was cooled to room temperature. The solution 

was then added to vigorously stirred water (400 ml), the precipitate was filtered-off, 

Scheme 2.9
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washed with water (50 ml) and dried at 100oC. The solid was crystallized from 

acetone/water. Yield 96% (5.6 g).  

 

 

Route-2 (Scheme 2.11). To the solution of 2a (6.09 g, 10 mmol) in dry DMF 

(25 ml) heated at 100oC was added a solution of 3c (2.96 g, 10 mmol) in dry DMF (15 

ml) slowly through a syringe with stirring over a period of 1h. After the addition was 

over the heating was continued for 12 h and cooled to room temperature. The solution 

was then added to vigorously stirred water (400 ml), the precipitate was filtered-off, 

washed with water (50 ml), dried at 100oC and crystallized from acetone/water (90:10 

v/v). Yield 47% (2.74g).  

Scheme 2.11
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Route-3 (Scheme 2.12). This route of preparation is a modified procedure of 

ref. [20]. To the solution of 2b (6.09g, 10 mmol) in dry DMF (60 ml) heated at 100oC 

was added 3d (0.86 ml, 10 mmol) slowly through a syringe with stirring. The reaction 

was monitored by TLC. After the reaction was over (15 - 16 h), it was cooled to room 

temperature and the reaction mixture was added to vigorously stirred water (400 ml), 

the precipitate was filtered-off, washed with water (50 ml) and dried at 100oC and 

crystallized from acetone/water. Yield 64% (3.7 g). 

 

Route-4 (Scheme 2.13). The procedure is similar to route-3, except 2a and 3b 

are used as sodium salt and coupling reagent respectively.  Yield 55 % (3.2 g). m.p. 

222-223oC (lit. [21] 223oC). 

Anal. (wt %): Found - C: 54.6 H: 6.1, N: 7.2, S: 15.9. Calcd. C: 54.8, H: 5.6, N: 7.1, S: 

16.3. 
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NMR (CDCl3) δppm: 2.42 (s, 9H), 3.40 (d, 12H), 7.29 (d, 6H, J = 8 Hz), 7.76 (d, 6H, J 

= 8.3 Hz).   

IR (Nujol) cm-1: 2854-2924, 1596, 1454, 1321, 1153, 1089, 997. 

  Preparation of 1,4,7-triazacyclononane (tacn) (5a) (Scheme 2.14). 4a (4.42 g, 

7.5 mmol) was dissolved in conc. H2SO4 (4 - 5 ml) and stirred at 110oC for 48 h. The 

mixture was then cooled to 0oC and 15-20 ml of ether was added slowly with constant 

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

and the pH was adjusted to 10 with 10N NaOH at 0oC. (If necessary the sodium 

sulphate precipitated was filtered off and washed repeatedly with chloroform). The tacn 

was extracted repeatedly with equal volumes of chloroform (5 x 10 ml). The extracts 

were dried over Na2SO4 and evaporated to get a light yellow viscous liquid, which on 

standing at 0oC gave crystals of 5a. Yield 68.5% (0.65 g). m. p. 42 oC. 

1H NMR (CDCl3) δppm: 2.79 (s, 6H), 2.63 (br, 3H).   

IR (Neat) cm-1: 3306, 2854-2928, 1660, 1157, 1032, 997. 

MS: M.+ 126, 112, 99, 85, 73, 56, 44 (base peak). 

 

1,4,7-Trimethyl-1,4,7-triazacyclononane(tmtacn ) (6a) (Scheme 2.15) 

 5a (0.65 g, 5 mmol) was dissolved in 98% aqueous formic acid (4 ml) 37-40% 

aqueous formaldehyde (4 ml) and water (2 ml). The solution was heated at 100oC for 24 

h. The reaction mixture was cooled to 0oC and the pH was adjusted to 10-12. The 1,4,7-

trimethyl-1,4,7-triazacyclononane (tmtacn) in solution was extracted repeatedly with 

Scheme 2.14
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chloroform. The tmtacn (6a) thus obtained was purified by a small filter column (silica 

60-120 and pet. ether /methanol = 80: 20).  Yield 80 % (0.68g).   

1H NMR (CDCl3) δppm: 2.38 (s, 9H), 2.70 (s, 12H).  

IR (Neat) cm-1: 2802-2900, 1666, 1600, 1454, 1373, 1290, 1076, 1031, 999. 

MS: M.+ 171, 154, 147, 127, 115, 99, 84, 70, 58, 42 (base peak). 

 

1,4,7,10-Tetraazacyclododecane (cyclen) 

Preparation of 1,4,7,10-Tetratosyl-1, 4, 7,10-tetraazacyclododecane (4b) 

[22]; Route-1 (Scheme 2.16). To a solution of 2b (6.09 g, 10 mmol) in dry DMF (30 

ml) heated to 100oC was added a solution of 3b (5.7 g, 10 mmol) in dry DMF (20 ml) 

slowly with stirring through a syringe over a period of 2h.  After the addition was over, 

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 100oC and crystallized 

from acetone/ethanol. Yield 89% (7.0 g).  
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Route-2 (Scheme 2.17). To the solution of 2b (6.09 g, 10 mmol) in dry DMF 

(30 ml) heated at 100oC was added a solution of 3d (2.96 g, 10 mmol) in dry DMF (20 

ml) slowly with stirring through a syringe over a period of 2 h. After the addition was 

over the heating was continued for 10 h and the reaction mixture was cooled to room 

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

precipitate was filtered-off, washed with water (50 ml) and dried at 100oC and 

crystallized from acetone/ethanol.  Yield 59% (4.6 g). m.p. 289 oC (lit. [23] 289 oC). 

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 

 

Preparation of 1,4,7,10-Tetraazacyclododecane (cyclen)(5b) (Scheme 2.18). 

4b (4.0 g, 5 mmol) was dissolved in conc. H2SO4 (5 ml) and stirred at 110oC for 48h. 

The mixture was cooled to 0oC and 20-30 ml of ether was added slowly with constant 

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

and the pH was adjusted to 10 with 10N NaOH at 0oC (sodium sulphate precipitated 

was filtered and washed repeatedly with chloroform). The cyclen in the solution was 
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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 5b. Yield 68.5 % (0.65 

g). m.p. 103 o C (lit. [24], 103-109 oC). 

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). 

 

1,4,7,10-Tetramethyl–1,4,7,10-Tetraazacyclododecane (tmcyclen) (6b) (Scheme 

2.19) 

 In a modified reported procedure [25], 5b (0.4 g, 3.1 mmol) was dissolved in 

98% aqueous formic acid (4 ml), 37-40% aq. formaldehyde (4 ml) and water (2 ml). 

The solution mixture was heated at 100oC for 24 h.  The reaction mixture was cooled to 

0oC and adjusted to pH = 10. The 1,4,7,10-tetramethyl–1,4,7,10-tetraazacyclononane 

(tmcyclen) in solution was extracted repeatedly with chloroform. The liquid tmcyclen 

6b obtained after evaporation of solvent was purified by a small filter column  (silica 

60-120 and pet. ether/MeOH = 80:20). 

1H NMR (CDCl3) δppm: 2.49 (s, 12H), 2.79 (s, 16H). 

IR (Neat) cm-1: 2941-2848, 1598, 1365, 1195, 1118, 1070, 1029, 923, 729, 729. 

MS: M.+ 228, 213, 199, 186, 169, 149, 124, 113, 99, 82, 70, 58, 42 (base peak). 
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1,4,8,11-tetrazacyclotetradecane (cyclam) 

Tetratosylated cyclam was prepared first using N,N’-bis (p-tolylsulfonyl) 

propylenediamine and N, N’-ditosyl-1, 3-disodium-propylenediamine. It was then 

detosylated to get cyclam. Details of the synthesis are given below.  

 Preparation of N,N’-bis(p-tolylsulfonyl)propylenediamine (7) (Scheme 

2.20). A solution of propylenediamine (2.2 g, 30 mmol) in pyridine (30 ml) was added 

slowly to a stirred solution of toluene-p-sulfonyl chloride (11.4 g, 60 mmol) in pyridine 

(30 ml) keeping the temperature below 50oC. The solution was heated at 60-70oC for 6 

h. The reaction mixture was cooled and added to a beaker containing 350 g of ice and 

stirred well.  The precipitate obtained was filtered after attaining room temperature, 

washed with ice-cold water and 50% ice-cold ethanol. It was dried at room temperature 

and recrystallised form ethanol to get 79.0% (9 g) yield of product 7. m.p.163 oC (lit. 

[26], 165 o C). 

7
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Anal. (wt %): Found - C: 53.5, H: 5.7, N: 7.1. Calcd.- C: 53.4, H: 5.7, N: 7.3, S: 16.7. 

1H NMR (CDCl3) δppm: 1.67 (m, 2H), 2.43 (s, 6H), 3.01 (m, 4H), 5.15 (br, 2H), 7.27 

(d, 4H, J = 8.4 Hz), 7.71 (d, 4H, J = 8.4 Hz)   

IR (Nujol) cm-1: 3267, 2850, 1595, 1325, 1155, 1074, 1024, 978, 860.  

 Preparation of N, N’-Ditosyl-1, 3-disodium-propylenediamine (8) (Scheme 

2.21). A solution of sodium ethoxide (prepared from 0.46 g. of sodium in 15ml of dry 

ethanol) was added under dry conditions to the slurry of 7 (3.8 g, 10 mmol) in dry 

ethanol (45 ml) at 80oC and refluxed with efficient stirring for 2 hrs.  The reaction 

mixture was kept at room temperature overnight, and the crystals were collected and 

dried to get the highly hygroscopic sodium salt 8. Yield 99% (4.2 g).  

 

Preparation of 1,4,8,11-Tetratosyl-1,4,8,11-tetrazacyclotetradecane 

(9)(Scheme 2.22). To a solution of 8 (6.09 g, 10 mmol) in dry DMF (80 ml) heated at 

100oC was added slowly through a syringe a solution of 3a (3.7g, 10mmol) in dry DMF 

(20 ml) with stirring over a period of 2 h.  After the addition was over, heating was 

continued for 6 h and the mixture was cooled to room temperature. The solution was 

then added to vigorously stirred water (400 ml), the solid was filtered, washed with 

water (50 ml) and dried at 100oC.  The compound 9 thus obtained was recrystallized 

from acetone/ethanol (80:20 v/v). Yield 76% (3.1 g). m.p. 256oC. 

Scheme 2.21
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Anal. (wt %); Found - C: 55.8, H: 5.7, N: 66.8, S: 15.8. Calcd. C: 55.9, H: 5.9, N: 6.9, 

S: 15.7. 

1H NMR(CDCl3) δppm: 1.99 (m, 4H), 2.43 (s, 12H), 3.35 (m, 16H), 7.29 (d, 8H, J = 7.8 

Hz), 7.71 (d, 8H, J = 8.3 Hz)   

IR (Neat) cm-1: 2854-2950, 1600, 1334, 1159, 1093, 1039, 975, 813, 723. 

 

Preparation of 1,4,8,11-Tetrazacyclotetradecane (cyclam) (10) (Scheme 

2.23). 9 (3.0g, 3.7 mmol) was dissolved in conc. H2SO4 (5 ml) and stirred at 110oC for 

48 h. It was cooled to 0oC and 20-30 ml of ether was added slowly with vigorous 

stirring. The brown solid obtained was filtered under nitrogen, dissolved in minimum 

amount of water and the pH was adjusted to 10 with 10N NaOH keeping in an ice bath 

(the sodium sulphate precipitated was filtered and washed repeatedly with chloroform). 

The cyclam in the solution was extracted repeatedly with equal volumes of chloroform 

(5 x 10 ml). The extracts were dried over Na2SO4 and evaporated to get 28.5% (0.21 g) 

of a light yellow solid 10. m.p. 120oC. 

 Scheme 2.22
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1H NMR (CDCl3) δppm: 1.75 (m, 4H), 2.16 (s, 8H), 2.93 (m, 8H).  

IR (Nujol) cm-1: 3276, 2854-2960, 1468, 1370, 1205, 1126, 1070, 830. 

The NMR spectra of representative peraza macrocyclic ligands are presented at 

the end of this chapter (Section 2.5). 

These procedures reveal that cyclization of ligands could be achieved by 

different routes (see Scheme 2.22) [9, 11-13, 28, 29].  But the yields of the cyclized 

product varied with the route. Table 2.1 lists the yields of the cyclized product obtained 

by different routes.  Cyclization using diol-ditosylates [9, 13] (Table 2.1; see route 3 for 

Ts-tacn and route 1 for Ts-cyclen) was found to be more efficient than the halide routes 

[28-30].  Again detosylation is a crucial step in the synthesis of cyclic peraza ligands as 

it had to be carried out under drastic conditions that can sometimes lead to ring opening.  

Among the various methods, detosylation using sulfuric acid was found to be superior.  

The cyclic amine was precipitated as the sulfate salt from the acidic mixture by the 

addition of ethanol/ether.  In the sulfuric acid method, high yields of 5a and 5b were 

obtained by minimizing water.  N-methylation of 5a and 5b with formic acid and 

Table 2.1. Various cyclizations leading to tosylated cyclic amines 

Tosylated Cyclic 
amine  

Disodium 
salt 

Coupling 
reagent 

Tosyalated 
cyclic 
amine 

Cyclization 
Time (h) 

Isolated 
Yield  
(%) 

Ts tacn-route 1  2a 3d 4a 12 47 

Ts tacn-route 2 2b 3c 4a 14 64 

Ts tacn-route 3 2b 3a 4a 6 96 

Ts tacn-route 4 2a 3b 4a 8 55 

Ts cyclen-route 1 2b 3b 4b 7 89 

Ts cyclen-route 2 2b 3d 4b 16 59 
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formaldehyde afforded 6a and 6b in high yields. In the case of cyclam, the tosylation 

step yielded 9 in good yields. However, the yields in the detosylation step were very 

low (24%). 

2.2.3.2. Synthesis of Neat Metal Complexes 

Cu(tacn)(ClO4)2. In a modified procedure [27] to prepare Cu(tacn)(ClO4)2 , to a 

solution of tacn (1 mmol, 0.13 g) in 3 ml methanol was added a solution of CuCl2 

.2H2O (1 mmol, 0.17 g) in 3 ml of methanol and NaClO4  (1.5 mmol, 0.198 g) 

simultaneously and stirred at room temperature (25 oC) for 2 h.  The reaction mixture 

was heated at 60oC  for 1 h.  The solid obtained was filtered, washed with cold methanol 

(1-2 ml) and crystallized from methanol to get bluish green crystals.  Yield 29% (0.142 

g).   

Anal. (wt%): Found - C: 25.4, H: 4.7, N: 14.6. Calcd. - C: 25.3, H: 4.4, N: 14.8. 

IR (Nujol) cm-1: 3284, 3192, 2854-2924, 1232, 1020, 966, 858, 623. 

Cu(tmtacn)(ClO4)2, Cu(cyclen)(ClO4)2.2CH3OH, Cu(tmcyclen)(ClO4)2 and 

Cu(cyclam)(ClO4)2. The copper complexes of tmtacn, cyclen, tmcyclen and cyclam 

were prepared using Cu(NO3)2 .2.5H2O / CuCl2.2H2O as the source of copper. 

Cu(tmtacn)(ClO4)2: Yield 27%. Anal. (wt%): Found - C: 24.5, H: 5.1, N: 10.0. Calcd. - 

C: 24.9, H: 4.8, N: 9.7. IR (Nujol) cm-1: 2852, 1298, 1251, 1020, 958, 623. 

Cu(cyclen)(ClO4)2.2CH3OH: 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. 

Cu(tmcyclen)(ClO4)2: 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. 

Cu(cyclam)(ClO4)2: Yield 67% (crystallized from acetonitrile / chloroform). 
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Anal. (wt%): Found - C: 26.2, H: 5.2, N: 11.8. Calcd. - C: 25.9, H: 5.2, N: 12.1.  

IR (Nujol) cm-1: 3242, 2854-2924, 1370, 1299, 1040, 964, 625. 

Mn(cyclen)(ClO4)2.3CH3OH. In a typical procedure to prepare 

Mn(cyclen)(ClO4)2.3CH3OH a solution of Mn(NO3).4H2O (0.8 mmol, 0.2 g) in 3 ml of 

methanol was added to a solution of cyclen (0.8 mmol, 0.14 g) in 3 ml of methanol and 

stirred at room temperature for 2 h.  To this, was added an excess of NaClO4 (2.4 mmol, 

0.35 g) and the reaction mixture was refluxed for 1 h.  The green solid obtained was 

filtered and washed with cold methanol (1-2 ml).  All the manipulations were done 

under argon atmosphere.  The complex was crystallized from acetonitrile.  Yield 29% 

(0.098 g).   

Anal. (wt%): Found- C: 26.0, H: 5.6, N: 9.8. Calcd. - C: 55.9, H: 5.9, N: 6.9.   

IR (Neat) cm-1: 3200, 2854-2924, 1278, 1018, 752, 624. 

Mn(tmcyclen)(ClO4)2.2CH3OH and Mn(cyclam)(ClO4)2. In a similar manner, 

manganese complexes of tmcyclen and cyclam were also prepared.  

Mn(tmcyclen)(ClO4)2.2CH3OH: Yield 23 % (crystallized from acetonitrile). Anal. 

(wt.%): Found - C: 31.6, H: 6.7, N: 10.7. Calcd. C: 30.8, H: 6.6, N: 10.2. IR (Neat)cm-1: 

2854-2924, 1294, 1286, 1026, 968, 750, 623. 

Mn(cyclam)(ClO4)2: Yield 47% (crystallized from acetonitrile). Anal. (wt.%): Found - 

C: 27.1, H: 4.8, N: 12.0. Calcd. - C: 26.5, H: 5.2, N: 12.3. IR (Neat) cm-1: 3249, 2854-

2924, 1282, 1026, 752, 624. 

Mn4O6(tacn)4(ClO4)4.H2O. To a solution of tacn (1.35 mmol, 0.175 g) in 

methanol (4 ml) were added Mn(NO3)2.4H2O (1.35 mmol, 0.34 g) in water (2 ml), 

sodium oxalate (1.49 mmol, 0.199 g) in water (4 ml) and NaClO4  (2 mmol, 0.285 g; 1.5 

equiv).  The suspension was heated at 60oC for 3 h.  To the mixture, 1M NaOH solution 

was added till the pH was 10. The brown colored solution obtained was filtered and kept 
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for crystallization at room temperature. Flake like brittle crystals were obtained 

overnight.  Yield 42% (0.175 g).   

Anal. (wt%): Found - C: 23.9, H: 5.4, N: 13.5. Calcd. - C: 22.7, H: 5.4, N: 13.2. 

IR (Neat) cm-1: 3300, 2854-2924, 1228, 1030, 975, 950, 725, 623. 

Mn(O)(tmtacn)SO4.H2O. MnSO4 (1 mmol) dissolved in 2 ml of water was 

added to tmtacn (1 mmol) in 4 ml of methanol and the mixture was stirred well at room 

temperature and then warmed at 40oC for 2 h. It was filtered and kept for evaporation 

for 2-3 days to obtain the Mn(O)(tmtacn)SO4. Solubility – water; yield - 55 % (0.208 g).   

Anal. (wt %): Found- C: 30.6, H: 6.4, N: 11.7. Calcd.- C: 30.3, H: 6.9, N: 11.8. 

IR (Neat) cm-1: 2954-2924, 1647, 1300, 1285, 1083, 1012, 968, 939, 854, 721, 609. 

2.2.3.3.  Preparation of Encapsulated Peraza Macrocyclic Complexes 

The encapsulated complexes of Cu and Mn tacn, tmtacn, cyclen, tmcyclen and 

cyclam were prepared by the “flexible ligand synthesis method” as described below. 

The Cu and Mn catalysts are designated as:  

Cu(tacn)-Y, Cu(tmtacn)-Y, Cu(cyclen)-Y, Cu(tmcyclen)-Y, Cu(cyclam)-Y and 

Mn(tacn)-Y, Mn(tmtacn)-Y, Mn(cyclen)-Y, Mn(tmcyclen)-Y, Mn(cyclam)-Y, 

respectively.  

In a typical preparation of the encapsulated complex, 2 g of Cu-Y or Mn-Y (1.2 

% Cu or Mn) (prepared as in Section 2.2.2.3.) was initially evacuated and then mixed 

with the corresponding perazamacrocyclic ligand in methanol (ligand: metal = 4:1 

mole).  The mixture was heated in a specially designed glass reactor under nitrogen 

atmosphere to 100oC for 1 h. Then, the temperature was slowly raised to 200oC and 

heated for 6 hrs.  It was cooled and the unreacted ligand and the complex on the surface 

were removed by Soxhlet extraction with acetonitrile and acetone for 8-10 h. The 
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zeolite encapsulated Cu and Mn peraza macrocyclic complex thus obtained was dried at 

110 oC for 5 h and used in the characterization and catalytic activity tests. 

 

2.3. CHARACTERIZATION TECHNIQUES 
 

The formation, integrity and purity of the materials prepared were confirmed by 

a variety of physicochemical characterization techniques.  Details of these techniques, 

experimental conditions and sample preparation are as follows. 

2.3.1. Chemical Analysis 

The exact composition of the materials and their molecular formula were 

estimated from elemental analysis (C, H & N) and atomic absorption spectroscopy 

(AAS).  The C, H & N analyses of the samples were done on a Carlo Erba EA 1108 

elemental analyzer. In a typical analysis, about 3 - 5 mg of sample was used to estimate 

the percentage C, H and N contents.  The metal ion composition (Cu and Mn) in zeolite-

encapsulated materials was determined using a Varian Spectr SF-220 atomic absorption 

spectrometer. For AAS analysis, a solution was prepared by dissolving a 40 mg of the 

zeolite-encapsulated catalyst in minimum amount of HF. It was diluted to 25 ml using 

demineralised water. The sample solution, thus prepared, was injected into the sample 

port of the spectrometer. The metal ion content (in ppm) was estimated from the optical 

absorption values and the calibration plot made using standard solutions of different 

concentrations. 

2.3.2. X-Ray Diffraction (XRD)  

Powder XRD is used to study the cation distribution inside the zeolite matrix.  

An empirical relationship exists between the relative peak intensities of (331), (311), 

and (220) reflections and the location of small cations in NaY zeolite [31]. It also 

provides information on the phase purity and crystallinity of the materials. The studies 
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were conducted using a computer-controlled automatic Rigaku Miniflex X-ray 

diffractometer (Model D-MAX II VC, Japan). Ni-filtered Cu-Kα radiation (λ = 1.5404 

Å) was used with a curved graphite crystal monochromator and a NaI scintillator. XRD 

data at 298 K were collected in the 2θ range of 5 - 50° at a scan rate of 4°/min or lower. 

After the background correction, the peak positions were marked and the d-values and 

relative intensities (I/Io) of the peaks were estimated. Finely powdered and sieved (170 

mesh) solid catalysts were used for the XRD analysis. The samples were prepared as 

thin layers on metal or glass slides.  

2.3.3. Sorption Studies 

Sorption experiments provide evidence for the presence of the metal complex 

inside the zeolite cavities.  The extent of pore blocking can be ascertained from the 

decrease in the surface area or pore volume in the encapsulated metal complexes. BET 

surface area was drastically reduced when phthalocyanine and porphyrin complexes 

were incorporated into zeolite X and Y [32].  The surface areas of the samples were 

determined from the N2 adsorption isotherms measured at -100oC by a Coulter 

(Omnisorb 100 CX) instrument.  

2.3.4. Fourier Transform Infrared (FT-IR) Spectroscopy  

This is an important “fingerprint” technique used for the determination of the 

molecular structure of metal complexes (both “neat” and encapsulated), by analyzing 

the characteristic vibrational bands arising from the functional groups.  The FT-IR 

spectra were recorded on a Shimadzu 8201 PC spectrophotometer in the range of 4000-

400 cm-1.  The spectra for the solutions were recorded using a ZnSe ATR circle cell. In 

the case of solids, samples were prepared as Nujol mulls and the spectra were recorded 

in the transmittance (%T) mode.  In a typical IR sample preparation procedure, 10 - 25 

mg of the sample was mulled in Nujol.  The mull was evenly spread over an oval quartz 
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plate and then subjected to FT-IR analyses.  The characteristic vibrational bands of 

Nujol were observed at 2925, 2854, 1465 and 1377 cm-1.  The spectra of the 

encapsulated complexes were measured in the reflectance mode.   

2.3.5. UV-Visible Spectroscopy 

UV-visible absorption spectroscopy, being dependent on the electronic structure 

and the environment of the absorbing chromophore, allows the effective 

characterization or identification of the metal complex.  UV-visible spectra were 

recorded on Shimadzu UV-2550 spectrophotometer in the region 200 – 900 nm.  The 

spectra of the liquid samples were measured in the normal absorption mode.  Diffuse 

reflectance mode was used in the measurement of the solid samples.  The UV-visible 

spectroscopy provided information about the changes in the electronic structure of metal 

complexes after they are encapsulated in zeolites.  The effect of the macrocyclic ring 

and substitution is manifested on the electronic spectra of the compounds. 

2.3.6. Electron Paramagnetic Resonance (EPR) Spectroscopy 

EPR spectroscopy provides information about the molecular electronic structure 

of the metal complexes.  In ideal cases it differentiates the encapsulated metal 

complexes from the surface adsorbed species.  It also provides information about the 

electron spin density distribution and structural changes in the metal complex when it is 

encapsulated inside the zeolite pores [33, 34].  The EPR spectra of the “neat” and 

zeolite-Y-encapsulated complexes were recorded on a Bruker EMX X-band 

spectrometer operating with a 100 kHz field modulation.  Frequency calibration was 

done using a microwave frequency counter fitted in an ER 041 XG-D microwave 

bridge.  Measurements at low temperatures were performed using a Bruker BVT 3000 

temperature controller.  The spectra at -100oC were recorded using a quartz insert 

Dewar. Spectral simulations and manipulations were done using the Bruker Simfonia 
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and WINEPR software packages.  The measurements for liquid samples at 298 K were 

done using a quartz aqueous cell. 
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2.5. SPECTRA OF PERAZA MACROCYCLIC COMPLEXES 
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Chapter 3.  CHARACTERIZATION AND CATALYTIC ACTIVITIES 
OF Cu AND Mn SCHIFF BASE AND PERAZA MACROCYCLIC 

COMPLEXES 

__________________________________________________  

 
3.1.  INTRODUCTION 

Selective catalytic oxidation of hydrocarbons by transition metal complexes in 

homogeneous and heterogeneous phases is of great interest [1, 2].  These catalytic 

entities (metal complexes) can possibly reproduce or mimic the activity of heme-

enzymes (cytochrome P-450 catalases and peroxidases).  The transformation of 

hydrocarbons through the action of metal complexes has often been found to be 

efficient [3].  There have been significant developments in the synthesis, 

characterization and understanding the structure-activity relationships of metal 

complexes and also intrazeolite organometallics [4-6].  Many metal complexes, when 

trapped in zeolites exhibit high activity and selectivity in the oxidation of hydrocarbons 

[7].  Mn(II)-amine complexes  trapped inside zeolite cages possess very good activity 

for hydrocarbon oxidation with TBHP [8, 9].  Many copper salts and copper complexes 

have been reported as biomimetic catalysts for hydrocarbon oxidations [10]. Unlike 

Schiff base complexes, the use of peraza macrocyclic complexes in biomimetic 

catalysis is very recent, though they have been known for many decades.  This chapter 

concerns with the characterization and catalytic activity of neat and encapsulated 

copper and manganese complexes of Schiff base and peraza macrocyclic ligands 

synthesized in Chapter 2.  The catalytic activities of the complexes in epoxidation and 

benzylic oxidation under mild conditions are explored.  

Epoxides are an important and versatile class of organic compounds and as a 

result the selective epoxidation of alkenes is a major area of research [11, 12].  Many 



______________________________________________________________________ 

 

 Chapter 3 

64

epoxides are versatile building blocks in organic synthesis [13].  Both Mn(III) and 

Mn(II) salen complexes [13, 14] and Mn-peraza macrocyclic complexes [15] have been 

reported as good catalysts for epoxidation of olefins (Scheme 3.1).  However, reports 

on the use of either homogeneous or heterogeneous Cu- peraza macrocyclic complexes 

for epoxidation are scarce. 

 

 

Benzylic oxidation is a fundamental synthesis transformation, which converts alkyl 

aromatics to alcohols, aldehydes, ketones or acids depending upon the reaction 

conditions and catalysts  [16].  For e.g., benzylic methylene or methyl groups have 

been converted into carbonyl groups by using cerium ammonium nitrate in hot acetic 

acid, or HNO3.  Enantioselective benzylic hydroxylation has been carried out with 

chiral oxoruthenium porphyrins [17].  Mild conditions and efficient catalysts are 

always preferred in benzylic oxidations [18].  It is now found that Cu and Mn Schiff 

base and peraza macrocyclic complexes are good catalysts for benzylic oxidation under 

mild conditions (Scheme 3.2).      

 

Scheme 3.2 
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3.2. EXPERIMENTAL 

3.2.1. Materials and Instrumentation 

The catalysts used in the reactions were prepared as reported in Chapter 2.  The 

solvents acetonitrile, acetone, methanol and ethylene dichloride (EDC) used in this 

work were of A.R. grade and procured from s. d. fine Chem., India.  The reagents 

styrene and ethylbenzene (99.9% purity) were obtained from Aldrich, USA.  The 

oxidant H2O2 was obtained as a 50% aqueous solution from Merck, India and the exact 

concentration was determined by iodometric titration. TBHP (50%) in EDC was 

prepared from 70% aqueous TBHP (procured from Merck, India) according to the 

procedure reported in the literature [19, 20]. The experimental techniques used in the 

characterization of the metal complexes have already been described in Chapter 2 

(Section 2.3).   

3.2.2. Preparation of Anhydrous tert-Butyl Hydroperoxide (TBHP) (50%) in 

Ethylene Dichloride 

To a 1 litre flask, 70% aqueous TBHP (286 ml) and ethylene dichloride (200 

ml) were added and the mixture was refluxed for 1 – 2 h with efficient stirring.  This 

was cooled and transferred to a 1 litre separatory funnel.  About 50 ml of water was 

removed and the organic layer separated was transferred to a 1 litre two necked flask 

equipped with a Dean-Stark trap and a reflux condenser.  The solution was refluxed 

using a heating mantle.  Water accumulated in the arm of Dean-Stark apparatus was 

removed from time to time.  When water stopped accumulating, the solution was 

cooled under nitrogen and kept over activated 3A molecular sieves.  The composition 

of the TBHP solution was determined by standard titrimetric methods.  The solution 

was found to be 5.0 M in TBHP.  
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3.2.3. Catalytic Activity Studies 

3.2.3.1. Procedure for Styrene Epoxidation 

Epoxidation with H2O2 

The catalyst [Mn(O)(tmtacn)]SO4 (0.7 mg,  0.2 mol%) was added to a solution 

of styrene (0.104 g; 1 mmol) in acetonitrile / acetone (1 ml) solvent.  The reaction 

mixture was cooled to 273 K in an ice bath.  The reaction was carried out by adding aq. 

H2O2 (38%; 0.25 ml, 0.2 ml of solvent) dropwise to the reaction mixture with stirring at 

273 K for at least 20 min.  The progress of reaction was monitored by GC (Varian 

3400; CP-SIL8CB column; 30 m x 0.53 mm) and the products were identified by GC-

MS (Shimadzu QP 5000; DB 1 column; 30 m x 0.25 mm) and GC-IR (Perkin Elmer 

2000; BP-1 column; 25 m x 0.32 mm). 

Epoxidation with TBHP  

In a typical oxidation, styrene (0.104 g; 1 mmol), catalyst (0.2 mol% - in case of 

“neat” complexes and 0.02 g – in case of encapsulated complexes), TBHP (50% in 

ethylene dichloride; 0.42 ml) and CH3CN (1 ml) were mixed in a 25 ml two-necked 

round bottom flask, fitted with a water cooled condenser.  The reaction was carried at 

333 K for 10 – 12 h by placing the flask in a thermostatted oil bath.  The reaction was 

monitored by GC and the products were analysed by GC-MS and GC-IR. 

3.2.3.2.  Procedure for Oxidation of Ethylbenzene 

Oxidation with H2O2  

 To the solution of ethylbenzene (0.053 g; 0.5 mmol) in acetonitrile (1 ml), the 

catalyst [Mn(O)(tmtacn)]SO4 (0.7 mg,  0.4 mol%) was added.   This was followed by 

the dropwise addition of 38% aqueous H2O2  (0.3 ml, 0.3 mmol)  in acetonitrile (0.2 

ml) for a period of 20-30 min keeping the temperature of the oil bath at 333 K.  The 
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reaction was continued at 333 K and the progress of the reaction was monitored by GC.  

The products were analysed by GC-MS and GC-IR. 

Oxidation with TBHP   

 In a 25 ml glass round bottom flask placed in a thermostatted oil bath and fitted 

with a water cooled condenser, were taken ethylbenzene (0.106 g, 1 mmol), catalyst 

(0.2 mol% of ethylbenzene – in case of “neat” complexes and 0.02 g – in case of 

encapsulated complexes), TBHP (50% in ethylene dichloride, 0.42 ml) and CH3CN (1 

ml) and the reaction was conducted at 333 K for 10 h with efficient stirring. The 

progress of the reaction was monitored by GC and the products were analysed by GC-

MS and GC-IR. 

Test for Heterogeneity of Reaction 

Ethylbenzene (0.106 g, 1 mmol), the catalyst (encapsulated complex; 0.02 g), 

TBHP (50% in ethylene dichloride, 0.42 ml) and CH3CN (1 ml) were mixed in a 25 ml 

round bottom flask and the reaction mixture was heated at 333 K.  After 3 h of heating, 

the catalyst was separated by filtration and the reaction was continued further.  The 

reaction was monitored by GC and the products were analysed by GC-MS and GC-IR. 

 

3.3. RESULTS AND DISCUSSION 

3.3.1. Characterization of Neat and Encapsulated Metal Complexes 

3.3.1.1. Copper and Manganese Schiff Base Complexes 

The elemental compositions and IR spectra of the copper and manganese 

complexes with salen ligands (Tables 3.1-3.3) confirmed the stoichiometry and 

structure.  In the case of the encapsulated complexes, the % H values (Table 3.3) have 

contributions also from the zeolite hydroxyl and water molecules.  The compositions of 

the encapsulated complexes were, therefore, confirmed from the C / N ratio (Table 3.3).  
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The experimental values are in good agreement with the calculated values.  The copper 

and manganese contents of the encapsulated zeolite catalysts are presented in Table 3.3.    

 No major changes, except a marginal reduction in peak intensity, were observed 

in the X-ray diffraction patterns of zeolite-Y upon formation and encapsulation of 

metal complexes inside the zeolite cavities.  The results indicate that the encapsulation 

of the complexes did not alter the zeolite framework structure.  Also, encapsulation is 

believed to have occurred as there was a decrease in the BET surface area of the 

encapsulated complexes due to occupation of the pores by the complexes (Table 3.3).  

3.3.1.1.1. FT-IR Spectroscopy 

The “neat” complexes showed a sharp band in the range 1600 – 1650 cm-1 

attributed to the stretching mode of the azomethine group ν(C=N).  A strong band 

corresponding to ν(C=C) appeared in the range 1577 – 1597 cm-1.  The ring vibrations 

and C-O stretching modes appeared in the ranges 1440 – 1541 cm-1 and 1284 – 1340 

cm-1, respectively.  The additional phenyl ring in M(saloph) compared to M(salen) 

complexes enhances electron delocalization in the molecule. These differences are 

more apparent in the spectra of the copper complexes. In Cu(saloph) the band 

corresponding to C=N is shifted from 1647 cm-1 (in salen) to 1608 cm-1.  Similar low 

energy shifts were observed for C=C and the ring vibrational modes.  The band 

corresponding to C-O vibration shifted from 1304 cm-1 in Cu(salen) to 1339 cm-1 in 

Cu(saloph).  These shifts in band positions are consistent with the reported changes in 

X-ray structural parameters [21, 22].  The IR spectra reveal that the band due to C-O 

shifts to lower values in manganese compared to copper complexes.  These results 

reveal that the metal-ligand bond is more covalent in Cu(II) than in Mn(II) complexes. 
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    aCalculated values are given in parentheses.   
    bComplex is associated with one molecule of CH3OH as solvent of crystallization. 

 

 

 

 

 

Table 3.1.  Chemical composition and IR stretching frequencies of neat copper and manganese Schiff base complexes 

Chemical composition (%)a IR data (cm-1) 
Complex Color 

C H N C/N  ν (C=N) ν (C=C) Ring   ν (C-O)

Cu(salen).CH3OHb Green 56.0 

(56.4) 

4.7 

(5.0) 

7.5 

(7.7) 

7.5 

(7.3) 

1647, 

1629 

1596 1541, 

1496 

1304 

Cu(saloph).0.5CH3OH 

 

Brick red 62.4 

(62.3) 

4.4 

(4.1) 

7.2 

(7.1) 

8.7 

(8.6) 

1608 1577 1521, 

1460 

1339 

Mn(salen) 

 

Brown 60.0 

(59.8) 

4.4 

(4.4) 

8.2 

(8.7) 

7.3 

(6.9) 

1627 1598 1541, 

1496 

1284 

Mn(saloph).CH3OH 

 

Reddish 

brown 

61.1 

(60.0) 

4.4 

(4.5) 

6.4 

(6.9) 

9.5 

(8.6) 

1627 1597 1541, 

1496 

1284 
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Bands corresponding to the zeolite framework dominated the IR spectra of the 

encapsulated complexes. Those of the metal complex were weak and masked by the 

zeolite bands due to the low concentration of the former. 

3.3.1.1.2. Electronic Absorption Spectra 

The electronic spectra of both the “ neat” (acetonitrile solutions) and 

encapsulated complexes (Tables 3.2 and 3.3) showed strong absorption bands in the 

UV-region 220-290 nm which can be attributed to intraligand (IL) π → π* transitions.  

The ligand-to-metal charge transfer (LMCT) transition in which the electron is excited 

from a predominantly ligand centered orbital to a predominantly metal centered orbital 

were found in the UV-region 300-400 nm.  The bands due to d-d transition and metal to 

ligand charge transfer transition (MLCT) were observed in the visible region, 400-570 

nm.  

Table 3.2.  Electronic spectral data of copper and manganese salen complexes (0.025 x 

10-3 M) in acetonitrile 

 λmax /nm (ε, l mol-1 cm-1)  Complex 

d-d / MLCT LMCT IL 

Cu(salen) 565 (2400)  362 (76800)  271 (200000), 228 (249600)  

Cu(saloph) 420 (2000)  340 (288800)  290 (401600), 230 (194400)  

Mn(salen) 408 (12800)  312 (62400)  252 (14400), 225 (249600)  

Mn(saloph) 440 (6400)  335 (16000)  248 (29600), 220 (21600) 
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3.3.1.1.3. EPR Spectroscopy 

EPR of Cu(II) and Mn(II) exchanged NaY 

 The EPR spectrum of Cu(II) (1.2 wt.%) exchanged NaY  revealed two types of 

Cu(II) species: Species I (with gx = 2.083, gy = 2.095 and gz = 2.373 and Ax = Ay = 14.5 

and Az = 118.4 G) corresponding to Cu(II) ions located at the hexagonal prism and 

species II (with gav = 2.181, exhibiting dynamic Jahn-Teller effect) corresponding to 

the ions in the supercages (Fig. 3.1a) [22].  Mn(II) (1.2 wt.%) exchanged Na-Y  showed 

a six line spectrum (centered at g = 2.0; Fig. 3.1b) arising from the transitions between 

+1/2> and -1/2> electron spin levels of manganese and due to coupling of electron 

spin with 55Mn nucleus spin  (S = 5/2, I = 5/2). The other fine structure transitions 

corresponding to ms : ±5/2> ↔±3/2> and ±3/2> ↔±1/2> were not resolved, but 

contributed to the background upon which the six major hyperfine resonances were 

Table 3.3. Chemical composition, surface area (S.A.) and DRUV-vis data of zeolite-Y 

encapsulated copper and manganese Schiff base complexes 

Chemical composition (%) 
Complex 

C H N C/N a 

Metal 

% 

S. A. 

m2/g 

DRUV-vis. 

λmax/nm 

Cu-Y; 

Pale blue 

--- --- --- --- 0.96 540 205 

Cu(salen)-Y; 

Brick red 

9.05 2.18 1.37 6.6 

(6.8) 

0.75 253 460, 325, 261 

Cu(saloph)-Y; 

Brick red 

10.1 1.3 1.6 6.4 

(6.8) 

0.80 248 440, 300, 249 

Mn(salen)-Y; 

Brick red 

10.8 

 

1.4 

 

1.2 

 

9.0 

(8.6) 

0.76 229 445, 267, 243 

Mn(saloph)-Y; 

Yellowish green 

11.6 

 

1.2 

 

1.2 

 

8.5 

(8.6) 

0.58 230 450, 326, 250 

aCalculated values are given in parentheses.   
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superimposed. The five weak doublets (marked by arrows; Fig. 3.1c) occurring 

between the sextet components corresponding to ms : -1/2> ↔+1/2> are attributed to 

∆MI = ±1 (forbidden) transitions and a low symmetry molecular environment at Mn(II). 

 

The spectra of both Cu(II) and Mn(II) exchanged NaY reveal the location of the 

metal ions in the hexagonal prisms of the faujasite framework [23]. At higher exchange 

 

Figure 3.1.  X-band EPR spectra of Cu(II) and Mn(II) exchanged NaY (1.2 wt.%) at 

298 K: (a) Cu-Y, (b) Mn-Y and (c) second derivative plot of Mn-Y.  Arrows represent 

forbidden transitions. 

   gz(I)  gav(II)  gx,gy(I) 
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levels more metal ions reside in the supercages resulting in a featureless isotropic 

signal.  

EPR of Neat and Encapsulated Copper Complexes 

The powder samples of “neat” Cu(salen) and Cu(saloph) showed spectra 

characterized by axial g tensors (Fig. 3.2a and Fig. 3.2b, respectively).  The hyperfine 

features due to copper (S = ½, I = 3/2) could not be resolved, even at 77 K, due to 

intermolecular spin-spin interactions of the dimeric molecules in the solid state [21, 

22].  The geometry of Cu(salen) is square pyramidal while Cu(saloph) is square planar. 

The g anisotropy (∆g = g - g⊥) is lower in Cu(saloph) (Table 3.4). 

The intermolecular spin-spin interactions were removed in frozen solutions and 

as a consequence of this, the copper hyperfine splitting was resolved. Typical spectra 

for Cu(saloph) in CHCl3 and pyridine are shown in Figs. 3.3a and 3.3b, respectively.  

The well resolved superhyperfine features (Fig. 3.3a) are due to two equivalent 

nitrogen nuclei of the saloph ligand in the frozen CHCl3 solution. These features could 

not be resolved in strong donor solvents like pyridine (Fig. 3.3b).  The saloph complex 

adopts a planar geometry in CHCl3 and in strong donor solvents it has a square 

pyramidal geometry [22, 23].  

The spin Hamiltonian parameters for frozen solutions of Cu(II), obtained after 

spectral simulations, are listed in Table 3.4. Solvents exerted a marked effect on the g 

and A values of the complexes. The g value increases while A decreases with 

increasing σ-donation capacity of the solvent. For example, the g value of 2.183 for 

Cu(saloph) in CHCl3 increases to 2.227 in pyridine. In strong donor solvents like DMF 

and pyridine, the solvent molecule coordinates to Cu(II) forming a square pyramidal 

geometry around Cu(II). A comparison of values for Cu(salen) and Cu(saloph) reveal 

that due to the additional phenyl ring, Cu(saloph) forms a more stable square pyramidal



______________________________________________________________________ 

 

Chapter 3 

74

  

Figure 3.2.  EPR Spectra (at 298 K) for the polycrystalline samples 

of neat Cu(salen) (a) and Cu(saloph) (b). 

Figure 3.3.  EPR Spectra of Cu(saloph) at 77 K: (a) in CHCl3, (b) 

in pyridine, and (c) zeolite-encapsulated Cu(saloph).  Asterisk 

corresponds to signal due to free radical. 
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(b)  Pyridine
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 (c) Encapsulated
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complex than Cu(salen) (g value for DMF and pyridine solutions varies in the order 

Cu(saloph) > Cu(salen)). The A value in pyridine solvent varies in the order 

Cu(saloph) < Cu(salen)) indicating the greater electron delocalization to ligand orbitals 

in Cu(saloph) than in Cu(salen). 

The spectra for the zeolite-Y-encapsulated copper complexes, Cu(salen)-Y and 

Cu(saloph)-Y are characterized by an axial spin Hamiltonian. A typical spectrum for 

Cu(saloph)-Y at 298 K is shown in Fig. 3.3. Comparison of Fig. 3.3(a) and Fig. 3.3(c) 

confirms that all the exchanged Cu(II) ions in the zeolite were complexed with Schiff 

base ligands. There are no “free” Cu(II) ions in the material. The spectra of the 

encapsulated complexes (Fig. 3.3c) resemble those of the frozen solutions (Fig. 3.3b) 

rather than the “neat” complexes (Fig. 3.2). The resolution in the copper hyperfine 

features confirms that the encapsulated metal complexes were isolated and present as 

monomeric species. The higher g (2.269 for Cu(salen)-Y and 2.282 for Cu(saloph)-Y) 

and lower A (163.3 G for Cu(salen)-Y and 160.0 G for Cu(saloph)-Y) values of the 

encapsulated complexes suggest that copper has a square pyramidal geometry. While 

the Schiff base (salen or saloph) ligand provides quadridentate coordination, the zeolite 

framework (hexagonal prism) provides the fifth coordination. The spectrum for the 

surface–adsorbed copper complex is almost similar to the neat complex (Fig. 3.2).  

Hence, EPR spectroscopy can be used to differentiate the zeolite-encapsulated 

complexes from the surface-adsorbed complexes.   

EPR of Neat and Encapsulated Manganese Complexes 

 Fig. 3.4 depicts the EPR spectra of “neat” Mn(II) complexes. Mn(salen) 

exhibits five signals corresponding to the zero-field transitions. From the spectrum the 

zero-field splitting parameter (D) was estimated to be 0.12 cm-1.  Unlike in Mn-Y, the 

manganese hyperfine features could not be resolved.  In contrast, Mn(saloph), showed  
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a single isotropic resonance at g = 2. The intermolecular exchange interactions in 

Mn(saloph) are, hence, larger than the zero-field interactions (> 0.12 cm-1). These 

interactions in Mn(salen) are an order of magnitude lower than that in Mn(saloph) (> 

0.009 cm-1). 

 Frozen solutions showed resolved Mn(II) hyperfine features. Typical spectra for 

Mn(saloph) in methanol and pyridine are shown in Figs. 3.5(a) and 3.5(b), respectively. 

The forbidden transitions (∆mS = ±1 and ∆MI = ±1) are also visible. In pyridine 

solution, the zero-field transitions (marked by arrows) are more prominent than in 

methanol, probably due to higher zero-field interactions (D = 0.087 cm-1) and the 

tetragonally elongated square pyramidal geometry. It is interesting to note that the 

intensity of the Mn(II) signal decreased in pyridine solution, probably due solvent 

promoted Mn(II) to Mn(III) oxidation.  

 Before the complexation, Mn-Y samples showed a spectrum with the 

characteristic sextet pattern of manganese with a total spectral width of 520 G (Fig. 

3.1(b)). After complex formation the spectrum extends over a wider field range and 

displays fine splitting (marked by arrows; Fig. 3.5(c)). The spectra of the zeolite-

encapsulated Mn(II) Schiff base complexes are similar to those of frozen solutions 

(Figs. 3.5(b) and 3.5(c)). The weak sharp signal at 1600 G corresponds to Fe(III) 

impurity in NaY while the intense signal (deonoted by an asterisk) overlapping with the 

Mn sextet lines corresponds to a free radical. The similarity of zeolite-encapsulated 

complexes and frozen Mn(II) solutions (as in the case of copper complexes) suggests 

that manganese complexes encapsulated in zeolites are isolated and present as 

monomers. The hyperfine coupling constants of zeolite-encapsulated and pyridine 

solvated Mn(II) complexes are lower than that observed in methanol solution and Mn- 
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Figure 3.4.  EPR spectra of the polycrystalline samples (at 298 K); 
(a) Mn(salen) and (b) Mn(saloph). 

Figure 3.5. EPR spectra of Mn(saloph) at 77 K: (a) in CH3OH, (b) 
in pyridine, (c) zeolite-encapsulated Mn(saloph) complex.  Asterisk 
corresponds to signal due to free radical. 
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Table 3.4.   EPR spin Hamiltonian parameters of neat and zeolite-encapsulated Cu(II) and Mn(II) Schiff base 
complexes at 77 K (NR:  not resolved; AN

 : parallel component of the superhyperfine coupling due to nitrogen) 
 
  Complex State g G⊥ -A 

(G) 
-A⊥ 
(G) 

AN
 

(G) 
gav 
(G) 

Aav 
(G) 

D 
cm-1 

Cu(salen) Neat 2.191 2.084 NR NR NR    

 CHCl3/CH3OH(1:3) 2.199 2.067 199.4 26.0 10.8    

 DMF 2.210 2.053 195.3 30.3 NR    

 Pyridine 2.225 2.053 191.3 24.0 NR    

Cu(salen)-Y Encapsulated 2.269 2.051 163.3 28.6 NR    

Cu(saloph) Neat 2.127 2.083 NR NR NR    

 CHCl3 2.183 2.032 115.0 15.0 15.2    

 CH3OH 2.223 2.066 193.0 15.3 NR    

 DMF 2.216 2.060 197.0 31.5 12.6    

 Pyridine 2.227 2.065 187.3 22.6 NR    

Cu(saloph)-Y Encapsulated 2.282 2.061 160.0 29.1 NR    

Mn-Y       2.000 97.6  

Mn(salen) Neat      2.000 __ 0.12 

Mn(saloph) Neat      2.012 NR __ 

 CH3OH      1.998 96.0 __ 

 Pyridine      1.999 92.4 0.09 

Mn(saloph)-Y Encapsulated      1.997 94.6 0.08 
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Y. The zero-field splitting parameter (D) for the encapsulated complexes is similar to 

that of the pyridine-solvated complex suggesting that the geometry of Mn(II) 

complexes in pyridine solutions and in zeolite-Y is distorted. The Mn-ligand bond is 

more covalent, the metal electron density being partially delocalized onto the ligand 

orbitals. 

Electronic Structure and Bonding Parameters 

 The molecular symmetry of the metal salen and saloph complexes is as low as 

C2v. In such a case, the EPR spectrum of these complexes should be characterized by 

three g parameters gx, gy and gz. However, as seen in the previous section, the spectra 

of copper complexes are characterized only by axial g and hyperfine tensors (g and g⊥ 

& A and A⊥). This implies that although the molecular symmetry is low, the 

electronic symmetry at the site of the metal ion is as high as C4v. The g values for the 

copper complexes, with g > g⊥ indicate that the unpaired electron of Cu occupies the 

Table 3.5.  Molecular orbital coefficients and electronic d-d transition energies for neat 

and zeolite-Y encapsulated copper Schiff base complexes 

MO Coefficients Complex State 
α2 α’2 β2 δ2/∆Exz/yz 

    x 105 

d-d transition 
energies (cm-1

) 

Exy – Ex
2

-y
2 

Cu(salen) CH3Cl/ CH3OH 0.836 0.249 0.661 4.91 17,730 

 DMF  0.832 0.253 0.687 3.86 17,361 

 Pyridine 0.839 0.249 0.705 3.83 16,750 

Cu(salen)-Y Encapsulated 0.812 0.277 0.910 3.82 17,391 

Cu(saloph) CH3OH 0.847 0.236 0.734 4.76       17,825 

 DMF 0.845 0.236 0.701 4.31 17,793 

 Pyridine 0.835 0.250 0.699 5.44 16,420 

Cu(saloph)-Y Encapsulated 0.821 0.266 __      4.54 __ 
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3dx
2

-y
2 orbital. The ground state electronic wave function and the bonding parameters 

were evaluated using the ligand field approach described in the literature [24]. Here, α 

and β are the metal d-orbital coefficients for the MOs b1g and b2g representing the in-

plane σ and π bonding, respectively; δ is the coefficient for the MO eg representing the 

out-of-plane π bonding; α’ is the coefficient for the ligand orbitals forming b1g 

molecular orbital. The MO coefficients estimated from the experimental g and A values 

are listed in Table 3.5. 

 The MO coefficients are in general, smaller than unity indicating the covalent 

nature of of the bonding between the metal and the ligand orbitals. UV-vis spectra 

showed a band in the range 16,420-17,825 cm-1 corresponding to the excitation 

transition of B1g ↔ Ag.  The band corresponding to B1g ↔ Eg could not be resolved.  Thus 

the value of δ (coefficient for the out-of-plane bending) could not be estimated, but 

evaluated in units of energy separation.  

 In general, MO coefficients varied in the order β < α suggesting that the in-

plane π bonding (between 3dxy and pπ orbitals) is more covalent than in-plane σ-

bonding (between 3dx2-y2 and pσ orbitals).  The MO coefficients are modified 

considerably on encapsulation.  The coefficient α, characteristic of in-plane σ-bonding, 

decreases while β, characteristic of in-plane π-bonding, increases on encapsulation.  

These results reveal the structural changes undergone by the metal complex on 

encapsulation.  The higher in-plane covalency as indicated by smaller values of α for 

the encapsulated metal complexes (α changes from 0.836 to 0.812 for Cu(salen) and 

0.847 to 0.821 for Cu(saloph)) reveals a larger depletion of electron density at the site 

of the metal in encapsulated complexes than in the neat complexes.  This depletion in 

turn is likely to facilitate nucleophilic attacks by reagents like the tert-butyl 
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hydroperoxide or hydrogen peroxide anions at the metal center.  Since the transition 

metal hydroperoxides are transient species in oxidation catalysis, an enhancement in 

their rates of formation will increase the catalytic activity.  The in-plane covalency 

appears to be higher in salen than in saloph complexes. Even in the Mn complexes, the 

hyperfine coupling constant decreases from 97.6 to 94.6 G on encapsulation suggesting 

a similar depletion of spin density at the site of the metal ion in encapsulated 

complexes.  Hence, a smaller value of α, increased in-plane covalency and reduced 

hyperfine coupling constants are the likely causes for the enhanced catalytic activity of 

the encapsulated copper complexes (Section 3.3.2).  The distortion in molecular 

geometry arising out of encapsulation and the consequent depletion of electron density 

at metal center site are the probable causes for the enhanced catalytic activity of the 

zeolite-encapsulated manganese complexes (Section 3.3.2). 

3.3.1.2. Copper and Manganese Peraza Macrocyclic Complexes 

Various copper and manganese perazamacrocyclic complexes (neat and 

encapsulated) were prepared and the stoichiometry was confirmed by elemental 

analysis (Tables 3.6, 3.7, 3.11 and 3.12).   

3.3.1.2.1. FT-IR Spectroscopy 

Neat Complexes 

Selected IR frequencies of the complexes are presented in Tables 3.6 and 3.7.   

The complexes showed a weak band in the range 1200 – 1300 cm-1 that can be 

attributed to the stretching mode of the ring C-N bond.  Compared to the free ligands, 

there was a red shift of this band by about 10-15 cm-1 after complex formation.  The 

extent of the shift depends on the nature of the co-ordination between the metal and the 

ligand.  In addition to these bands, intense bands around 1070 and 624 cm-1, the 

characteristic frequencies of ClO4 [25] were also observed.  In all the non-methylated  
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Table 3.6. Chemical composition and IR stretching frequencies of copper complexes with 

peraza macrocyclic ligands 

Chemical compositionb (%) IR data (cm-1) 
Complexa 

C H N C/N ν(C-N) ν(C-C) ν (N-H) 

[Cu(tacn)](ClO4)2.2CH3CN;

Green 

25.4 

(25.3) 

4.7 

(4.4) 

13.8 

(14.8) 

1.7 

(1.7) 
1232 1020 3284 

[Cu(tmtacn)](ClO4)2; 

Green 

35.9 

(35.7) 

6.9 

(6.9) 

12.8 

(13.8) 

2.8 

(2.8) 

1251, 

1298 
1020 ---- 

[Cu(cyclen)](ClO4)2. 

2CH3OH ; Blue 

24.2 

(24.0) 

6.6 

(5.7) 

11.3 

(11.2) 

2.2 

(2.1) 
1244 1012 3240 

[Cu(tmcyclen)](ClO4)2; 

Deep Blue 

28.3 

(29.3) 

6.3 

(5.7) 

11.0 

(11.4) 

2.5 

(2.5) 

1278, 

1294 
1018 ---- 

[Cu(cyclam)](ClO4)2; 

Red 

26.2 

(25.9) 

5.2 

(5.2) 

11.8 

(12.1) 

2.2 

(2.1) 
1299 1040 3242 

aSome complexes are associated with solvent of crystallization.  b.Calculated values are 

given in parentheses.   

Table 3.7. Chemical composition and IR stretching frequencies of manganese 

complexes with peraza macrocyclic ligands 

Chemical composition (%)b IR data (cm-1) 
Complexa 

C H N C/N ν(C-N) ν(C-C) ν(N-H) 

[Mn4O6(tacn)4](ClO4)4; 

Brown               (A) 

23.9 

(23.2)

5.1 

(5.3) 

13.5 

(13.5)

1.8 

(1.7) 
1228 1030 3300 

[Mn(O)(tmtacn)]SO4; 

Pale yellow    (B) 

30.6 

(30.3)

6.4 

(6.9) 

11.7 

(11.8)

2.6 

(2.5) 

1285, 

1300 
1012 ---- 

[Mn(cyclen)](ClO4)2. 

3CH3OH;  Green 

26.0 

(25.3)

5.6 

(6.1) 

9.8 

(9.2) 

2.7 

(2.8) 
1278 1018 3200 

[Mn(tmcyclen)](ClO4)2 

2CH3OH;  Brown 

31.6 

(30.8)

5.7 

(6.6) 

10.7 

(10.2)

3.0 

(3.0) 

1286, 

1294 
1026 ---- 

[Mn(cyclam)]ClO4; 

Green 

27.1 

(26.5)

4.8 

(5.2) 

12.0 

(12.3)

2.3 

(2.2) 
1282 1026 3250 

aSome complexes are associated with  molecule solvent of crystallization.  bTheoretical 

values are given in parentheses.   
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 ligands the medium intense band at 3240-3300 cm-1 was due to N-H stretching.  In the 

case of manganese oxo complex A, the IR peak at 725 cm-1 is characteristic of Mn4O6 

skeleton [26].  For the terminal-oxo complex B, the peak at 721 cm-1 is the 

characteristic MnIV = O stretching [27] (Table 3.7).        

3.3.1.2.2. Crystal Structure of [Mn4O6(tacn)4](ClO4)4 

  The molecular structure of complex A isolated as the oxo-bridged Mn-tmtacn 

complex has been confirmed by single crystal X-ray analysis.  Single crystals of the 

complex were grown by slow evaporation of acetonitrile solution.  A dark brown-

colored thin needle of size 0.21 x 0.13 x 0.02 mm was used for the data collection on a 

Bruker SMART APEX CCD X-ray diffractometer using Mo Kα radiation. (50 kV and 

40 mA).  An ORTREP drawing of the complex is shown in Fig. 3.6.  The complex 

crystallizes in a monoclinic, space group P21/n, with unit cell parameters being a = 

24.214 (12) Å, b = 11.310 (6) Å, c = 36.080 (18) Å, β = 91.020 (9) °, V = 9879(9) Å3, Z 

= 4, Dc = 1.691mg / m-3
, µ (Mo–Kα) = 1.304 mm-1, T = 298 (2) K.  Selected bond 

lengths and bond angles of the complex cation of A are given in Table 3.8. Mn has an 

octahedral geometry with +4 oxidation state.  The Mn atoms are linked forming an 

adamantine-like structure.  The ligand tacn acts as the capping unit.   

Table 3.8.  Selected bond lengths [Å] and angles [°] of Mn4O6(tacn)4](ClO4)4.H2O 
           __________________________________________________________ 
   
             Mn(1)-O(1)                     1.797(7)  
             Mn(1)-O(5)                     1.811(7)  
             Mn(1)-O(4)                     1.824(7)  
             Mn(1)-N(2)                     2.125(9)  
             Mn(1)-N(3)                     2.126(9)  
             Mn(1)-N(1)                     2.135(9) 

O(1)-Mn(1)-O(5)               98.8(3) 
O(1)-Mn(1)-N(2)               89.2(4) 
N(2)-Mn(1)-N(3)               80.3(4) 
Mn(1)-O(1)-Mn(2)             128.5(4) 

 _________________________________________________________ 

 



______________________________________________________________________ 

 

 Chapter 3 

84

 

Figure 3.6.  ORTREP view of the bridged oxo-tetranuclear Mn(IV) complex cation 

[Mn4O6(tacn)4]4+.  

         
Encapsulated Complexes 

Bands corresponding to the zeolite framework dominated the IR spectra of the 

encapsulated complexes; so the peaks due to the metal complexes were weak and 

masked by the zeolite bands due to the low concentration of the former (Fig. 3.7). 

3.3.1.2.3. Electronic Spectroscopy 

Neat Complexes 

The copper complexes exhibited a weak absorption band in the visble range 

500-640 nm attributable to d-d transitions.  A strong ligand-to-metal charge transfer 

(LMCT) transition was found in the UV-region 250-300 nm (Table 3.9, Fig. 3.8).  The 

size of the macrocyclic ligand and N-methylation affected the structure.  There was a 
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red shift in the d-d transition band with an increase in the number of nitrogens and ring 

size.  As a consequence of this, the d-d band shifted from 640 nm in [Cu(tacn)]+2 to 500 

nm in [Cu(cyclam)]2+ (Fig. 3.8; see inset).  The LMCT band also shifted from 268 nm 

in [Cu(tacn)]+2 to 255 nm in [Cu(cyclam)]+2. The shift in band position to higher energy 

side indicates that the tetraaza ligand (cyclam) provides higher stability than the triaza 

ligand (tacn) and the ligand field is stronger in cyclam than in tacn complexes.  Red 

shift in band position was observed in the with N-methylated complexes suggesting a 

decrease in their stability due to steric strain induced by the methyl groups [28].   

The Mn complexes of cyclen and cyclam exhibited d–d transitions in the range 

550 – 635 nm and LMCT transitions in the range 270-380 nm (Table 3.10). The d-d 

bands of oxo- Mn complexes could not be detected, as they might be very weak.  This 

also suggests that Mn has high symmetry.  X-ray structure of A confirms this 

hypothesis.   

 

Table 3.9. Electronic spectral data of copper peraza macrocyclic complexes (0.025-

0.1 x 10-3 M) in acetonitrile 

λmax/nm (ε, l mol-1 cm-1) Complex 

d-d LMCT 

[Cu(tacn)](ClO4)2; Green  

(0.5 x 10-3M) 
640 (260) 268 (15800) 

[Cu(tmtacn)](ClO4)2; Blue 

(0.1x10-3M) 
610 (40) 290 ((2990) 

[Cu(cyclen)](ClO4)2.2CH3OH; 

Deep blue 
590 (2960) 273 (56800) 

[Cu(tmcyclen)](ClO4)2 

Fluorescent blue 
585 (3880) 300 (51286) 

[Cu(cyclam)](ClO4)2 

Red 
500 (1760) 255 (138800) 
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Figure 3.7. FT-IR spectra of “neat” and zeolite-Y-encapsulated Cu(II)-tacn, cyclen and cyclam complexes. 

3500 3000 2500 2000 1500 1000 500

  Cu(cyclam)(ClO4)2

Cu(cyclen)(ClO4)2

Cu(tacn)(ClO4)2%
 T

ra
ns

m
itt

an
ce

Wave number (cm-1)
4000 3500 3000 2500 20001500 1000 500

Cu(cyclam)-Y

Cu(cyclen)-Y

Cu(tacn)-Y%
 T

ra
ns

m
itt

an
ce

Wave number (cm-1)



______________________________________________________________________ 

 

 Chapter 3 

87

 

Figure 3.8.   UV-vis spectra of neat Cu peraza macrocyclic complexes in acetonitrile. 

Table 3.10.  Electronic spectral data of manganese peraza macrocyclic complexes 

(0.0125 x 10-3 M) in acetonitrile 

λmax/nm (ε, l mol-1 cm-1) Copper Complex 

d-d LMCT IL 

[Mn4O6(tacn)4]4ClO4.H2O 

Deep brown 

----- 340 (400) 224 (7200) 

[Mn(O)(tmtacn)]SO4 
a 

Pale yellow 

----- 300 (490) 245 (2760) 

[Mn(cyclen)](ClO4)2.3CH3OH  

Green 

635 (4160), 

555 (3200) 

380 (28000), 

270 (170400) 

220 (296000) 

[Mn(tmcyclen)](ClO4)2.2CH3OHb 

Brown 

----- 277 (1516) 220 (3860) 

[Mn(cyclam)](ClO4)2. 

Green 

635 (12000), 

550 (12800) 

380 (27200), 

290 (137600) 

225 (174400) 

a0.5x10-3 M in H2O.  b0.5x10-3 M in acetonitrile. 
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 Encapsulated Complexes 

When the complexes were encapsulated in zeolite-Y, again the d-d band shifted 

to the higher energy side (by 15 nm in cyclam and 20 nm in tacn complexes) (Table 

3.11; Fig. 3.9). Thus, the stability of the complexes is enhanced when they are 

encapsulated in the pores of the zeolite-Y. The position of the d-d band corresponds to 

a square pyramidal geometry for [Cu(tacn)]2+ and a square planar geometry for 

[Cu(cyclen)]2+ and [Cu(cyclam)]2+ [29].    

Similar to that observed in the copper complexes, the Mn complexes also 

showed a red shift in both d-d or LMCT band positions with an increase in the size of 

the ligand and N-methylation, consistent with increasing stability.    

 

 

Table 3.11.  Chemical compositions, surface area (S.A.) and DRUV-vis data of zeolite-

encapsulated copper peraza macrocyclic complexes 

Chemical composition (%) 
Complex 

C H N C/N a
Metal 

(%) 

S. A. 

m2/g 

DRUV-vis. 

λmax/nm 

Cu-Y; 

Pale blue 

--- --- --- --- 0.96 540 205 

Cu(tacn)-Y; 

Yellowish green 

4.2 1.5 2.0 2.1 

(1.7) 

0.59 498 435, 320, 280, 

208 

Cu(tmtacn)-Y; 

Yellow 

3.8 1.9 1.5 2.5 

(2.5) 

0.65 490 450, 280, 250, 

205 

Cu(cyclen)-Y; 

Green 

5.4 2.4 2.2 2.5 

(1.7) 

0.77 485 610, 382, 300, 

212 

Cu(tmcyclen)-Y; 

Blue 

3.2 2.0 1.0 3.1 

(2.6) 

0.76 460 638, 315, 280, 

210 

Cu(cyclam)-Y 

Pink 

2.7 2.1 1.0 2.7 

(2.1) 

0.82 405 485, 342, 282, 

215 
aTheoretical values are given in parenthesis.   
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Figure 3.9.  DRUV-vis spectra of Cu-peraza macrocyclic complexes encapsulated in 

zeolite-Y. 

Table 3.12.  Chemical compositions, surface area (S.A.) and DRUV-vis data of zeolite-

encapsulated manganese peraza macrocyclic complexes 

Chemical composition (%) Complex 

C H N C/N a 

Metal 

% 

S. A. 

m2/g 

DRUV-vis 

λmax/nm 

Mn-Y; 

Pale pink 

--- --- --- --- 0.88 550 242, 265 

Mn(tacn)-Y; 

Red 

3.5 2.2 1.5 2.3 

(1.7) 

0.57 472 625, 520, 405, 

315 

Mn(tmtacn)-NaY; 

Yellow 

5.2 2.4 1.6 3.2 

(2.8) 

0.52 468 565, 420, 336, 

285 

Mn(cyclen)-Y; 

Yellow 

4.4 2.2 1.7 2.5 

(1.7) 

0.54 470 590, 488, 395, 

300 

Mn(tmcyclen))-Y; 

Yellow 

4.2 2.1 1.5 2.8 

(2.6) 

0.62 456 560, 428, 325, 

280 

Mn(cyclam)-Y; 

Yellow 

3.9 3.2 1.2 2.3 

(2.1) 

0.64 337 510, 430, 325, 

285 
aTheoretical values are given in parenthesis.   
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3.3.1.2.4. BET Surface Area 

Surface area (SBET) of the encapsulated complexes decreased systematically 

with an increase in the molecular dimensions of the macrocyclic ligand (Tables 3.11 

and 3.12).  SBET decreased from 540 m2/g (for Cu-Y) to 498 m2/g for Cu(tacn)-Y, 485 

m2/g for Cu(cyclen)-Y and 405 m2/g for Cu(cyclam)-Y.  The surface area decreased 

also due to methyl substitution (Table 3.11).  This is one of the direct evidences to 

show that the complexes are encapsulated in the cages of zeolite-Y.  The decrease in 

SBET is smaller in the present case compared to that observed for the encapsulated 

copper phthalocyanine complexes (203 m2/g) [30].  This is perhaps due to the smaller 

dimensions of the peraza complexes (5.5 – 8 Å) compared to the phthalocyanine 

complexes (> 12 Å).   

 

Figure 3.10. DRUV-vis spectra of Mn-peraza macrocyclic complexes encapsulated 

in zeolite-Y. 
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3.3.1.2.5. EPR Spectroscopy 

Cu(cyclam)2+ in CH3CN showed a EPR spectrum at 77 K characteristic of axial 

symmetry (Fig. 3.11). Hyperfine features due to copper were resolved in the parallel 

region. Polycrystals of “neat” Cu(cyclam)2+ did not show such resolved copper 

hyperfine features (Fig. 3.11) due to the intermolecular interactions that were obviously 

avoided in frozen solutions and also in the encapsulated complexes. The similarity in 

the EPR spectra of frozen solution and encapsulated Cu(cyclam)2+ complexes reveals 

 
Figure 3.11.  EPR spectra of [Cu(cyclam)](ClO4)2. at 100 K (a) polycrystals, (b) 

frozen CH3CN solution and (c) Zeolite –Y encapsulated complex.  

 

2.6 2.4 2.2 2.0 1.8 1.6

Cu(cyclam)(ClO4)2
      in CH3CN

Cu(cyclam)-Y

Cu(cyclam)(ClO4)2

In
te

ns
ity

 (a
. u

.)

g-value



______________________________________________________________________ 

 

 Chapter 3 

92

that (Fig. 3.11) the geometry of the complex does not change significantly upon 

encapsulation.  Fig. 3.12 shows the EPR spectra of the “neat” and frozen methanolic 

spectra of Cu complexes.  

Fig. 3.13 shows the EPR spectra of copper exchanged Y and the encapsulated 

complexes. Cu-Y exhibitd a spectrum characterized by spin Hamiltonian parameters of 

g = 2.395, g⊥ = 2.083 and A(Cu) = 126.4 G. These signals due to exchanged Cu 

ions were absent in the spectra of encapsulated tmtacn, cyclen, tmcyclen and cyclam 

indicating that nearly all the exchanged Cu(II) ions formed the complexes. A small 

quantity of uncomplexed Cu(II) ions were noticed in Cu(tacn)-Y. Spectral simulations 

revealed a considerable change in the g and A(Cu) parameters of the different Cu 

 

Figure 3.12.  EPR spectra of neat copper peraza macrocyclic complexes 298 K. 
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complexes (Table 3.13). The spectrum of Cu(cyclam)2+ corresponds to that of a square 

planar complex and that of Cu(cyclen)2+ and Cu(tmcyclen)2+ are attributable to weakly 

pentacoordinated structures. The high g and low A values of Cu(tacn)2+ and 

Cu(tmtacn)2+ indicate square pyramidal geometry and depletion of electron density at 

the site of Cu(II). The latter can happen if the geometry is distorted and Cu is out of the 

basal plane. X-ray structures of Cu(tacn)Cl2 [31] and Cu(tacn)Br2 [32] reveal a 

distorted square pyramidal geometry wherein the cyclic triamine occupies two 

equatorial sites and one axial site.  The Cu atom is raised by about 0.2 Å from the basal 

plane  toward the axial  nitrogen  atom.  Such  a  distortion in the geometry can lead to 

small hyperfine coupling parameters. The shift in the d-d band position (Fig. 3.9) also  

 

Figure 3.13.  EPR spectra of Cu-Y and encapsulated peraza macrocyclic complexes 

at 298 K. 
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parameters are observed when the complexes are encapsulated in the pores of zeolite-

Y, again revealing that the structure of the complexes is not changed due to 

encapsulation. 

Mn peraza macrocyclic complex A showed a broad EPR signal (line width 825 

G) with g = 2.00 indicating intramolecular manganese interactions.  Complex B 

showed a signal at g = 2.00 having line width 436 G.  All other Mn complexes also 

showed a broad signal centered at g = 2.00 and line width of about 450 G, characteristic 

of a high spin mononuclear manganese ion.  Mn-Y samples showed a sextet pattern 

with giso = 1.99 and |A| = 96 G indicating an octahedral geometry for Mn.  After 

complex formation there was a decrease in manganese hyperfine coupling constant (A) 

value consistent with a decrease in the symmetry (Table 3.14; Fig. 3.14).  Unlike rest of 

the complexes, Mn(tacn)-Y showed zero field transitions at 2280, 2912, 3466 and 4372 

G. The Mn hyperfine features could not be resolved.  The spectral features indicate a 

distorted geometry. 

Table 3.13.  EPR parameters of neat and zeolite-Y encapsulated copper peraza 

macrocyclic complexes  

Catalyst a g g⊥ A (G) A⊥ (G) 

Cu(tacn)(ClO4)2 .2CH3CN 2.288 2.098 155.5 35.0 

Cu(tmtacn)(ClO4)2 2.245 2.045 170.0 13.0 

Cu(cyclen)(ClO4)2.2CH3OH 2.192 2.068 170.0 13.0 

Cu(tmcyclen)(ClO4)2 2.200 2.095 182.9 10.0 

Cu(cyclam)(ClO4)2 2.180 2.081 207.0 25.0 

Cu(tacn)-Y 2.229 2.056 166.9  

Cu(tmtacn)-Y 2.305 2.067 148.4  

Cu(cyclen)-Y 2.205 2.057 180.4  

Cu(tmcyclen)-Y 2.207 2.063 173.7  

Cu(cyclam)-Y 2.178 2.047 202.0  

Cu-Y 2.395 2.083 126.4  
a For neat samples spectra are recorded in methanol at 77 K.    
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Table 3.14. EPR parameters of neat and zeolite –Y encapsulated manganese peraza 

macrocyclic complexes 

Complex gav Aav(G) 

Mn4O6(tacn)4(ClO4)4 (A) 2.00 NR 

Mn(O)(tmtacn)SO4 (B) 2.00 NR 

Mn(cyclen)(ClO4)2   2.00 NR 

Mn(tmcyclen)(ClO4)2 2.00 NR 

Mn(cyclam)(ClO4)2 2.00 NR 

Mn(tacn)-Y 2.00 NR 

Mn(tmtacn)-Y 2.00 94.6 

Mn(cyclen)-Y 2.00 93.6 

Mn(tmcyclen)-Y 2.00 93.6 

Mn(cyclam)-Y 2.00 93.2 

Mn-Y 1.99 96.0 

 

Figure 3.14.  EPR spectra of Mn-Y and Mn-peraza macrocyclic complexes 

encapsulated in zeolite –Y. 

2000 2500 3000 3500 4000 4500
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3.3.2. Catalytic Activity of the Complexes 

3.3.2.1. Epoxidation of Styrene 

3.3.2.1.1. Schiff Base Complexes as Catalysts 

Schiff base complexes of Cu(II) and Mn(II) exhibited good activity in the 

epoxidation of styrene with TBHP (Table 3.15).  The reaction did not occur when H2O2 

was used as the oxidant in place of TBHP.  The activity was low when the reactions 

were carried out at 298 – 313 K (conversion = 13.4%, selectivity 18% for epoxide and 

64.6% for benzaldehyde at 298 K).  Hence the epoxidation were carried at higher 

temperature, 333 K.  Heterogenization has amarked effect on the activity and product 

selectivity.  The encapsulated complexes are more active than the neat complexes 

(Table 3.15).  Selectivity for benzaldehyde is more over the encapsulated complexes 

Table 3.15.    Oxidation of styrene with neat and zeolite – Y encapsulated Schiff 

base Cu and Mn complexes 

 Selectivity (%) Catalyst Conv. 

% PhCHO Ph.Oxirane PhCH2CHO Othersa 

TON

Cu(salen) 32.3 42.3 32.4 3.7 21.6 16.1 

Cu(salen)-Y 48.8 44.2 33.4 5.6 16.8 20.3 

Cu(saloph) 29.7 38.4 35.6 2.8 23.2 14.9 

Cu(saloph)-Y 45.5 50.3 19.2 --- 30.5 19.0 

Mn(salen) 30.7 37.6 37.4 2.9 22.1 15.4 

Mn(salen)-Y 44.4 53.3 26.2 --- 20.5 15.8 

Mn(saloph) 24.6 39.6 34.3 4.5 21.6 12.3 

Mn(saloph)-Y 33.3 56.9 17.2 3.4 22.5 15.2 

Reaction conditions: Styrene (1 mmol); catalyst, neat (0.2 mol%) and encapsulated 

(20 wt%); TBHP (1.5 equivalents); temp. (333 K); solvent = acetonitrile (1 ml); time 

(10 h).  TON = number of moles of styrene converted per mole of the metal 

complex. aIncludes products arising form ring opening and over oxidation. 
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compared to neat complexes. The Cu complexes possess a slightly larger activity than 

the Mn complexes.  For the Cu complexes, the epoxide yield increases on 

encapsulation inspite of lower selectivity; for the Mn case, epoxide yield is not affected 

for salens but decreases in the case saloph on encapsulation. 

3.3.2.1.2. Peaza Macrocyclic Complexes as Catalysts 

Peraza macrocyclic copper and manganese complexes (except Mn-tmtacn) were 

also not active as catalysts with hydrogen peroxide for the oxidation of styrene. When 

the homogeneous reaction with [Mn(O)(tmtacn)]SO4 was carried out without buffer in 

acetonitrile solvent only vigorous a decomposition of the oxidant was observed giving 

a very low yield of epoxide (4.0% in 3 h).  However, a higher conversion (23.2%) was 

obtained in the presence of oxalate buffer.  Solvent plays an important role in the 

reaction for both homogeneous and heterogeneous catalysts (Table 3.16).  The 

Table 3.16.   Epoxidation of styrene with H2O2 catalyzed by neat and zeolite-Y 

encapsulated Mn-tmtacn complexes in different solvents 

Selectivity % Catalyst Solvent Time 

(h) 

Conv 

% Phenyl 

oxirane 

PhCHO 

TON 

[Mn(O)(tmtacn)]SO4 Acetonitrile  3 4.0 67.2 31.1 20 

Acetonitrile 3 23.2 90.0 6.5 116 [Mn(O)(tmtacn)]SO4 

+ Oxalate buffer Acetone 4 48.3 92.0 5.9 241 

Acetonitrile 8 4.4 96.3 2.1 23 Mn(tmtacn)-Y  

 (No buffer) Acetone 8 14.2 93.8 2.8 74 

Reaction conditions: Styrene (1 mol); solvent (1 ml); [Mn(tmtacn)]SO4 (0.2 µmol );  

oxalate buffer: oxalic acid (3 µmol), sodium oxalate (3 µmol); H2O2 (2 mmol, 40 % 

aqueous solution gradually added for 20-25 min along with 0.2 ml of solvent); temp. 

273 K.  For heterogeneous reaction with 1.2 % Mn(tmtacn)-Y same reaction conditions 

were chosen.  TON = number of moles of styrene converted per mole of the metal 

complex. 
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encapsulated complex was not much active in acetonitrile but was active in acetone.  

No buffer was used with the encapsulated complexes. The encapsulated catalyst was 

not better than homogeneous catalyst except for a marginal improvement in selectivity 

and the ease of catalyst recovery.  Though the N-methylated tacn Mn-tmtacn complex 

catalyzed styrene epoxidation, only the decomposition of H2O2 was observed with Mn-

tacn complex.  However, with Mn-cyclen and Mn-tmcyclen neither epoxidation nor 

decomposition of H2O2 was observed.  The catalytic activity of Mn(tmtacn) 

encapsulated in NaY is found less than that of homogeneous Mn(tmtacn) catalyst (with 

buffer).  Acetone was found to be the better solvent with H2O2 as oxidant in both neat 

and encapsulated complexes.  This is attributed to the formation of 2- hydroxy-2-

hydroperoxy propane (Scheme 3.3), an intermediate oxidant [33]. 

The other copper and manganese peraza macrocyclic complexes were active 

catalysts with TBHP as oxidant (Tables 3.17 and Table 3.18).  Most of the 

homogeneous catalysts gave epoxide in very low selectivity (less than 20%).  

However, Cu(cyclam) gave a better selectivity (31.8 %) (Table 3.17).  The formation 

of of benzaldehyde (about 50 – 60% selectivity) was observed in all the cases with a 

small amount of phenyl acetaldehyde.  A higher turnover number was achieved with 

Cu-tacn complexes.  Conversion was observed to decrease with increase in ring size 

and N-methylation of the ligand.  Cu+2 exchanged NaY also catalyzes the epoxidation 

 

Scheme 3.3.  Hydroperoxide intermediate formed during the oxidation with acetone 

solvent. 
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(Table 3.17) to a considerable extent [9].  The dependence of catalytic conversion and 

selectivity on temperature in the case of Cu(cyclam) catalyst is presented in Fig. 3.16 

and Fig. 3.17.  The  optimum  temperature  was  found  to be 333 K (Fig. 3.16) for the  

 

Figure 3.15. Epoxidation of styrene over [Cu(cyclam)](ClO4)2 at different 

temperatures with TBHP oxidant.     

 

Figure 3.16. Effect of temperature on epoxide selectivity in the epoxidation of styrene 

over [Cu(cyclam)](ClO4)2 and TBHP oxidant.     
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epoxidation.  Selectivity was found to be lower at lower conversions with the 

formation of much benzaldehyde but it increased at higher conversions.  It is noticed 

that the selectivity also increases with increase in temperature (Fig. 3.16).  Conversion 

tends to increase very slowly (beyond 40 %) after about 4 h run duration at 343 K, but 

continues to rise to about 65 % in 10 h at 333 K.  This is attributed to slower TBHP 

decomposition at lower temperature and its less availability for reaction. 

Table 3.17.  Epoxidation of styrene with TBHP over neat and Na-Y encapsulated 

Cu-peraza macrocyclic complexes 

Selectivity (%) Catalyst Conv. 

% 

TOF 

(h-1) Phenyl 

oxirane 

PhCHO PhCH2CHO Othersa

[Cu(tacn)](ClO4)2 96.0 48.0 18.5 23.9 1.0 56.6 

[Cu(tmtacn)](ClO4)2 51.2 25.6 10.1 56.4 10.2 23.3 

[Cu(cyclen)](ClO4)2 69.0 34.5 16.0 40.4 12.2 31.4 

[Cu(tmcyclen)](ClO4)2 33.6 16.8 15.2 60.1 1.9 22.8 

[Cu(cyclam)](ClO4)2 65.1 32.5 31.8 42.7 3.7 21.8 

Cu(tacn)-Y 61.2 32.9 10.3 43.2 5.1 41.4 

Cu(tmtacn)-Y 27.6 13.8 9.6 58.4 8.1 23.9 

Cu(cyclen)-Y 44.3 18.2 13.6 59.3 9.3 17.8 

Cu(tmcyclen)-Y 38.7 16.0 10.8 55.1 11.7 22.4 

Cu(cyclam)-Y 35.8 13.8 22.0 51.5 8.3 18.2 

Cu-Y 27.4 8.4 13.0 58.7 4.1 24.2 

Reaction conditions:  Styrene (1mmol); catalyst: neat (0.2 mol %) and encapsulated 

in Zeolite –Y (20 wt.%); TBHP (1.5 equivalents); temp. (333 K); acetonitrile (1 ml); 

time =10 h.  TOF = number of moles of styrene converted per mole of the metal 

complex per hour.  aIncludes products arising from ring opening and over-oxidation. 
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The epoxide selectivity is generally found to be small in the case of Mn 

complexes (Table 3.18).  Only 4.6% selectivity for epoxide is observed with the 

isolated [Mn4O6(tacn)4](ClO4)4 complex (Section 3.3.1.2.2).  The reaction proceeds in 

an uncontrolled way producing many byproducts such as 1-phenyl-1,2-ethylene 

carbonate (I) and tert-butyl-4,5-dihydro-3-isooxazole carboperoxoate (II) (Scheme 3.4) 

other than benzaldehyde (identified by GC-MS and GC-IR).  These products are 

probably formed from the oxidation of the solvent (acetonitrile) and epoxide ring 

opening. 

Table 3.18.  Epoxidation of styrene over neat and Zeolite –Y encapsulated Mn-peraza 

macrocyclic complexes 

 Selectivity (%) Catalyst Conv 

% 

TOF 
PhCHO Phenyloxirane  PhCH2CHO Othersa 

Mn4O6(tacn)4(ClO4)4 18.4 9.2 36.1 4.6 2.6 43.3 

Mn(tacn)-Y   38.5 18.3 49.5 21.3 2.3 26.9 

Mn(cyclen)(ClO4)2 36.6 18.3 55.9 18.9 8.5 16.7 

Mn(cyclen)-Y 58.1 27.9 49.0 16.0 8.2 26.8 

Mn(tmcyclen)(ClO4)2 22.7 11.4 61.8 15.8 5.9 16.5 

Mn(tmcyclen)-Y 32.3 16.1 53.0 7.3 4.0 35.7 

Mn(cyclam)(ClO4)2 43.9 22.0 58.5 15.9 5.2 20.4 

Mn(cyclam)-Y 29.8 12.4 55.9 25.8 6.5 11.8 

Mn-Y 24.0 7.3 56.4 18.4 2.9 22.3 

Reaction Conditions: EB (1 mmol); catalyst: neat (0.2 mol %) and encapsulated in 

Zeolite –Y (20 % by wt.); TBHP (1.5 equivalents); temp.(333 K); acetonitrile (1 ml); 

time (10 h). TOF = number of moles of styrene converted per mole of the metal 

complex per hour.  aIncludes products arising form ring opening and over oxidation. 
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3.3.2.2. Oxidation of Ethylbenzene 

3.3.2.2.1. Schiff Base Complexes as Catalysts 

Schiff base complexes were not active catalysts for ethylbenzene oxidation with 

H2O2 oxidant.  However, with TBHP they could catalyze the oxidation under mild 

conditions.  The results are presented in Table 3.19.  An enhancement in the catalytic 

(I) 
(II) 

Scheme 3.4. Side products observed during styrene epoxidation. 

Table 3.19.  Oxidation of EB with TBHP over neat and zeolite –Y encapsulated Cu 

and Mn Schiff base complexes 

Selectivity (%) Catalyst Conv. 

% 

Time 

(h) AcPh p- Hydroxy AcPh 

 

Othersa 

TOF 

Cu(salen)  35.3 8 68.0 2.4 29.6 11 

Cu(salen)-Y 37.1 10 88.7 1.1 10.2 15 

Cu(saloph) 47.6 10 71.6 5.3 23.1 12 

Cu(saloph)-Y 38.6 10 93.3 0.8 5.9 14 

Mn(salen)  37.2 9 89.9 4.3 5.8 10 

Mn(salen)-Y 31.8 9 93.7 0.6 5.7 11 

Mn(saloph)  44.0 10 96.7 3.2 3.3 13 

Mn(saloph)-Y 35.7 10 96.1 ---- 3.9 16 

Reaction conditions: EB (1 mmol); catalyst: neat (0.4 mol %) and encapsulated in 

Zeolite –Y (20% by wt.); TBHP (1.5 equivalents); temp. (333 K); acetonitrile (1 ml); 

time (10 h).  TOF = number of moles of styrene converted per mole of the metal 

complex per hour. aIncludes peroxo compounds, benzaldehyde, styrene etc. 
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activity of the complexes (based on TOF) is noticed when encapsulated.  This 

enhancement may be due to the isolation of complex molecule inside the pores and the 

environment provided by the zeolite framework as seen in the EPR studies.     

3.3.2.2.2. Peraza Macrocyclic Complexes as Catalysts 

Only [Mn(O)(tmtacn)]SO4 was active catalyst for the oxidation of ethyl 

benzene with H2O2.  The results are presented in Table 3.20 and Fig. 3.17.  

Acetophenone and 1-phenyl ethanol were the benzylic products obtained.  About 5% 

ring hydroxylated products were also obtained as side products.  The side products 

were benzaldehyde and styrene.  Most of the conversion was obtained during the first 2 

h and it remained constant thereafter. This may be due to decomposition of the catalyst 

or the H2O2.  The selectivity was constant throughout the reaction.     

 

 

 

 

Table 3.20. Oxidation of ethylbenzene with Mn(O)(tmtacn)SO4 catalyst using H2O2 

Hydroxy AcPh Time  

(h) 

Conv. 

 % 

Benzylic Sel. 

 % o- p- 

Othersa 

1 38.4 67.5 10.2 11.2 11.1 

2 47.1 52.9 4.4 4.5 38.2 

4 50.6 57.6 5.2 3.6 33.6 

6 51.5 56.8 5.4 4.3 33.5 

10 56.7 63.2 5.2 5.2   26.4 

aIncludes peroxo compounds, benzaldehyde, styrene etc. 
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Peraza macrocyclic Cu complexes exhibit good activity in the oxidation of 

ethylbenzene using TBHP (Table 3.21).  The reaction does not proceed in the absence 

of metal complexes. Also no reaction occurs when aqueous H2O2 was used in place of 

TBHP, as the oxidant. Acetophenone (AcPh) is the major product.  

Hydroxyacetophenones and other products such as benzaldehyde and styrene are also 

formed in small quantities.  In the case of neat complexes, formation of 5 – 6% of EB-

peroxide is observed which is not seen in encapsulated complexes.  The type of the 

macrocyclic ring affects the product selectivity.  Aromatic ring hydroxylation is more 

with “neat” tetraaza macrocyclic complexes than with the triaza complex. It decreas 

with different peraza ligands in the order: tmcyclen > cyclen > cyclam > tacn > tmtacn.  

Aromatic ring hydroxylation is suppressed significantly when the reactions are 

 

Figure 3.17.  Oxidation of ethylbenzene to AcPh with H2O2 oxidant using 

[Mn(O)(tmtacn)]SO4.  

0 2 4 6 8 10
0

10

20

30

40

50

60

70

 % Conv.
 % Select.

%
 C

on
v.

/S
el

.

Duration (h)



______________________________________________________________________ 

 

 Chapter 3 

105

conducted using the encapsulated complexes.  The encapsulated complexes show 

enhanced selectivity for AcPh.  The extent of selectivity enhancement (for AcPH) is  

more in the case of tetraaza complexes  (13 – 16%) than with the triaza complex (6%).  

 

Mn complexes are less active than Cu complexes in ethyl benzene oxidation.  

Both the turn over number and selectivity are comparatively smaller (Table 3.22).  Ring 

hydroxylated products are also more. Higher conversion is observed with the complex 

[Mn4O6(tacn)4](ClO4)4; however, benzylic selectivity is not good.  Considering the turn 

Table 3.21.  Oxidation of EB with various neat and zeolite –Y encapsulated Cu-cyclic 

amine complexes 

Selectivity (%) Catalyst Conv. 

% 

Time 

(h) 

TOF 

AcPh p-Hydroxy AcPh Othersa 

[Cu(tacn)](ClO4)2 49.6 10 24.8 91.0 3.7 5.3 

Cu(tacn)-NaY 37.0 10 19.8 97.0 2.9 0.1 

[Cu(tmtacn)](ClO4)4 24.5 10 12.3 79.8 5.5 14.7 

Cu(tmtacn)-NaY 11.2 10 6.6 76.0 3.7 20.3 

[Cu(cyclen)](ClO4)2 19.0 8 11.8 64.2 8.0 27.8 

Cu(cyclen)-Y 30.5 10 12.6 80.2 4.3 15.5 

[Cu(tmcyclen)](ClO4)2 35.1 10 17.6 71.0 13.5 15.5 

Cu(tmcyclen)-Y 27.8 10 11.2 85.9 6.3 7.8 

[Cu(cyclam)](ClO4)2 44.5 10 11.1 85.9 7.8 6.3 

Cu(cyclam)-Y 44.4 10 17.1 98.0 2.0 0.0 

Reaction Conditions:  EB (1 mmol); catalyst: neat (0.4 mol %) and encapsulated in 

Zeolite –Y (20 wt%); TBHP (1.5 equivalents); temp. (333 K); acetonitrile (1 ml); time 

(10 h).  TOF = Number of moles of reactant converted per mole of catalyst per hour. 
aIncludes butyl peroxo compound, benzaldehyde, styrene etc.   
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over frequency per Mn atom in this complex, it can be stated that the activity was 

comparable to that of encapsulated Mn(tacn) complex.  Except for the Mn(tmcyclen) 

case, the activities of the neat and encapsulated complexes are less than those of neat 

complexes (Table 3.22).  However, significant improvement in selectivity for AcPh is 

observed on encapsulation.  Thus encapsulation does not have any advantage in these 

complexes.  

 

 

 

Table 3.22.  Oxidation of EB with various neat and zeolite –Y encapsulated Mn-cyclic 

amine complexes 

 Selectivity (%) 

Hydroxy AcPh 

Catalyst  Conv. 

(%) 

Time

(h) AcPh 

o- p- 

Othersa 

TOF 

[Mn4O6(tacn)4](ClO4)4 56.6 10 49.1 ---- 4.1 46.8 14.2 

Mn(tacn)-Y 16.0 10 44.3 --- 18.0 37.7 3.2 

Mn(tmtacn)-Y 19.0 10 51.0 --- 11.2 37.8 9.4 

Mn(cyclen)(ClO4)2 33.6 10 62.8 2.6 8.4 21.2 8.4 

Mn(cyclen)-Y 16.9 12 73.2 --- 14.5 12.7 7.0 

Mn(tmcyclen)(ClO4)2 22.6 10 75.6 3.2 12.2 10 5.7 

Mn(tmcyclen)-Y 37.7 12 77.7 --- 17.0 5.3 13.0 

Mn(cyclam)(ClO4)2 24.4 12 53.8 12.7 10.1 24 5.0 

Mn(cyclam)-Y 17.6 8 51.9 --- 16.8 41.3 8.0 

Reaction Conditions:  EB (1 mmol); catalyst: neat (0.4 mol %) and encapsulated in 

Zeolite –Y (20 wt%); TBHP (1.5 equivalents); temp. (333 K); acetonitrile (1ml); time 

(10 h).  TOF = Number of moles of reactant converted per mole of catalyst per hour.  
aIncludes butyl peroxo compound, benzaldehyde, styrene etc.   



______________________________________________________________________ 

 

 Chapter 3 

107

3.3.2.2.3. Leaching Test for Encapsulated Complexes 

Experiments are conducted over the active copper catalysts to confirm the 

heterogeneous nature of the reaction over the encapsulated complexes.  The results of 

the experiments carried out without separation and after separation of the catalyst are 

presented in Table 3.23. The studies show that the metal complexes leach into the   

solution during the reaction to different extents (Table 3.23).  The extent of leaching is 

more with the smaller ligands.  Considering the activity of the encapsulated complexes 

and the conversions (Table 3.23), the leaching appears to be in the order tacn > cyclen 

Table 3.23.  Leaching test for encapsulated Cu perazamacrocyclic complexes in EB 

oxidation 

Selectivity (%) Catalyst Time 

(h) 

Conv. 

% 

TON

AcPh p- Hydroxy 
AcPh 

Peroxide Othersa

Cu(tacn)-Y 3 19.1 102 75.7 --- 5.5 18.8 

After separation ✼  10 37.7 201 85.2 0.8 3.9 10.1 

Cu(tacn)-Y ✼✼  

Without separation 
10 37.0 198 97.0 2.9 0.1 0.0 

Cu(cyclen)-Y 3 9.2 42 61.2 --- 6.6 62.0 

After separation ✼  10 19.3 79 67.9 4.8 4.9 18.8 

Cu(cyclen)-Y ✼✼  

Without separation 
10 30.5 126 80.2 4.3 0.2 15.5 

Cu(cyclam)-Y 3 16.5 63 78.0 --- 6.0 16.0 

After separation ✼  10 27.7 106 83.4 2.6 4.8 14.0 

Cu(cyclam)-Y✼✼  

Without separation 
10 44.4 171 98.0 2.0 0.0 0.0 

Reaction Conditions:  EB (1 mmol); Catalyst: Zeolite –Y encapsulated catalyst (20 

wt%); TBHP (1.5 equivalents); temp. (333 K); acetonitrile (1ml); time (10 h).  TON = 

Number of moles of reactant converted per mole of catalyst.  ✼  Catalyst separated after 

3 h and reaction continued with clear solution for further 7 h. ✼✼  Reaction carried out 

for 10 h with the catalyst.  aIncludes butyl peroxo compound, benzaldehyde, styrene etc. 

 



______________________________________________________________________ 

 

 Chapter 3 

108

> cyclam.  The results suggest that most of the Cu(tacn) complex will be leached out 

during 3 hour reaction time.  Based on turnover numbers of the different reactions it 

appears that nearly about half of the catalyst is leached out in the case of cyclen and 

cyclam complexes.    

3.3.3. Mechanism  

3.3.3.1. Styrene Epoxidation 

The mechanism of epoxidation with Mn+2 salen is believed to involve the same 

species as that of Mn+3 salen complexes [34].  Based on the literature, a plausible 

mechanism for the reaction can be given as follows (Scheme 3.5).  First, from the 

oxidant and complex an oxo species (i) is formed through peroxo species (Mn-OOR, 

R= H, t-Bu) in the case of Mn complexes.  Subsequently, the oxygen atom is 

transferred to the olefin in a concerted or two step mechanism and a MnII complex is 

released with formation of the epoxide.  The existence of Mn=O intermediate is well 

established in literature [34-36].  Two possible pathways have been proposed, as shown 

in Scheme 3.5 (route a or b) and the matter of concerted vs non-concerted reaction 

mechanisms has been the subject of discussion [34-38].  If a stepwise mechanism (route 

b) operates, rotation around the former double bond (in 6) can cause isomerization 

during reaction leading to the formation of trans-epoxides from cis-olefins. A common 

side reaction in the catalyzed epoxidation of styrene is the formation of benzaldehyde.  

A possible mechanism of formation of benzaldehyde involves the reaction of the MnIII-

species, in case of Mn-complexes.  Many reaction intermediates are suggested in the 

case of Cu catalyzed oxidations [39].  And many biomemetic oxo-complexes have been 

found to be active for the epoxidation. Though it is difficult to propose likely 

mechanism in the case of Cu – complexes, many species like CuIII-O. or CuIV=O have 

been proposed to be involved in hydrocarbon oxidations (epoxidation) [40 – 43].   
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3.3.3.2. Ethylbenzene Oxidation 

Assuming that the active catalytic species in the reaction is the metal oxo 

species, the possible mechanism can be proposed as follows (Scheme 3.6).  Groves et 

al. [44] have proposed the oxygen rebound mechanism for the benzylic oxidation.  

Abstraction of hydrogen from benzylic position to form a benzylic radical intermediate 

followed by its hydroxylation to give alcohol are the major steps.  Alcohol will be 

 

Scheme 3.5. Possible mechanism for styrene epoxidation catalyzed by Schiff base and 

peraza macrocyclic Mn complexes.  

 

 

Scheme 3.6. Possible mechanism for benzylic oxidation (M = Cu, Mn and n = 2).  
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oxidized further to ketone by simultaneous abstraction of geminal and alcoholic 

hydrogen by metal oxo species. 

This difference in the catalytic activity/selectivity of the peraza complexes in 

the “neat” form and when encapsulated in zeolites is probably due to the formation of 

different “active” copper-oxygen complexes.  At least three types of “active” Cu-O2 

species viz., side-on peroxo-Cu2
II (µ-η2,η2), bis-µ-oxo-Cu2

III and mononuclear CuII-

hydroperoxide (Scheme 3.7) have been identified in the binding, activation and 

reduction of oxygen to water by copper proteins [40]. Tyrosinase, a dinuclear copper 

protein, catalyzes the aromatic ring hydroxylation involving dimeric Cu-species such as 

side-on peroxo-Cu2
II and probably, bis-µ-oxo-Cu2

III intermediates [43]. Dopamine β-

monooxygenase that catalyzes side chain hydroxylation forms a mononuclear Cu(II)-

hydroperoxo intermediate [40]. Such types of oxo intermediates are formed in the 

present system also. Side-on peroxo-Cu2
II and bis-µ-oxo-Cu2 dimers (responsible for 

ring hydroxylation) are the more feasible forms in homogeneous solutions with the 

“neat” complexes. In fact, bis-µ-oxo-Cu2-tacn complexes were isolated from the 

homogeneous oxygenated solutions and structurally characterized [45]. The possibility 

of forming such dimers is less likely in the case of encapsulated complexes, as the 

individual molecules are well separated and confined to the cavities. Thus, a significant 

suppression in ring-hydroxylated products is observed in catalysis by the encapsulated 
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complexes.  Steric effects, weak electrostatic interactions and the synergism due to 

interactions with the zeolite framework are the other possible reasons for the 

differences in the reactivity of the encapsulated complexes.  When the reaction is 

conducted at 313 K instead of 333 K, higher amounts of aromatic ring hydroxylated 

products are formed and the selectivity for acetophonone is low indicating that the 

stability of the binuclear side-on peroxo complexes is higher at low temperatures (313 

K).  

 Controlled UV-vis and EPR experiments were performed to investigate the 

different “active” copper-oxygen species formed with the “neat” and encapsulated 

complexes upon contacting TBHP. Fig. 3.18(i) shows the UV-vis spectra of “neat” 

Cu(tacn)(ClO4)2 complexes in acetonitrile before (curve a) and after interacting with 

TBHP (curve b).  The complexes showed an absorption band attributable to d-d 

transitions at 650 nm. Upon contacting with TBHP a new band was observed at about 

462 nm and the intensity of the d-d transition decreased (curve b). The new band at 462 

nm is attributed to bis-µ-oxo dimeric complex.  This band for related substituted tacn 

complexes [39] and for the binuclear Cu model system containing N,N,N’,N’-tetra (2-

pyridylethyl)-3,5-di-(aminomethyl)phenyl [40] occurs at 430 – 448 nm.  The 

characteristic charge transfer band due to Cu-hydroperoxide should appear at around 

600 nm [40].  This band, supposed to be weak, could not be separated as it perhaps 

overlapped with the broad d-d band (curve b).  EPR spectroscopy provided evidence 

for the formation of Cu-hydroperoxide species (Fig. 3.5(ii)).  Significant changes in the 

spectra were observed upon contact with TBHP.  In Cu(cyclam)2+
, the spectrum 

characterized by the signals with g = 2.187, g⊥ = 2.053 and A = 202 G due to the 

original complex (curve a) were replaced by the signals due to two new paramagnetic 

Cu(II) species I and II (curves b and c). Species I is characterized by g = 2.419, g⊥ = 
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2.081 and A = 117 G. Species II is characterized by g = 2.333, g⊥ = 2.081 and A 

= 102 G). The overall spectral intensity decreased indicating that part of the Cu ions 

upon contacting with TBHP are the CuII-hydroperoxo species. Solomon and co-workers 

reported based on detailed spectroscopic and theoretical studies that mononuclear 

copper(II) alkyl and hydroperoxo complexes show EPR spectrum with large g values 

and small hyperfine splitting features [46]. Indeed the large g value (2.419 and 2.333) 

and small A values (117 and 102 G) for species I and II indicate the formation of Cu-

hydroperoxide species. Thus, based on the combined UV-vis and EPR spectroscopic 

studies it can be concluded that both copper-oxo and hydroperoxo species are formed in 

the interaction of copper-tri and tetraaza complexes with TBHP. The difference in their 

 
 

Figure 3.18.  (i) UV-vis spectra of Cu(tacn)(ClO4)2: (a) before and (b) after adding 

TBHP.  (ii) EPR spectra of Cu(cyclam)(ClO4)2. (a) before, (b) after 4 h and (c) after 10 

h of adding TBHP. Parallel hyperfine features due to Cu-hydroperoxide species I and 

II are marked. 
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relative concentration is presumably responsible for the difference in the selectivity 

behavior.  

 

3.4.CONCLUSIONS 

 Neat complexes of Cu and Mn Schiff base and peraza macrocycles were 

characterized using various physicochemical techniques.  The complexes were 

heterogenized by encapsulating them in cages of zeolite-Y.  The effect of encapsulation 

is manifested on molecular, structural and geometrical changes as seen by UV-vis and 

EPR spectroscopy.  EPR spectroscopy has been used to provide an unequivocal 

evidence for the encapsulation of complexes inside the super cages of zeolite-Y.  The 

catalytic activities of the neat and encapsulated complexes were evaluated in 

epoxidation of styrene and ethyl benzene oxidation.  Only Mn-tmtacn complexes were 

efficient oxidation catalysts with H2O2 as oxidant for both styrene epoxidation and 

ethylbenzene oxidation. The other complexes were found to be active with TBHP as 

oxidant.  The complexes were active catalysts for the epoxidation of styrene but the 

epoxide selectivity was not high.  Schiff base complexes were found to be better for 

epoxidation. The encapsulated complexes have shown enhanced activity and selectivity 

in the oxidation reactions.  The “neat” and zeolite-Y-encapsulated copper tri- and 

tetraaza macrocyclic complexes have exhibited efficient catalytic activity in the 

regioselective oxidation of ethylbenzene using TBHP. C-H activation has occurred at 

both the benzylic and aromatic ring carbon atoms.  The difference in the activity of the 

neat and encapsulated complexes is due to different active Cu-oxygen species involved 

in the reaction and their different concentration.     
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Chapter 4  
SELECTIVE OXIDATIONS WITH Mn-TMTACN-H2O2 System: 

INFLUENCE OF CARBOXYLATE BUFFER  

AND ACTIVE Mn SPECIES 

 

4.1. INTRODUCTION 

Manganese complexes have been widely studied in the oxidation of 

hydrocarbons [1-5].  The Mn complexes of porphyrins, Schiff bases and peraza 

macrocycles constitute a class of biomimetic catalysts and have been known to perform 

several oxidation reactions stereoselectively [6-10]. Hydroxylation and 

hydroperoxidation of poorly reactive hydrocarbons have been achieved with these 

complexes in acetic acid [11].  Recently, the Mn complexes of 1,4,7-trimethyl-1,4,7-

triazacyclononane (tmtacn; Fig. 4.1) have been reported to exhibit remarkable catalytic 

activity for the oxidation of alkenes and alcohols with a cheap and environmentally 

friendly oxidant H2O2, at ambient temperatures [12, 13].  It has been reported that the 

catalytic activity is enhanced significantly in the presence of a carboxylate buffer such 

as oxalate [14-16].  In this chapter, the effect of different carboxylate buffers on the 

catalytic benzylic oxidation of aromatics with Mn-tmtacn-H2O2 system is investigated. 

Epoxidation of electron deficient terminal/non-terminal olefins and dienes is also 

investigated. The catalyst system (Mn-tmtacn complex) is prepared in situ by mixing 

Figure 4.1.  Molecular structure of tmtacn

N N
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known quantities of MnSO4, tmtacn and a carboxylate buffer. H2O2 is used as the 

oxidant. The buffers used are acetate, oxalate, tartarate, malonate, citrate and ascorbate. 

These buffers, not only provide different pH to the reaction medium, but may also 

coordinate with the metal complex, in a variety of coordination modes. Although it has 

been reported that the catalytic activity of the Mn-tmtacn system is enhanced in the 

presence of oxalate buffer, the structure of the reactive Mn- intermediate generated 

upon contact with H2O2 is not reported so far. In this study, in situ FT-IR, UV-vis and 

EPR spectroscopic techniques are used to investigate the structure of active Mn species 

formed during the reaction. A possible replacement of the expensive tmtacn ligand with 

cheaper peraza macrocyclic ligands and Mn by iron and vanadium ions is also 

examined.  

 

4.2. EXPERIMENTAL 

4.2.1. Materials and Instrumentation 

The peraza macrocylic ligands including tmtacn were synthesized as described 

in Chapter 2.  MnSO4.H2O, carboxylic acids (acetic, malonic, oxalic, tartaric, citric, and 

ascorbic acids) and CH3CN (A.R. grade) were obtained from s. d. fine Chem. Ltd., 

India.  The sodium salts of the carboxylic acids were prepared by reacting the 

corresponding carboxylic acid with stoichiometric amounts of NaOH.  Hydrogen 

peroxide (38 % or 50% aqueous) was obtained from Merck, India. The substrates used 

in the catalytic reactions viz., ethyl benzene, allyl acetate, 1-hexene, 1-octene, 1-decene, 

cyclohexene, styrene, cyclooctene, cis or trans- stilbene etc. were procured from 

Aldrich. The catalyst system is characterized by EPR, UV-Vis and FT-IR 

spectroscopies.  
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4.2.2. Reaction Procedures 

4.2.2.1. Epoxidation of Olefins 

In a general procedure for epoxidation of olefins, MnSO4.H2O (1 µmol) 

dissolved in 0.1 ml of water was taken in a 25 ml double-necked round bottomed flask 

fitted with a water-cooled condenser. To this, 8.4 µL of 0.22 M tmtacn stock solution in 

CH3CN (net 1.5 µmol of tmtacn) and 1.5 µmol of buffer (carboxylic acid + Na-salt of 

carboxylic acid (1:1)) were added. Then 1 mmol of olefin was added followed by 0.8 

ml of CH3CN. The reactor was cooled to 273 K using an ice bath. The reaction was 

carried out by adding drop-wise 0.3 ml of aq. H2O2 (38%, 3 mmol) diluted with 0.2 ml 

of CH3CN over a 20 min period.  The reaction was monitored by GC and the products 

were identified by GC-MS and GC-IR.   

In the epoxidation of dienes, 1 ml of acetone was used as the solvent. The 

catalyst amount was doubled (MnSO4.H2O (2 µmol) dissolved in 0.1 ml water + 16.4 

µL of 0.22 M tmtacn stock solution (3 µmol) in CH3CN + 3 µmol of buffer) and 0.6 ml 

of H2O2 was added over a 30 – 40 min period.   

4.2.2.2. Oxidation of Cyclohexane 

The catalyst system was prepared in a similar manner as described above in a 25 

ml round bottomed flask. To it, cyclohexane (1 mmol) followed by 0.8 ml of CH3CN 

were added. The reaction was carried out at 298 K by adding drop-wise 0.4 ml of aq. 

H2O2 (38%, 2 mmol) diluted with 0.2 ml of CH3CN over a 20 min period. The reaction 

was monitored by GC and the products were identified by GC-MS and GC-IR. 

4.2.2.3. Benzylic Oxidation of Aromatics 

In the oxidation of ethylbenzene, the catalyst system was prepared in situ. 

MnSO4.H2O (2 µmol) dissolved in 0.1 ml of water was taken in a 25 ml double-necked 

round bottomed flask fitted with a water-cooled condenser. To this, 16.8 µL of a 0.22 M 
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tmtacn stock solution in CH3CN (net 3 µmol of tmtacn) and 3 µmol of buffer were 

added. Then 0.5 mmol of ethylbenzene was added followed by 0.8 ml of CH3CN. The 

flask was placed in an oil bath. The reaction was conducted at a desired temperature 

(273 – 333 K) by adding drop-wise 0.3 ml of aq. H2O2 (38%, 3 mmol) diluted with 0.2 

ml of CH3CN over a 20 min period. The reaction was monitored by GC (Varian 3400; 

CP-SIL8CB column, 30 m x 0.53 mm) and the products were identified by GC-MS 

(Shimadzu QP 5000; DB1 column, 30 m x 0.25 mm) and GC-IR (Perkin Elmer 2000; 

BP-1 column, 25 m x 0.32 mm). 

4.2.3. Measurement of pH of the Buffer 

The solution of a carboxylate buffer for measuring its pH was prepared as 

follows: Na salt of a carboxylic acid (18 µmol) was dissolved in a minimum amount of 

water (0.2 ml) and the corresponding acid (18 µmol) was added. It was then diluted to 8 

ml with 75 : 25 acetonitrile : water solution.   

4.2.4. In Situ Spectroscopic Studies 

The structures of the Mn complexes formed during the reactions were 

investigated using EPR, UV-vis and FT-IR spectroscopic techniques. The solutions for 

the spectroscopic studies were prepared as follows. MnSO4.H2O (6 µmol) was 

dissolved in 0.2 ml of water and it was diluted with 5 ml of acetonitrile : H2O (75:25) 

mixture.  To it, 50.4 µL of 0.22 M tmtacn stock solution in CH3CN (i.e., 15 µmol of 

tmtacn) was added followed by 12 µmol of carboxylate buffer. Then, the substrate 

(0.005 mmol) was added with the help of a micro syringe followed by 10 µL of H2O2. 

The spectra were recorded after each step of these additions. 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Catalytic Activity Studies 

4.3.1.1.  Epoxidation of Olefins 

De Vos et al [12] have reported that the Mn-tmtacn-H2O2 system is efficient for 

the epoxidation of olefins in the presence of oxalate buffer (Scheme 4.1). Here, the 

influence of different buffers on the activity of the Mn catalyst system is investigated.  

4.3.1.1.1.   Epoxidation of Allyl Acetate 

It is inferred (Table 4.1) that the carboxylate buffers enhance the catalytic 

activity of Mn-tmtacn complex to different extents.  Selectivity to epoxide is also 

improved when buffers are used. Among all the buffers, oxalate and ascorbate are 

found to be the best.  Complete conversion of allyl acetate (with 98% epoxide 

selectivity) was achieved in 0.3 h itself in the presence of oxalate and ascorbate buffers.  

It took 1 h for the same to be achieved in the presence of citrate and malonate buffers 

(Table 4.1).  In the presence of acetate and tartarate buffers the reaction had to be 

conducted for almost 5 h for the complete conversion of the substrate.  Hence, the 

reactivity (turnover frequency; TOF) of the Mn-tmtacn system in the presence of 

different buffers varies in the order: tartarate < acetate < citrate ≤ malonate < ascorbate 

≤ oxalate.  This variation in activity follows to some extent the variation in the pH of 

the different buffers: acetate (4.5) < citrate (5.0) < oxalate (5.4) < ascorbate (5.9).  

However, tartarate (5.3) and malonate (6.0) deviate from the pH-reactivity correlation.  

Hence, apart from pH, the type of Mn species formed in the presence of buffers is also 

responsible for the activity of the Mn-tmtacn system.  A minimum of 2 equivalents of 

H2O2 was needed to get complete conversion of allyl acetate.  With 1 equivalent of 

H2O2, only 37% conversion was obtained with 96.5% selectivity. The conversions with 

the Mn complexes of tacn, cyclen, tmcyclen and cyclam were negligible. Also, the 
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corresponding cobalt, iron and vanadium complexes were poorly active. Having found 

that the Mn-tmtacn system is highly active in the presence of oxalate buffer, the rest of 

the epoxidation reactions were carried out in the presence of oxalate buffer only.   

Scheme 4.1

OAc OAc
ON

NN
Mn +2 SO4-

2

Carboxylate buffer  0.3 mol%
Aq. H2O2 2 equi., Acetonitrile
           273 - 278 K 

0.1 mol%

>99 %

 

Table 4.1. Catalytic activity data of Mn-tmtacn-H2O2 system in different buffers 

Buffers Time (h) Conv % Sel. % TOFa 

No buffer 3 56 94 187 

Acetate 3 72 86 286 

Citrate 1 98 98 980 

Malonate 1 98 98.5 980 

Ascorbate 0.3 99 98 1980 

Tartarate 5 99 98 198 

Oxalate 0.3 99 99 1980 
aNumber of moles of reactant converted per mole of catalyst per hour. 

 

4.3.1.1.2.   Epoxidation of Terminal and Non-termianl Olefins 

The catalyst system, Mn-tmtacn-oxalate, is effective for the epoxidation of a 

variety of terminal and non-terminal olefins (Table 4.2). In the case of bulkier 

substrates like 1-octene, longer time is necessary to achieve complete conversions.  

However, in the case of substrates with more number of carbon atoms, due to poor 

solubility of the substrate (lipophilic nature) in the reaction medium containing water, 

low conversions and selectivities were observed.  To improve the solubility of the 
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substrate acetone was used in place of acetonitrile. The rate of H2O2 addition has a great 

effect on the conversion, slow addition of H2O2 being desirable for higher conversions. 

Oxidation of solvent was observed in some cases.  Reactions at elevated temperatures 

and for longer hours led to ring opened products. The studies revealed that the 

epoxidation with Mn-tmtacn-carboxylate buffer system is stereoselective, E and Z 

olefins gave the epoxides without change in the configuration.  Epoxidation of 

cyclohexene at room temperature 

Table 4.2.   Selective epoxidation of olefins with Mn-tmtacn-oxalate-H2O2 system. 

Olefin Solvent Time 
(h) 

Conv. 
% 

Epoxide 
Selectivity 

% 
TOFa 

 
Acetonitrile 0.5 99.0 99.0 1980 

 
Acetone 2 91.0 90.0 455 

 
Acetone 5 49.1 88.0 98 

 

Acetonitrile 1 99.0 82.5 990 

 

Acetone 4 67.2 65.0 163 

 

Acetonitrile 1 98.5 98.0 985 

 

Acetone 6 38.0 87.0 63 

 
Acetone 4 16 89.3 40 

 
Acetone 2 22.3 70.1 112 

aNumber of moles of reactant converted per mole of catalyst per hour. 
 

PhPh

Ph

Ph
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gave E-1,2-cyclohexanediol; 1H NMR (CDCl3) δppm:  1.26 (m, 4H), 1.69 (br s, 2H), 

1.96 (br s, 2H), 3.36 (s, 2H), 3.9 (br s, 2H), GC-IR cm-1: 3630, 2944, 2874, 1454, 1265, 

1064, 849 and GC-MS:  M.+ at 116 [19]. This implies that during the reaction Z-epoxide 

is formed, the ring opening of which yields E-1,2-cyclohexane diol.  

Some reports are available on asymmetric epoxidation using triazacyclononane 

manganese complexes [17-18].  Also many co-ligands have been screened for inducing 

asymmetry during the epoxidation [16].  However, epoxidation of styrene in the 

presence of (+)-tartaric acid or (-)-ascorbic acid buffers did not yield enantiomerically 

rich styrene epoxide in the use of Mn-tmtacn.   

4.3.1.1.3. Epoxidation of Dienes 

Table 4.3.   Epoxidation of Dienes with Mn-tmtacn-oxalate-H2O2 system 

Epoxide Selectivity % 
Diene Time (h) 

Conv. 

% Mono Di 
TON 

 

6 76.0 29.1 38.2 380 

 

8 - - - 0 

 
6 70.2 36.0 44.1 350 

 
4 58 17.1 56.7 290 

 
6 35.1 78.6 6.3 180 

a Number of moles of reactant converted per mole of catalyst  

Cl2C
CCl2

Cl

Cl
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Mn-tmtacn-oxalate buffer-H2O2 system was also found effective for the 

epoxidation of (conjugated or non conjugated) dienes (Table 4.3). Both the mono and 

diepoxides were formed, though the selectivities to diepoxide were not appreciable.  

The monoepoxide (Z-cis-1, 2-epoxy-5-cyclooctene) was the major product in 

the epoxidation of Z-cyclooctadiene; NMR (CDCl3), δppm:  1.99-2.06 (m, 4H), 2.42 

(m, 2H), 2.86-3.02 (m, 4H), 5.55-5.60 (m, 2H), GC-IR cm-1: 3018-2914 (C-H), 1659 

(C=C), 1450, 1038 (C-O), 937, 861 and GC-MS: M.+ at 124  [20].  No epoxidation was 

observed in the case of hexachloro-1,3-butadiene due to the highly electronegative 

chlorine atoms attached to olefinic bond.  

4.3.1.2.  C-H Bond Activation of Alkanes 

4.3.1.2.1. Cyclohexane Oxidation 

Catalytic oxidation of alkanes under mild conditions is a difficult process due to 

the lack of reactivity of alkanes [21, 22].  Mn-tmtacn-oxalate buffer system is 

investigated for the oxidation of cyclohexane with H2O2 under mild conditions.  The 
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Figure 4.2.   Oxidation of cyclohexane using Mn-tmtacn-oxalate-H2O2 system at 

298 K. 
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system exhibited low activities (TOF (h-1) ~ 5).  Selectivity for cyclohexanone is very 

high (99%).  Increasing the reaction temperature 298 to 313 K did not improve the 

conversion much.  Thus the system is not efficient enough for oxidation of non-reactive 

C-H bonds. The results of the oxidation at room temperature are shown in Fig. 4.2.   

4.3.1.2.2. Benzylic Oxidation 

R1 C R2 R1 C
OH

R2

H
R1 C R2

Aq. H2O2 3 equi., Acetonitrile 
Carboxylate buffer  0.6 mol%

Mn-tmtacn  0.4 mol%
O

R1= Aryl   
R2 = H, CH3, Aryl, etc.

H

H
+

Scheme 4.2 

The catalytic activity of Mn-tmtacn-oxalate buffer-H2O2 system in the 

epoxidation of olefins and oxidation of alcohols was reported by De Vos and coworkers 

and Shulpin and coworkers [10-12, 14, 15].  Here, the activity of this system in benzylic 

oxidation of aromatics is investigated for the first time (Scheme 4.2).  Many benzylic 

oxidation products are commercially important as fragrance materials and in the 

preparation of optically active α-amino acids. The observations presented in the 

following section reveal that Mn-tmtacn-H2O2 system is unique for benzylic C-H bond 

oxidation of aromatics compared to the earlier reported catalysts [23-28], in that, it is 

efficient even at ambient temperatures.  Commercial processes for C-H bond activation 

use cobalt-bromide ion catalyst in acetic acid medium and the reactions are carried out 

at a high temperature (~498 K) and oxygen pressure (~30 bar) [23].  The C-H bond 

oxidation reactions when carried out with cerium ammonium nitrate in hot acetic acid, 

HNO3 and HClO4, Ce(IV)-triflate with water and oxo-Ru-porphyrin catalysts give only 

low yields of the intermediate oxidation products [24-27].  Choudary et al. have 

obtained high yields of benzylic products by using Cr-PILC catalysts and tert-butyl 
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hydroperoxide. H2O2 is used as the oxidant in this study and the reactions are performed 

at low temperatures (273 – 333 K) [29].  Unlike porphyrin metal complexes attention 

has not been given in the literature for benzylic oxidation using tmtacn complexes [28, 

30].  

Oxidation of Ethylbenzene 

Catalytic activity data (Table 4.4) reveal that Mn-tmtacn-H2O2 system is 

efficient and selective for benzylic C-H bond oxidation of ethylbenzene (EB). No β-C-

H bond oxidation was noticed. 1-Phenylethanol (PhEtOH) and acetophenone (AcPh) 

were the major oxidation products. Ortho- and para-ring hydroxylated products were 

also observed. The reaction did not proceed in the absence of Mn-tmtacn complex. 

VOSO4 and FeSO4 failed to replace MnSO4 in the catalyst system. The Mn system with 

no methyl substitution in the cyclic triaza ligand (Mn-tacn) was much less active (13 

wt.% EB conversion in 8 h at 313 K with 43.5 wt.% benzylic selectivity in oxalate 

buffer) compared to Mn-tmtacn (Table 4.4). There was no change in the conversion and 

selectivity when other manganese salts like MnCl2 were used in the place of MnSO4.   

Effect of temperature. Fig. 4.3 shows the effect of temperature on EB 

oxidation activity of Mn-tmtacn-H2O2 system in the presence of oxalate buffer. The 

conversion of EB was low at 273 K (3.8 wt.%) and 301 K (14.5 wt.%), but the benzylic 

product selectivity was high at these temperatures (88.4 wt.%). The conversion 

increased with temperature up to 313 K and then decreased on a further increase in the 

temperature (Fig. 4.3). At 333 K, both the conversion (27 wt.%) and product selectivity 

(55 wt.%) were low due to decomposition of H2O2 and formation of ring hydroxylated 

products, respectively. Higher activity and selectivity were observed at 313 K. Thus, all 

the reactions discussed in the following sections were carried out at 313 K only.   
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Figure 4.3.  Effect of temperature on the catalytic activity of Mn-tmtacn-oxalate-

H2O2 system. 

 

Effect of Carboxylate Buffer. The catalytic activity of Mn-tmtacn-H2O2 

system for EB oxidation was studied in the presence of different carboxylate buffers 

viz., acetate, malonate, oxalate, tartrate and citrate and the non-carboxylate ascorbate 

buffer. The results are listed in Table 4.4. Figs. 4.4a and 4.4b show respectively, the 

conversion of EB and benzylic product selectivity obtained in different buffers as a 

function of run duration.  It may be noticed that the conversion was rapid during the 

first 0.5 h (nearly 40 – 70% of the total conversion in 10 h was obtained during this 

period). The conversion was small in the absence of any buffer (Table 4.4). The activity 

of the catalyst system (EB conversion and turnover frequency (TOF)) at 0.5 h in 

different buffers varied in the following order: acetate < tartrate < malonate < oxalate ≤  
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ascorbate < citrate. The increase in EB conversion after 0.5 h was smaller in acetate, 

tartrate and citrate buffers than in oxalate and malonate buffers.  At the end of 6 h, a 

higher conversion was observed in the oxalate buffer than in the other buffers. The 

system with oxalate buffer showed lower benzylic product selectivity (57 wt.%) 

compared to the other buffers (76 – 91 wt.%; 0.5 h; Table 4.4; Fig. 4.4b). The benzylic 

product selectivity decreased marginally after 1 – 4 h (depending on the buffer) due to 

an increase in the rate of other reactions and decomposition of buffer/complex (Fig. 

Table 4.4.   Catalytic activity of Mn-tmtacn-H2O2 in the oxidation of ethylbenzenea

 
Selectivity (wt.%)d Buffer Reaction 

time (h) 

Conv. 

(wt.%) 

TOFb Benzylicc 

selectivity 

(wt.%) 

PhEtOH AcPh 

Acetate 0.5 8.7 44 76.7 25.7 51.0 

 10 18.8 4.7 68.4 21.5 46.9 

Tartrate 0.5 14.7 74 84.4 23.5 60.9 

 10 27.9 7.0 79.9 20.7 59.2 

Malonate 0.5 26.2 130 85.0 0.0 85.0 

 10 54.4 13.6 83.2 0.0 83.2 

Oxalate 0.5 27.0 136 57.3 12.3 45.0 

 10 69.0 17.3 60.2 19.4 40.8 

Ascorbate 0.5 27.6 138 91.0 0.0 91.0 

 10 59.1 14.8 83.5 0.0 83.5 

Citrate 0.5 37.4 188 83.9 0.0 83.9 

 10 52.3 13.0 85.2 17.9 67.3 

No buffer 0.5 1.5 8 32.6 0.0 32.6 

 10 6.5 1.6 70.3 0.0 70.3 
aReaction conditions: Ethylbenzene = 0.5 mmol; aq. H2O2(38%) = 5 mmol; CH3CN 
=1 ml; H2O = 0.1 ml; MnSO4 = 2 µM; tmtacn = 3 µM; buffer = carboxylic acid (3 
µM) + corresponding Na salt (3 µM); temp. = 313 K.   
b Number of moles of ethylbenzene converted per mole of catalyst per hour. 
cCombined selectivity of PhEtOH and AcPh. Rest are ring hydroxylated products. 
d PhEtOH = 1-phenylethanol; AcPh = acetophenone. 
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4.4b).  The malonate and ascorbate buffers were unique to yield only AcPh as the 

selective benzylic product while the rest of the buffers yielded both PhEtOH and AcPh 

(Table 4.4). This suggests that with the malonate and ascorbate buffers, the intermediate  

alcohol is rapidly oxidized to the ketone or a different type of oxidation mechanism is 

involved.  In the absence of any buffer, the conversion of EB was smaller (6.5% at 10 

 

Figure 4.4.  Influence of carboxylate buffer on the activity of Mn-tmtacn-H2O2 system in 

the oxidation of ethylbenzene.  
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h) and the ketone was the only product (Fig. 4.4 and Table 4.4).  Formation of EB-

hydroperoxide (10 – 12%) was observed in the case of oxalate buffer, which was not 

seen in any other buffer. This suggests that the reaction probably goes through the 

formation of hydroperoxide as the intermediate product. 

Oxidation of Aromatic Compounds 

Table 4.5.  Benzylic oxidation of aromatic compounds by Mn-tmtacn-H2O2 system in 

oxalate and citrate buffers 

Substrate Buffer Time 

(h) 

Conv. 

(wt.%) 

TOF Benzylic 

selectivity 

(wt.%) 

Benzylic product 

Distribution  ( wt.%) 

DEB Oxalate 0.5 25.1 125.4 67.8  A-31.4; B-36.4  

  10 49.6 12.4 55.9  A-25.3; B-30.6  

 Citrate 0.5 32.1 160.6 81.0  A-33.1; B-47.8  

  10 35.1 8.8 78.5  A-29.5; B-49.0 

OX Oxalate 0.5 20.1 100.8 39.4  C-13.9; D-25.5  

  10 77.4 19.3 44.9  C-19.3; D-25.6  

 Citrate 0.5 14.5 71.8 55.0  C-17.6; D-37.4  

  10 53.3 13.3 50.2  C-10.2; D-40.0  

MPT Oxalate 0.5 8.7 43.4 81.8  E-30.9; F-41.3; G-9.7  

  6 15.3 6.3 50.8  E-19.0; F-31.8; G-6.0 

 Citrate 0.5 7.4 37.0 72.1  E-23.2; F-42.7; G-6.2  

  10 12.2 3.0 80.5  E-28.9; F-41.5; G-10.1 
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The catalytic activity data for the oxidation of diethylbenzene (DEB), ortho-

xylene (OX) and meta-phenoxytoluene (MPT) in oxalate and citrate buffers are 

presented in Table 4.5. A maximum conversion of 77.4 wt.% was observed for OX, 

49.6 wt.% for DEB and 15.3 wt.% for MPT in the oxalate buffer. Only one of the alkyl 

groups in DEB and OX could be oxidized. The ring hydroxylated products were more 

in OX oxidation. Substrate conversion was, in general, more in oxalate than in the 

citrate buffer, though the benzylic product selectivity was lower than in the latter buffer. 

4.3.2. In situ Spectral Studies 

The reasons for the differences in the activity observed in different carboxylate 

buffers perhaps arise from the differences in the structures of the active Mn 

intermediates formed in the oxidation reactions.  In this section, the structure of the 

active Mn intermediates in different buffers is identified by in situ UV-vis, FT-IR-

attenuated total reflectance (FT-IR-ATR) and EPR spectroscopic studies.  

4.3.2.1. UV-Vis Spectroscopy 

UV-Vis spectra of Mn-tmtacn-H2O2 were recorded in the presence of acetate 

and oxalate buffers (Figs. 4.5(i) and 4.5(ii)).  The Mn-tmtacn complex in CH3CN-H2O 

mixture showed broad, partially resolved UV bands of ligand origin at around 300 and 

360 nm (Fig. 4.5(i), curve a).  The intensity of these bands decreased in the presence of 

acetate buffer (Fig. 4.5(i), compare curve b with curve a).  Upon adding H2O2 to Mn-

tmtacn- acetate system, a new, intense band was observed at 280 nm (Fig. 4.5(i), curve 

c), in addition to three weak bands at 390, 480 and 520 nm (Fig. 4.5(i); inset).  The 

former (at 280 nm) is attributed to carboxylate to Mn charge transfer band and those 

bands at 480 and 520 nm are due to d-d transitions. Soon after adding the oxalate 

buffer, a marked change was noted in the spectrum of Mn-tmtacn (Fig. 4.5(ii), compare  
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Figure 4.5. UV-vis spectra in CH3CN-H2O: (i) – (a) MnSO4 + tmtacn, (b) MnSO4 + 

tmtacn + acetate buffer, (c) MnSO4 + tmtacn + acetate buffer + H2O2; (ii) – (a) MnSO4 

+ tmtacn, (b) MnSO4 + tmtacn + oxalate buffer, and (c) MnSO4 + tmtacn + oxalate 

buffer + H2O2. Inset shows the blow-up of traces (c). 
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curves b and a); a strong band at 278 nm and a weak, broad band at 430 nm were 

observed.  Such bands were not seen in acetate buffer indicating the formation of a 

different kind of Mn-tmtacn complex in oxalate compared to that in acetate buffer.  

This is further substantiated by EPR spectroscopy (vide infra).  However, on adding 

H2O2 these bands disappeared and two new bands appeared at 296 and 440 nm (Fig. 

4.5(ii), curve c and inset).  A comparative study with similar Mn complexes [31, 32] 

reveals that the weak band at 440 nm in Mn-tmtacn-oxalate-H2O2 is due to the 

formation of a terminal-oxo manganese complex, (tmtacn)(oxalate)Mn=O and the band 

at 390 nm in Mn-tmtacn-acetate-H2O2 is due to µ-oxo manganese complex, (µ-O)(µ-

acetato)2Mn2(tmtacn)2.  The different oxo-manganese species account for the difference 

in activity of the Mn-tmtacn system in different buffers.  The formation of oxo-

manganese complexes was confirmed also from FT-IR-ATR and EPR investigations. 

4.3.2.2. FT-IR-ATR Spectroscopy 
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Figure 4.6.  FT-IR-ATR spectrum of MnSO4-tmtacn-oxalate buffer-H2O2 in CH3CN-

H2O solution. 
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The FT-IR-ATR spectrum of Mn-tmtacn-oxalate-H2O2 in CH3CN-H2O is shown 

in Fig. 4.6.  The coordinated oxalate exhibits characteristic IR bands at 1612 and 1361 

cm-1
 due to carboxylato stretching modes.  The bands at 1146 and 1201 cm-1 are due to 

SO4
2- ions. Upon adding H2O2 to Mn-tmtacn-oxalate, weak partially resolved bands 

were observed at around 1090, 975 and 806 cm-1.  Similar optical features (at 412 nm in 

UV-visible and 979 cm-1 in FT-IR) were reported earlier for terminal oxo-Mn-porphyrin 

complexes [33, 34]. 

4.3.2.3.  EPR Spectroscopy 

(a )

(b )

(c)

(d )

(e)

1500 3000 4500 6000

M a g n etic  F ie ld  (G )
 

Figure 4.7. EPR spectra in CH3CN-H2O at 298 K: (a) MnSO4, (b) MnSO4 + tmtacn, 

(c) MnSO4 + tmtacn + acetate buffer, (d) MnSO4 + tmtacn + acetate buffer + 

ethylbenzene, and (e) MnSO4 + tmtacn + acetate buffer +ethylbenzene + H2O2. 
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  MnSO4 dissolved in CH3CN-H2O mixture showed characteristic, well resolved 

Mn hyperfine features centred at giso = 2.002 (Aiso(Mn) = 95.6 G; line width (∆Hpp) = 

32 G; Fig. 4.7a).  The intensity of the Mn signals decreased on adding tmtacn ligand 

(Fig. 4.7b).  However, on adding acetate buffer to the Mn-tmtacn solution, the original 

spectral intensity (Fig. 4.7c) was regained (∆Hpp = 55 G). Addition of substrate (EB) 

had little effect on the spectrum (Fig. 4.7d), but, when H2O2 was added, the line width 

of the Mn signals decreased to 40 G (Fig. 4.7e). The EPR results are interpreted as 

follows.  When MnSO4 and tmtacn were mixed Mn(II)-tmtacn complex was formed.  

This was highly reactive towards aerial oxygen. A part of it was converted into an EPR-

silent Mn(III) species and as a consequence of this, the overall spectral intensity of 

MnSO4-tmtacn decreased.  The line width of Mn(II)-tmtacn (60 G) was more than that 

of MnSO4 solution (32 G) (Fig. 4.7b) suggesting weak intermolecular interactions in the 

former solution.  In acetate buffer, Mn was in +2 oxidation state as Mn(II)-tmtacn-

acetate complex. However, on adding H2O2, a binuclear µ-oxo-manganese(IV) 

(designated as species A) was formed.  Such µ-oxo-Mn complexes were isolated and 

structurally characterized by Wieghardt and co-workers [33-35] and Koek et al [36]. 

Marked changes were observed in the spectra of Mn-tmtacn complex in oxalate 

buffer. Mn-tmtacn with oxalate buffer exhibited an intense signal at giso = 2.0012 with 

∆Hpp = 33.6 G (Fig. 4.8a); no Mn hyperfine features were observed. The origin of this 

signal was due to a radical attached to Mn(III) center.  The intensity of the radical 

signal decreased on adding EB (Fig. 4.8b) and weak Mn(II) hyperfine could be seen due 

to interaction of the radical species with EB.  On adding H2O2 the radical species 

disappeared and a signal with ∆Hpp = 190 G (Fig. 4.8c) due to teminal-oxo-Mn(IV) 

complex (designated as species B) appeared.  
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Figure 4.8. EPR spectra in CH3CN-H2O at 298 K. (a) MnSO4 + tmtacn + oxalate 

buffer,  (b) MnSO4 + tmtacn + oxalate buffer + ethylbenzene, and (c) MnSO4 + 

tmtacn + oxalate buffer +ethylbenzene + H2O2. 
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In other buffers, on adding H2O2, spectra corresponded to both species A and B 

(exhibiting overlapped Mn hyperfine features with the broad signal).  The relative 

amounts of these species were different in different buffers. Fig. 4.9 shows the 

experimental and simulated spectra of the system in the presence of malonate buffer. 

The EPR signal intensity variations of species A and B in different buffers are shown in 

Fig. 4.10.  
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Figure 4.9.  Experimental and simulated EPR spectra of MnSO4-tmtacn-malonate-

ethyl benzene-H2O2 system in CH3CN-H2O mixture at 298 K. 

  

4.3.3. Structure- Activity Relationship 

 The following conclusions are drawn from the in situ spectroscopic studies. 

Carboxylic acid acts as a co-ligand in addition to acting as a buffer.  Carboxylato-

bridged complexes have been identified as active sites in metalloenzymes [37].  The 

nature of the carboxylic acid group and mode of coordination influence the redox 

behavior of the Mn site. In the presence of acetate, malonate and tartrate, Mn-tmtacn 

forms carboxylato-bridged complexes of type (I) shown in Fig. 4.11 [33 – 35]. 
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However, in oxalate buffer, Mn(II) is oxidized to Mn(III) with a concomitant reduction 

of oxalate yielding (tmtacn)MnIII(oxalate-● ) radical complex (II; Fig. 4.11).  Such 

radical intermediates were identified also in the oxidation reactions involving metal 

porphyrins [38]. Addition of H2O2 forms µ-oxo- (species A) and terminal-oxo- (Species 

B) Mn(IV) complexes (Fig. 4.10).  The former type of complexes are characterized by 

resolved Mn hyperfine pattern (Fig. 4.7e) while the latter by a broad EPR signal at g ~ 2 

at 298 K (Fig. 4.8c).  In acetate, malonate and citrate buffers both A and B were co-

existent. In the oxalate buffer, species B was most predominant (Fig. 4.10) while 

species A was dominant in solutions containing acetate and tartrate buffers.  The 

distinctive behavior of oxalate buffer is attributed to (i) its capability to influence the 

redox behavior of manganese, (ii) intramolecular electron transfer resulting in the 

formation of the carboxylato radical intermediates and (iii) formation of terminal-oxo- 

Mn(IV) species.   
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Figure 4.10.  EPR signal intensity (%) of species A and B in Mn-tmtacn-H2O2 in 

the presence of carboxylic acid buffers: 1 – acetate; 2 – citrate; 3 – ascorbate;  4 – 

tartrate; 5 – malonate; 6 – oxalate. 
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It is interesting to note that Mn-tmtacn exhibits good activity even in the presence of a 

non-carboxylic acid ascorbate buffer.  This suggests that ascorbate too can influence the 

redox behavior of Mn and form the active Mn species required for the benzylic 

oxidation.  Based on the EPR and UV-vis studies two types of oxo-manganese 

complexes, (µ-oxo)(µ-carboxylato)-[MnIV-tmtacn]2 (species A) and terminal-oxo-MnIV-

tmtacn (species B) can be identified in the solutions after reactions with H2O2.  

Tentative structures of these oxo-manganese complexes are shown in Fig. 4.11.  

Although the teminal oxo-manganese complexes (species B) appeared to be the active 

species for benzylic oxidation, no linear correlation in catalytic activity with the 

concentration of A or B was noted.  This suggests that other factors such as the 

structure of the buffer and its mode of coordination also play an important role in the 

activity of the oxo-manganese species.  

4.3.4. Mechanism 

Many studies have been done in order to elucidate the mechanism of 

hydrocarbon oxidation reactions [39-43].  Based on the conclusions drawn from the in 

situ spectroscopic studies that terminal oxo-MnIV-tmtacn is the active species in the 
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Figure 4.11. Active Mn-tmtacn species in the presence of acetate and oxalate 

buffers. 
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benzylic oxidation and epoxidation reactions, a plausible mechanism for the oxygen 

transfer and insertion is given in the following sections. This mechanism is in analogy 

with that proposed for Mn(III) porphyrin catalyzed  oxidations [43]. 

4.3.4.1. Epoxidation 

It is observed that epoxidation occurs with retention in the stereochemistry of 

olefin. In a plausible mechanism oxygen atom transfer takes place via formation of a 

metal-oxo-olefin intermediate (Scheme 4.3).  Epoxidation of olefin takes place 

stereoselectively without formation any carbon radical.             
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Scheme 4.3. Proposed mechanism for epoxidation with Mn-tmtacn-oxalate-

H2O2 system. 

 

4.3.4.2. Benzylic Oxidation 

The high valent oxo-Mn species have been invoked as intermediates in the 

oxidations by Mn-porphyrins [44] and cytochrome P-450 and other biomimetic 
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analogous [6, 45]. Accordingly, the benzylic oxidation reaction can proceed in two 

pathways: (a) where the abstraction of hydrogen from benzylic carbon and its 

hydroxylation are concerted and (b) the formation of peroxide as intermediate product. 

The alcohol will be oxidized further to ketone (Scheme 4.4). Thus formation of all the 

products in the reaction can be explained.   

  

Scheme 4.4.  Mechanism for benzylic C-H bond oxidation with Mn-tmtacn-oxalate-

H2O2 system. 
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4.4. CONCLUSIONS 

The Mn-tmtacn complex exhibits superior activity for the epoxidation of 

terminal and non-terminal olefins. The activity of the Mn complex is enhanced in the 

presence of carboxylate buffers. Benzylic C-H bond of aromatics is selectively oxidized 

with the catalyst system under mild conditions. In situ spectroscopic studies reveal that 
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oxo-manganese complexes are the active species. The nature of the buffer and its mode 

of coordination have a definite role in the activity of the oxo-manganese complexes. 
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Chapter 5.  CARBON-CARBON BOND FORMING REACTIONS 
OVER PALLADIUM (II) CONTAINING HYDROTALCITES 

______________________________________________________________________  

5.1.  INTRODUCTION 

Transition metal catalyzed carbon-carbon bond formation reactions are among 

the important reactions in synthetic organic chemistry [1].  Palladium catalyzed Heck 

reaction, Suzuki coupling and Sonogashira reaction are versatile methods practiced in 

various chemical syntheses in both academic research and chemical industry [2-5].  

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 acetylenes (Sonogashira reaction) [6].  Palladium phosphine complexes are 

notorious for air and moisture sensitivity, they deactivate fast and it is tedious and not 

economical to recover and recycle the catalyst.  The increasing environmental and 

economic concerns have resulted in attempts to develop clean and high performance 

catalysts [7, 8].  Much attention has been paid to heterogeneous catalysts due to their 

easy recovery and recyclability [9,10].  Efforts have been done to support palladium on 

metal oxides, polymers, clays like montmorillonite (K-10), palladium grafted on MCM-

41 and other supports [11-15].  Ni and Mn containing hydrotalcite catalysts have also 

been tried for the Heck reaction [16]. 

5.1.1. Heck Reaction 

The palladium catalyzed Heck reaction of aryl halides and olefins is an 

important C-C bond forming reaction in organic synthesis (Scheme 5.1) [17].  The 

reaction is generally catalyzed by either Pd(0) or Pd(II) complexes in solution [6].  In 

order to facilitate the recovery of the precious metal catalyst, immobilization of 
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homogeneous catalysts has been the research goal for many years [18].  Thus, the use of 

supported metal catalysts has now become a viable alternative to the commonly used 

homogeneous catalysts [8-10].  Here we report the use of Pd-hydrotalcite as a new 

efficient catalyst for the Heck reaction. 

 

5.1.2. Suzuki Coupling 

Suzuki coupling is a well-established method of coupling organoboran 

compounds with aryl or alkenyl halides in the presence of a palladium catalyst (Scheme 

2) [19].  The reaction represents an alternative C-C coupling method over other methods 

using organomtallics because organoboranes are air and moisture stable with relatively 

low toxicity.  Recently, many heterogeneous catalysts have been reported in the 

literature for Suzuki reaction [20, 21]. 

 

5.1.3. Sonogashira Reaction 

Sonogashira reaction is another interesting palladium catalyzed carbon-carbon 

bond formation reaction, which couples terminal acetylenes with aromatic halides 

Scheme 5.1

Ar X + Pd catalyst
Base

where Ar = Aryl, X = I, Br
          R = CO2CH3, C6H5 etc.

R R

Ar

++Ar X B(OH)2
Pd catalyst

Base Ar

X= I, Br 
R1= OCH3, CH3, Cl, etc. 

Scheme 5.2

   BX(OH)2
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(Scheme 3) [22].  Not many heterogeneous catalysts have been reported for this reaction 

[23, 24]. 

 

5.1.4. Hydrotalcites as Catalysts 

In the recent years, layered double hydroxides (LDH) or hydrotalcite like 

anionic clays have gained interest as catalysts in organic synthesis [25].  They have the 

general formula, [M(II)
(1-x) M(III)

x (OH)2]x+ [(An- )x/n yH2O]x-, where x = M(III) / M(III) + 

M(II) (0.1 to 0.33) , M(II) = Mg, Cu, Ni, Co, and Mn, M(III) = Al, Fe, Cr, and Ga and  An- 

is an interlayer anion such as CO3
2-, NO3

-  and SO4
2-.   The layered structure is composed 

of positively charged single octahedral sheets called brucite layers separated by 

interlayer galleries containing organic or inorganic anions and water molecules.  

Positive charge is developed by occupancy of the nominally octahedral sites by metals 

of different charges.  Various elements that are expected to act as active sites of 

catalysts can be introduced in the brucite layer [26].  Hydrotalcites containing metals 

like Ni, Cu, Pd etc., have already been reported in the literature [27, 28].  Narayanan et 

al. [29] studied the hydrogenation of phenol to cyclohexanone over Pd(II) containing 

Mg-Al hydrotalcites.  Kaneda et al. [30] reported Ru-Co-Al-CO3 HT for oxidation of 

alcohols.  Choudhary et al. [31] found the application of Ni-Al hydrotalcite in the 

oxidation of alcohols using molecular oxygen.  Velu et al. [32] incorporated zirconium 

ions into the layers of hydrotalcites and carried out the selective oxidation of phenol to 

catechol.  In view of the growing interest to prepare new heterogeneous catalysts for 

H Ph Pd catalyst
Base

Ph

Scheme 5.3

+XR1 R1
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carbon-carbon bond forming reactions like Heck reaction, palladium-containing 

hydrotalcites have been synthesized, characterized and evaluated.  

 

5.2.  EXPERIMENTAL 

5.2.1.  Materials  

Pd(CH3COO)2 was procured from Sigma-Aldrich Corporation, USA.  

Mg(NO3)2.6H2O, Al(NO3)3.6H2O and all other chemicals used for the catalyst 

preparation were obtained by Merck, India.  All aryl iodides used in the reactions were 

prepared via diazotization of the corresponding amines (Sandmeyer reaction) [33].  Aryl 

bromides, aryl chlorides, methyl acrylate and styrene used as substrates in the reactions 

were obtained from Aldrich, USA.  The solvents, acetonitrile, dimethyl formamide 

(DMF) and N-methylpyrrolidinone (NMP) (A.R. grade) obtained from s. d. fine Chem. 

India, were dried using standard procedures [34]. 

5.2.2.  Preparation of Pd-containing hydrotalcites 

In a modified procedure [35] for preparation of the catalyst Pd-HT(25) (Table 1), 

a solution of 20 mmol of Mg(NO3)2.6H2O and 10 mmol of Al(NO3)3.6H2O in 15 ml of 

demineralized (DM) water was added dropwise to a solution of 285 mmol of NaOH and 

38 mmol of Na2CO3 in 60 ml of water over a  period of  0.5 h with vigorous stirring. 

When the addition was half done, 1mmol of Pd(CH3COO)2 was added in one lot and the 

addition was continued.  The solution was then heated at 50ºC for 18 h with stirring.  

Later the contents were cooled and filtered.  The precipitate obtained was washed 

repeatedly with water till the filtrate was neutral to litmus and dried at 110ºC for 24 h.   

Other samples were prepared by varying the amount of Pd(CH3COO)2 added with 

respect to magnesium. 
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5.2.3.  Characterization  

Powder X-ray diffraction patterns of all the samples were recorded using a 

Rigaku (Model D-MAX II VC, Japan) X-ray diffractometer with Ni-filtered Cu-Kα 

radiation (λ = 1.540 Å).  The atomic absorption spectroscopic (AAS) analyses of the 

samples were done on a Varian Spectra AA 220 instrument.  UV-vis spectra of the 

reaction mixtures were recorded on a Shimadzu UV-2101 PC spectrophotometer in the 

region 200 – 900 nm.  FT-IR spectra were recorded on a Shimadzu 8201 PC 

spectrophotometer in the region 400 – 4000 cm-1.  Thermal analyses of the samples 

were performed on an automatic derivatograp (Setaram TG/DTA-92).  The surface 

areas of the samples were calculated from N2 sorption isotherms using the BET 

procedure (NOVA, Model 1200).  Scanning Electron Microscope (SEM) (Model JSM 

5200, JEOL, JAPAN) equipped with Energy Dispersive X-ray analysis (EDX) was used 

to determine the crystallite size and morphology of the samples.  X-ray photoelectron 

spectra were recorded on a VG Microtech Multilab Electron Spectroscopy for Chemical 

Analysis (ESCA) 3000 equipped with a twin anode of Al and Mg.  The reactions were 

monitored by GC (HP-5880A; capillary column HP1, 50 m x 0.2 mm; FID detector).  

NMR spectra of the products were recorded at room temperature on a 200 MHz Bruker 

spectrometer.   

The samples were dried at 110ºC for 12 h before their characterization by 

physicochemical methods. To obtain the chemical composition (Pd, Mg and Al) by 

AAS, weighed amounts of the samples (ca. 20 mg) were dissolved in a few drops of 

conc. HCl and diluted with DM water to 50 ml.  The carbonate content was determined 

by elemental analysis.  The surface areas of the samples were measured by N2 

adsorption (BET method) after activation at 200ºC. 
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5.2.4.  Heck reaction 

5.2.4.1. General Procedure for Heck reaction 

A typical reaction was carried out by combining, under argon atmosphere, 3 

mmol of iodobenzene, 3.9 mmol of methyl acrylate, 3.6 mmol of triethyl amine (1.2 

equiv.) and Pd-HT (20 wt% with respect to iodobenzene) in dry DMF (8 ml).  The 

stirred mixture was heated at 140°C.  The reaction was monitored by GC/TLC.  After 

the reaction was over it was quenched with 5 ml of water and the catalyst was filtered. 

Water (50 ml) was added to the filtrate and the product was extracted with ethyl acetate 

(50 ml x 2).  The organic layer was given dil. HCl, water and brine wash and was dried   

over Na2SO4.  The product 3a (Table 5.4, Scheme 5.5) obtained after evaporation of the 

solvent was purified by column chromatography.  Yield 0.399 g (82 %). 

(3a) (E)- Methyl-3-phenyl propenoate (Table 5.4, Scheme 5.5) 

1H NMR (CDCl3) δppm: 3.80 (s, 3H), 6.40 (d, 1H, J =16Hz), 7.37 (m, 3H), 7.50 (m, 

2H), 7.65 (d, 1H, J =14Hz). 

IR (Neat) cm-1: 2923, 2854, 1724, 1637, 1450, 1313, 1169, 978, 767. 

(3b) (E)-1,2-Diphenylethene 

m.p.: 122°C 

1H NMR (CDCl3) δppm: 7.16 (s, 2H), 7.41 (m, 6H), 7.55 (d, 4H, J = 6Hz). 

IR (Neat) cm-1: 834, 1598, 1492, 1440, 1368, 1069, 970, 762. 

(3c) (E)-1-(4-Methyl phenyl)-2-phenylethene 

m.p.:  118-19°C 

1H NMR (CDCl3) δppm: 2.35 (s, 3H), 7.07 (s, 2H), 7.18-7.52 (m, 9H). 

IR (Neat) cm-1: 2924, 2854, 1599, 1508, 1448, 1377, 970, 806, 750, 690.  

(3d) (E)-Methyl-3-(4-Methoxyphenyl)-propenoate 

m.p.: 96°C 
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1H NMR (CDCl3) δppm: 3.81 (s, 3H), 3.85 (s, 3H), 6.29 (d, 1H, J = 8Hz), 6.90 (d, 2H, J 

= 8Hz), 7.47 (d, 2H, J = 8Hz), 7.63 (d, 1H, J = 8Hz). 

IR (Neat) cm-1: 2950, 1714, 1637, 1602, 1512, 1465, 1286, 1167, 1026, 983, 767. 

(3e) (E)-Methyl-3-(4-chlorophenyl)-propenoate 

m.p.:  84°C 

1H NMR (CDCl3) δppm: 3.81 (s, 3H), 6.37 (d, 1H, J = 16Hz), 7.38-7.46 (m, 4H), 7.62 

(d, 1H, J = 8Hz). 

IR (Neat) cm-1: 2923, 1705, 1633, 1591, 1488, 1433, 1315, 1193, 1080, 939, 732. 

(3f) (E)-1-(4-Methoxyphenyl)-2-phenylethene 

m.p.:  134° 

1H NMR (CDCl3) δppm: 3.85 (s, 3H), 6.90 (d, 1H, J = 8Hz), 7.02 (d, 1H, J = 8Hz), 

7.47-7.82 (m, ArH).   

IR (Nujol) cm-1: 2923, 2854, 1602, 1446, 1377, 1251, 1029, 968, 750, 814. 

(3g) (E)-1-(4-Acetylphenyl)-2-phenylethene 

m.p.:  136°C 

1H NMR (CDCl3) δppm; 2.62 (s, 3H), 7.18 -7.62 (m,10H), 7.95 (d, 2H, J = 8Hz). 

IR (Nujol) cm-1: 2922, 2852, 1678, 1600, 1560, 1456, 1361, 1267, 966, 734, 690.     

(3h) (E)-Methyl-3-(1-naphthyl)-propenoate 

1H NMR (CDCl3) δppm: 3.85 (s, 3H), 6.49 (d, 1H, J = 16 Hz), 7.51 (m, 3H), 7.87 (m, 

3H), 8.17 (d, 1H, J = 8Hz), 8.50 (d, 1H, J = 14Hz). 

IR (Neat) cm-1: 3058, 2949, 1716, 1635, 1575, 1510,1435, 1346, 1307, 1269, 1168, 

1039, 978, 777.  
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5.2.4.2. Test for heterogeneity of reaction 

The catalyst Pd-HT(25) (Table 5.1), iodobenzene and triethyl amine (except 

olefin) were mixed in dry DMF (6 ml) and heated at 140°C under argon atmosphere 

with constant stirring for 4 – 5 h.  The catalyst was filtered off quickly under argon, 

methyl acrylate was added to the filtrate followed by 10% more of the triethyl amine 

base and the reaction was continued for another 4 h at 140°C.  Analysis by GC did not 

reveal any product formation.  This showed that the reaction did not proceed on the 

removal of the solid catalyst and the reaction was heterogeneous.  However, the catalyst 

recovered after the reaction did reveal a small amount of Pd loss (< 10%).  Apparently 

the Pd lost (or leached out from the catalyst) was not significantly responsible for the 

catalytic activity.  

5.2.4. Suzuki Coupling 

In a typical Suzuki coupling, iodobenzene (2 mmol), phenyl boronic acid (2.6 

mmol, 1.3 equiv), K2CO3 (3.0 mmol) and Pd-HT(25) (20 wt% with respect to 

iodobenzene) were mixed in dry DMF (6 ml) solvent under argon atmosphere.  The 

reaction mixture was heated at 140°C with efficient stirring.  The reaction was 

monitored by TLC.  After the reaction was over, it was quenched with 5ml of water, the 

catalyst was filtered, 50ml of water was added to the filtrate and the product was 

extracted with ethyl acetate (50 ml x 2).  The organic layer was given dil. HCl, water 

and brine wash and was dried   with Na2SO4.  The product, biphenyl 6a (Table 5.5, 

Scheme 5.66) obtained after evaporation of the solvent was purified by column 

chromatography.  Yield 0.241 g (79%). 

(6a) Biphenyl (Table 5.5, Scheme 5.6) 

m.p.: 68 °C 

1H NMR (CDCl3) δppm: 7.47(m, 6H), 7.61 (d, 4H, J = 6Hz). 
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IR (Neat) cm-1: 3060, 1638, 1456, 1210, 898, 698, 728. 

(6b) 4-Methoxybiphenyl 

m.p.: 86 °C 

1H NMR (CDCl3) δppm: 7.47(m, 6H), 7.61 (d, 4H, J = 6Hz). 

IR(Nujol)cm-1: 2923, 2854, 1606, 1488, 1450, 1251, 1201, 1184, 1035, 835, 759, 688.  

(6c) 4-Chlorobiphenyl 

m.p.:  77 °C 

1H NMR (CDCl3) δppm: 7.38-7.61(m, 9H). 

IR (Neat) cm-1: 2923, 1463, 1377, 1095, 831, 758, 694. 

(6d) 4- Phenyltoluene 

m.p.: 45°C 

1H NMR(CDCl3) δppm: 2.39 (s, 3H), 7.22-7.59 (m, 9H). 

IR (Nujol) cm-1: 2923, 2852, 1490, 1448, 821, 756, 696. 

(6e) 4-Acetylbiphenyl 

m.p.: 116°C 

 1H NMR (CDCl3) δppm: 2.6 (s, 3H), 7.44 (m, 3H), 7.66 (m, 4H), 7.79(d, 2H, J = 8Hz). 

IR (Nujol) cm-1: 2938, 2874, 1720, 1598, 1377, 1260, 1192, 950, 762.  

(6f) 1-Phenylnaphthtlene 

1H NMR (CDCl3) δppm: 7.39-7.48 (m, 9H), 7.85 (m, 3H). 

IR (Neat) cm-1: 3057, 1591, 1496, 1492, 1446, 1394, 1029, 802, 779, 704, 569.  

5.2.6. Sonogashira Reaction 

In a general procedure, 3.0 mmol of iodobenzene, 3.0 mmol of phenyl acetylene, 

3.6 mmol of K2CO3 and Pd-HT(25) (10 wt% with respect to iodobenzene) were mixed 

in dry DMF (6 ml) under argon atmosphere.  The reaction mixture was heated at 140°C 
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with efficient stirring.  The reaction was monitored by TLC and was over by 10 h.  The 

reaction was quenched with 5 ml of water, the catalyst was filtered, 50ml of water was 

added to the filtrate and the product was extracted with ethyl acetate (50 ml x 2).  The 

organic layer was given dil.HCl, water and brine wash and was dried with Na2SO4.  The 

product diphenyl acetylene obtained after evaporation of the solvent was purified by 

column chromatography.  Yield 0.4 g (79 %). 

(9a) Diphenylacetylene (Table 5.6, Scheme 5.7) 

Yield:  0.399 g (79 %) 

m.p.: 57 °C  

1H NMR (CDCl3) δppm: 7.3 (m, 6H), 7.5 (m, 4H).  

IR (Neat) cm-1: 3024, 2350, 1597, 1490, 1443, 1074, 1028, 760. 

(9b) 1-(4-Methoxyphenyl)-2-phenylacetylene 

Yiled: 0.49g (81 %) 

1H NMR (CDCl3) δppm: 3.85 (s, 3H), 6.9 (d, 2H, J = 8.5Hz), 7.5-7.71 (m, 7H).  

IR (Neat) cm-1: 3057, 2108, 1597, 1487, 1443, 1242, 1028, 882. 

Selected NMR spectra of the products obtained are shown in Section 5.6   

  

5.3. RESULTS AND DISCUSSION 

Various Pd-containing Mg-Al hydrotalctites were synthesized from soluble salts 

of the metals in the right atomic ratio by co-precipitation from a solution containing a 

slight excess of Na2CO3 at pH ~10 [35].  The different Mg/Al and Pd/Mg ratios selected 

were Mg/Al = 2-3 and Pd/Mg = 0.01- 0.05. The catalysts were designated according to 

the Pd/Mg and Mg/Al ratios used for the preparation.  For e.g., Pd - hydrotalcite with 

Pd/Mg = 1/100 and Mg/Al = 2 is designated as Pd-HT(21). 
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5.3.1.  Characterization 

5.3.1.1. Chemical Composition 

The chemical composition of the samples derived from elemental analysis (C 

and H) and AAS estimation (Pd, Mg and Al) are summarized in Table 5.1.  The molar 

compositions of Pd are always less than expected.   This may be due to the lower 

tendency of Pd to enter the brucite sheets.  The water content was well within the 

expected values; the maximum number of water molecules in the interlayer per formula 

of hydrotalcite like anionic clay [M(II)
(1-x) , M(III)

x (OH)2]x+ [(An- )x/n .yH2O]x- would be y 

< 2-3x/2 [36].  When the catalyst recovered was estimated for palladium, the amount of 

palladium was found to have decreased only by about 10 %.   

Table 5.1.  Chemical compositions of various palladium containing hydrotalcites 

Catalyst /[mol % of Pd 

used for incorporation]a 

Composition (atomic)b 

Pd : Mg : Al 
Chemical Composition d 

Pd-HT(20)/ [0] 0.00 : 100.00 : 41.20 Pd0.0Mg0.60Al0.25(OH)1.8(CO3)0.14.0.3H2O 

Pd-HT(21)/ [1] 0.68 : 100.00 : 40.85 Pd0.004Mg0.60Al0.24(OH)1.8(CO3)0.15.0.1H2O 

Pd-HT(22)/ [2] 1.52 : 100.00 : 40.67 Pd0.009Mg0.60Al0.24(OH)1.8(CO3)0.16.0.4H2O 

Pd-HT(23)/ [3] 2.76 : 100.00 : 39.31 Pd0.016Mg0.60Al0.24(OH)1.8(CO3)0.15.0.4H2O 

Pd-HT(24)/ [4] 3.35 : 100.00 : 41.02 Pd0.02Mg0.60Al0.25(OH)1.8(CO3)0.145.0.2H2O 

Pd-HT(25)/ [5] 4.13 : 100.00 : 39.80 Pd0.025Mg0.60Al0.24(OH)1.8(CO3)0.15.0.4H2O 

Pd-HT(26)/ [6] 4.20 : 100.00 : 41.33 Pd0.025Mg0.60Al0.25(OH)1.8(CO3)0.14.0.4H2O 

Pd-HT(35)/ [5] c 4.37 :100.00 : 27.72 Pd0.026Mg0.60Al0.17(OH)1.8(CO3)1.5.0.5H2O 

a Pd used in the preparation is given inside square brackets as mol % with respect to Mg.  
bAs estimated by AAS; Mg/Al for all the samples ≅2.5. cMg/Al ≅ 3.6.  dFormula derived 

based on the C, H, N and AAS analysis. 

 



______________________________________________________________________   

 

Chapter 5 

156 
 
  

5.3.1.2. X-Ray Diffractions and BET Surface Area 

Powder XRD patterns of the various samples (Fig. 5.1A) (2θ range from 0° to 

80°) showed sharp reflections for (003), (006), (110) and (113) planes, which are 

characteristic of a well crystallized HT phase [37].  This suggests that most of the Pd+2   

 

Figure 5.1A.  XRD patterns of hydrotalcite samples prepared (a) Pd-HT(20) (b) Pd-

HT(21) (c) Pd-HT(22) (d) Pd-HT(23) (e) Pd-HT(24) (f) Pd-HT(25) (g) Pd-HT(30) (h) 

Pd-HT(35) (i) recovered Pd-HT(25) [Pd-HT(rec)].  
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ions substitute Mg+2 in the brucite layer of the hydrotalcite, although palladium favours 

square planar coordination [38].  The lattice constants were determined by PDP 11-

Package least-squares refinement programme, from the well defined position of the 

most intense peaks.  Hydrotalcite belongs to a hexagonal crystal system and the lattice 

parameters a and c calculated are presented in Table 5.2.  It is noticed that there is an 

overall increase in the values of both the parameter ‘c’ and interlayer spacing d003 with 

increase in both the Pd/Mg and Mg/Al ratios [from Pd-HT(20) to Pd-HT(35), Table 

5.2]. The increase in the value of ‘a’ is less evident.  The surface areas were determined 

after activating the catalyst at 200°C for 2 h.  The change in the BET surface area with 

the change in chemical composition (Table 2) was too small to make any definite 

conclusion.   

 

Table 5.2.  Cell parameters and surface areas of various Pd-containing hydrotalcites. 

Cell parameters 
Catalyst 

designation 
Pd/Mga 

        Al(III) 

       Al(III) + Mg(II) 

Surface 

Area 

(m2/gm) 

d [A°] 
   a (A°) c (A°) 

Pd-HT(20) 0.000 0.29 22.3 7.53 3.0368 23.7673 

Pd-HT(21) 0.068 0.29 20.0 7.54 3.0384 22.7612 

Pd-HT(22) 0.152 0.29 20.0 7.62 3.0438 22.9502 

Pd-HT(23) 0.276 0.29 23.0 7.62 3.0425 22.9014 

Pd-HT(24) 0.335 0.29 19.0 7.64 3.0419 22.8101 

Pd-HT(25) 0.413 0.29 15.8 7.75 3.0555 23.1984 

Pd-HT(26) 0.420 0.29 15.0 7.74 3.0475 23.1844 

Pd-HT(35) 0.437 0.21 24.0 7.65 3.0476 23.0595 

a Atomic ratio. b As estimated by AAS. 

x b =
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It is observed that the XRD patterns of the catalyst recovered after the reaction 

[Pd-HT(rec)] was coincident (both in peak position and peak intensity) with the original 

catalyst (a = 3.05(A°) and c = 22.97(A°)) (Fig. 5.1B).  This indicates that the layer 

structure of the catalyst remains intact even after the reaction.  

 

5.3.1.3. UV-visible Spectroscopy 

Fig. 5.2 shows the UV-visible reflectance spectra of selected samples.  Pd(II) in 

[Pd-HT(25)] shows a band in the region of 300 – 500 nm having different environment 

 

Figure 1B.  XRD patterns of hydrotalcites. (a) hydrotalcite [Pd-HT (20)]; (b) Pd-

hydrotalcite [Pd-HT(25)]; (c) recovered Pd-HT(25) [Pd-HT(rec)]. 
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of cations and anions in the brucite layer [26, 39, 40].  For the recovered sample [Pd-

HT(rec)], the intensity of absorbance was less partly due to the small leaching of Pd+2 

from the structure and mainly due to its partial reduction to Pd(0) (evident from XPS 

analysis) which is not observed in the spectrum. 

 

Figure 5.2.  UV-visible reflectance spectra of (a) Pd-HT(20), (b) Pd-HT(25) and (c) 

Pd-HT(rec).  

.       

5.3.1.4. FT-IR Spectroscopy 

The FT-IR spectra of selected samples are as shown in Fig. 5.3.  The asymmetric 

intense peak at 3450 cm-1 is attributed to the OH stretching vibrations [41, 42].  The 

presence of the carbonate anion is inferred from the characteristic IR bands at 850, 

1050, and 1372 cm-1 [25].  The weak band at around 1630 cm-1 is due to the bending 

vibration of adsorbed interlayer water [43].  The bands below ca. 800 cm-1 are due to 

metal-oxygen vibration modes. 
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Figure 3.  FT-IR diffused reflectance spectra of (a) Pd-HT(20), (b) Pd-HT(25) and (c) 

Pd-HT(rec). 

 

5.3.1.5. Thermal and XPS Analyses 

TG-DTA profiles of the selected samples between 20 and 1000°C in the 

presence of air are shown in Fig. 5.4.  The sharpness of the peaks reflects the high 

degree of crystallanity.  The weight loss is observed in two well-differentiated stages. 

An endothermic peak in the first stage (75 - 260°C) corresponds to the loss of water in 

the interlayer space. The broad peak in the second stage (300 – 480°C) is related to the 

weight loss due to dehydroxylation and decarbonylation processes.   

X-ray photoelectron spectrum of Pd-HT(25) is as shown in Fig. 5.5.  It is clear 

that  all  the  palladium  is present ( presumably in the framework of the hydrotalcite) as    
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Figure 5.4.  TG-DTA plots of (a) Pd-HT(20); (b) Pd-HT(25). 
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Pd(II).  The binding energies for the 3d levels of Pd(II) are 336.4 eV(3d5/2) and 341.7 

eV(3d3/2).  These values are comparable with the observed binding energies for Pd(II) 

salts (336.1 eV(3d5/2) for PdO, 338.7 eV(3d5/2) for Pd(OAc)2  and 337.9 eV(3d5/2) for 

PdCl2) [44].  Pd(0) palladium has a binding energy of 335.7 eV (3d5/2).  Two types of 

the palladium species with a little difference in their binding energies were observed in 

spent catalyst. One is the Pd(II) and the other is the newly formed Pd(0) with binding 

energies 336.6 eV(3d5/2) and 341.8 eV(3d3/2)respectively.  The reduction of about 50% 

of the Pd(II) to Pd(0) was noticed from the XPS spectra of the recovered catalyst.   

 

5.3.1.6. SEM Studies 

SEM structures of a fresh sample and a recovered after the reaction are 

presented in Figs. 5.6a and 5.6b respectively.  It is seen that the fresh sample (Fig. 5.6a) 

is made up of crystals of hexagonal platelets of about 0.5 - 1 µm diameter.  During the 

 

Figure 5.  X-ray photoelectron spectrum (XPS) of palladium containing hydrotalcite 

[Pd-HT(25)].  
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reaction, the crystals break into finer particles (presumably due to the stirring) (Fig. 

5.6b).  The formation of smaller crystals may be responsible for the increase in surface 

area observed on usage. 

 

a b 

Figure 5.6.  Scanning electron microscopy (SEM) of (a) Pd-HT(25) and (b)Pd-HT(rec) 

(Pd-HT(25) recovered after one reaction cycle). 

 

5.3.2. Pd-HT as Catalyst for C-C Bond Forming Reactions 

5.3.2.1. Heck Reaction 

Heck reaction of iodobenzene with methyl acrylate was carried out using various 

palladium containing hydrotalcites (Table 5.1) after activation at 120°C for 6 h (Scheme 

Scheme 5.4

+ Pd-HT

trans > 99 %

CO2Me CO2Me

Ph
PhI

Et3N, DMF
140oC
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5.4).  It was found that the yield of methyl cinnamate increased with Pd loading.  

Catalysts with a Pd loading of  ~ 4% with Mg/Al ≅ 2.5 appeared to be the most active 

(Table 5.3).  Pure HT without Pd did not produce methyl cinnamate even after 36 h.  

When the reaction was carried out with 0.1 mol % of Pd(OAc)2 as the catalyst, the 

product yield was 14 %.  Surprisingly, the Pd-HT sample prepared with Mg/Al ≅ 3.6 

was not as active as the other Pd-HT samples, Mg/Al ≅ 2.5 and Pd ≅ 3-4% (compare 

Pd-HT(35) with Pd-HT(24-25), Table 5.3).  In toluene and acetonitrile solvents no 

reaction was observed under reflux conditions.  Also the catalysts were not active in 

DMF at temperatures below 140°C.  So all the reactions were carried out at 140°C.  The 

reaction was found to be heterogeneous in nature [45]. 

Results of the Heck reaction between various aryl halides and olefins (Scheme 

5.5) are presented in Table 5.4.  It is obvious from the results that good yields of the 

products could be obtained with all the aryl iodides with even 10% w/w of the catalyst.  

Table 5.3.  Heck reaction of iodobenzene with methyl acrylate over Pd-HT. 

Catalyst /[mol % of Pd 

used for incorporation]a 

Time 

(h) 

Conv.b 

% 

% Yield of methyl 

cinnamate (Isolated) 

Pd-HT(21)/ [1] 36 23 10 

Pd-HT(22) / [2] 36 19 10 

Pd-HT(23) / [3] 24 34 16 

Pd-HT(24) / [4] 8 98 71 

Pd-HT(25) / [5] 4 100 82 

Pd-HT(26) / [6] 4 100 84 

Pd-HT(35)  / [5] 24 29 20 

a Pd mol % with respect to Mg.  b Conversion of Iodobenzene 
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The highest turn over number (TON) achieved was around 1000.  Under similar 

experimental conditions, aryl bromides did not appear to be much reactive.  Hence, the 

reaction conditions were modified; NMP (N-methyl pyrrolidinone) was used as the 

solvent, K2CO3 as the base, and the temperature was raised to 150°C. 

  

Stilbene was isolated in good yield, under these conditions, from the reaction of 

bromobenzene and styrene (TON = 492).  The reaction of 1-bromonaphthalene with 

methyl acrylate gave 45% yield of the product (Table 5.4).  The catalyst, however, was 

not effective with the less reactive aryl chlorides.  Chlorobenzene failed to react with 

methyl acrylate.  Activated aryl chlorides like p-nitrochlorobenzene also gave low 

yields.  Addition of NaI/CuI did not bring about any improvement.  Intramolecular 

Heck reaction of 2-iodophenylallyl ether did not give any product.  

The catalyst could be recycled after the activation at 100°C, though some loss was 

noticed in the yield of methyl cinnamate from the reaction between iodobenzene and 

methyl acrylate (Table 5.4).  Interestingly, the reaction was faster over the recycled 

catalyst than over the fresh one, which could be attributed to the increase in surface area 

(65 m2/g) of the catalyst.   

Scheme 5.5

Ar X + Pd-HT(25)
Base

where Ar = Aryl, X = I, Br
          R = CO2CH3, C6H5 etc.

trans > 99 %

R R

Ar
1 2

3a. Ar = C6H5, R = CO2CH3

3b. Ar = C6H5, R = C6H5

3c. Ar = C6H5, R = p-CH3C6H4

3d. Ar = p-CH3OC6H4, R = CO2CH3

3e. Ar = p-ClC6H4, R = CO2CH3

3f.  Ar = CH3OC6H4, R = C6H5

3g. Ar = CH3COC6H4, R = C6H5

3h. Ar = C8H17, R = CO2CH3
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Though the Heck reaction is well known, it is still unclear whether the catalytic 

cycle involves Pd(0)/Pd(II) redox couple or Pd(II)/Pd(IV) [46].  Also, there are 

contradictory views concerning the mechanism and structure-activity relationships in 

heterogeneous catalysts.  Based on some models like hydrogenation a surface 

mechanism is suggested (Scheme 5.6).  However, the idea of soluble Pd species (release 

and recapture mechanism) cannot also be denied.  A reasonable mechanism for the 

Table 5.4.  Heck reaction over heterogeneous catalyst:  Pd- HT (25). 

Ar X R Amount of 
catalyst 
% w/w 

Product 
Isolatedb

Time 
(h) 

Yield 
%  

TON c 

C6H5 I CO2CH3 10 3a 8 82 928 

C6H5 I CO2CH3 10 a 3a 5 69 781 

C6H5 I C6H5 10 3b 8 87  985 

C6H5 I p-CH3C6H4 10 3c 20 59 668 

p-CH3OC6H4 I CO2CH3 10 3d 7 87 863 

 p-ClC6H4 I CO2CH3 10 3e 7 88 852 

C6H5 Br CO2CH3 20 3a 20 35 d 257 

C6H5 Br C6H5 20 3b 12 67 d 492 

p-CH3OC6H4 Br C6H5 20 3f 12 67 d 492 

p-CH3COC6H4 Br C6H5 20 3g 12 48 d 277 

C8H7 Br CO2CH3 20 3h 12 45 d 259 

a With the recovered catalyst (first recycle); surface area 65m2/gm.b All products gave 

satisfactory IR and NMR spectra.  c Turn over numbers were calculated on the basis of 

amount of Pd estimated by AAS (TON = mol of product  x  mol-1 of  catalyst-Pd).  d N-

Methyl pyrrolidinone solvent; K2CO3 base;150°C. 
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reaction involving Pd(II)/Pd(IV) can be suggested to be as follows: The d(003) basal 

spacing (7.78 Å) acts as a nano reactor.    Aryl halide is added oxidatively to Pd(II) 

present in the brucite layer to give Pd(IV) complex 1.  The syn insertion of the olefin to 

C-Pd bond results in the formation of σ- alkanyl-Pd complex 2. The catalyst is 

regenerated after the reductive elimination of HX in the presence of a base giving the 

trans product. Thus palladium will be intact in the brucite structure.  Oxidative addition 

of haloarenes can be taken as the rate determining step.  The formation of Pd0, observed 

by XPS analysis, in the recovered catalyst can be accounted for the partial structural 

damage at the reaction temperatures followed by in situ reduction of Pd(II) in the 

reaction medium. 

Base
Oxidative addn.

Reductive elimination

Syn insertion

1

2

-HX
Ar

Ar- X

W

W

Ar

X

X

H

W
Ar

Pd
O

O

O

OO

O
AlMg

Pd
O

O

O

OO

O
AlMg

Pd
O

O

O

OO

O
AlMg

 
 
Scheme 5.6.  Proposed mechanism for Heck reaction over Pd-HT (O should be 

considered as hydroxy group). 

 
5.3.2.2. Suzuki Coupling 

Palladium containing hydrotalcites could be good heterogeneous catalysts for 

Suzuki reaction (Scheme 5.7) giving high yields of products.  The results of the reaction 

performed with Pd-HT(25) are presented in Table 5.5.    
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Table 5.5.  Suzuki coupling of various aryl halides over Pd-HT(25) catalyst.  

Aryl halide 

Ar X 

Time (h)

 

Product 

(Isolated) 

Yield 

(%) 

TON a 

C6H6 I 8 6a 79 447 

 p-CH3O C6H6 I 6 6b 98 554 

p-ClC6H6 I 12 6c 79 447 

C6H6 Br 18 6a 66 373 

p-CH3 C6H6 Br 17 6d 58 328 

p-CH3CO C6H6 Br 14 6e 89 503 

C10H7  Br 14 6f 85 481 

C6H6 Cl 16 6a 23 130 
a TON = mol of product  x  mol-1 of Pd (estimated by AAS). 

.   
Here also, yields obtained with aryl iodides are excellent. But aryl bromides did 

not give high yields and the reaction with aryl chlorides was very slow.  Turnover 

numbers achieved (~500) was not as high as those obtained in the Heck reaction.  

 Though the rate determining step is the oxidative addition of aryl halides it 

involves another important transmetallation step.  The transmetallation between 

organopalladium(II) halides and organoboron compounds does not occur readily due to 

the low nucleophilicity of the organic group on boron atom.  So, it is necessary to have 

a base, which increases the nucleophilicity of the boron [47].  The plausible mechanism 

for the reaction is shown in Scheme 5.7.   

+Ar X B(OH)2

Pd-HT (25)
    20% wt

K2CO3, DMF
    140 0C 

Ar

X= I, Br  

Scheme 5.7

6a. Ar = C6H5

6b. Ar = p-CH3OC6H4

6c. Ar = p-ClC6H4

6d. Ar = p-CH3C6H4

6e. Ar = p-CH3COC6H4
6f. Ar = C10H7

4 5
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Oxidative addn.

Transmetallation
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Scheme 5.8.  Proposed mechanism for Suzuki coupling over Pd-HT (O should be 

considered as hydroxy group). 

  

5.3.2.3. Sonogashira Reaction 

Pd-hydrotacite could be a very good heterogeneous catalyst for the reaction 

providing good yields of products (Scheme 5.9; Table 5.6).  However, the reaction is 

slow.  The highest turn over numbers achieved is 900 in 10-12 h.   

The mechanism of the Sonogashira reaction can be anticipated very much 

similar to Suzuki coupling.  The oxidative addition of aryl halide will be followed by an 

alkynylation, to give an aryl-alkynyl derivative of palladium (ii), which easily 

H Ph
Pd-HT (25)
    10% wt

K2CO3, DMF
140 0C, 10-12 h.

Ph

Scheme 5.9

+

7 8

XR1 R1

9a. R1= H
9b. R1= OCH3
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regenerates the original palladium through the reductive elimination of the substitution 

products (Scheme 5.10). 

Table 5.6. Sonogashira coupling of various aryl halides over Pd-HT(25) 
catalyst.  

Aryl halide 
Ar X 

Time (h)
 

Product 
(Isolated) 

Yield 
(%) 

TON a 

C6H6 I 12 9a 76 447 

    p-CH3O C6H6 I 10 9b 81 554 
a TON = mol of product  x  mol-1 of Pd (estimated by AAS). 
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Scheme 5.10.  Proposed mechanism for Sonogashira reaction over Pd-HT (O should 

be considered as hydroxy group). 

 

5.4. CONCLUSIONS 

In conclusion, palladium containing hydrotalcites with various Pd/Mg and 

Mg/Al ratio were prepared by a co-precipitation method and characterized by many 

physicochemical techniques.  X- ray powder diffraction patterns showed in all cases the 

presence of a well crystallized HT phase which suggested that most of the Pd(II) was 
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aggregated into the brucite sheets of the hydrotalcite.  Thus the palladium was anchored 

instead of being supported onto the surface.  The versatility and efficiency of the Pd-

hydrotalcite catalyst for carbon-carbon bond formation reaction is thus demonstrated.  

This phosphine free heterogeneous catalyst can be more advantageous to use than the 

other reported Pd-based catalysts for the reaction due to ease of separation and reuse 

besides good yields of the products.  The recoverability of the catalyst with efficient 

recyclability coupled with high turn over numbers makes it a good candidate for C-C 

bond formation reactions. 
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Chapter 6.  SUMMARY AND CONCLUSIONS 

______________________________________________________________ 

 

 This thesis reports the investigations on the use of Cu and Mn Schiff base and 

peraza macrocyclic complexes as catalysts for selective oxidation of hydrocarbons viz., 

epoxidation, benzylic oxidation and cyclohexane oxidation.  It also presents the studies 

carried out on the use of a new type of heterogeneous catalyst, Pd containing 

hydrotalcite, for carbon-carbon bond forming reactions viz., Heck reaction, Suzuki 

coupling and Sonogashira reaction.   

6.1. Synthesis of Metal Complexes 

SalenH2 and salophH2 are the acyclic Schiff bases used in the investigations, 

while tacn, tmtacn, cyclen, tmcyclen and cyclam are the peraza macrocycles chosen as 

the cyclic ligands.  The synthetic method used for the preparation of the peraza 

macrocycles and their N-methylation has been generalized for tacn ([9]ane N3), cyclen 

([12]ane N4) and cyclam ([14]ane N4).  The Cu and Mn peraza macrocyclic complexes 

have been prepared as their perchlorate salts.  Efforts to isolate oxalate bridged Mn 

peraza macrocyclic complexes were not successful.  Adamantane like [Mn4O6(tacn)4]+4 

was isolated under basic conditions.  Metal complexes were heterogenized by 

encapsulating them in zeolite –Y by the “flexible ligand” method. 

6.2. Characterization of Metal Complexes 

The complexes were characterized by elemental analysis, UV-visible, FT-IR and 

EPR spectroscopy.  UV-visible and EPR spectra suggest that the stability of the metal 

complexes increases with increase in ring size of the macrocyclic ligand and decreases 

on its N-methylation.  The effect of encapsulation on molecular association and 

geometry has been studied by UV-visible and EPR spectroscopic techniques.  The 
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resolution in the hyperfine features in the EPR spectra reveals that isolated and 

monomeric complex species is present in the super cages of zeolite –Y.  The higher g 

values for Cu(salen) and Cu(saloph) (2.269 for Cu(salen)-Y and 2.282 for Cu(saloph)-

Y) and lower A values (163.3 G for Cu(salen)-Y and 160.0 G for Cu(saloph)-Y) 

confirm their square pyramidal geometry in zeolite cages with the zeolite framework 

providing the fifth coordination.  Similar geometrical changes are observed with 

encapsulated Mn Schiff base complexes.  In the case of the peraza macrocyclic 

complexes, the geometry of the metal complex depends on the size, number of nitrogen 

atoms and N-methylation.  Comparing the EPR spectra of [Cu(cyclam)]+2 in frozen 

solution and after encapsulation  it is concluded that the square planar geometry of the 

complex does not change significantly upon encapsulation.  UV-visible and EPR studies 

reveal [Cu(cyclam)]+2 to be square planar, and [Cu(cyclen)]+2 and [Cu(tmcyclen)]+2 to 

be weakly pentacoordinated. The high g and low A values of [Cu(tacn)]+2 and 

[Cu(tmtacn)]+2 indicate a square pyramidal geometry for this complex.  The shift in the 

d-d band to a lower wavelength supports such a molecular geometry.  As no changes in 

the EPR parameters were noticed it is concluded that the structure of the complexes is 

unchanged on encapsulation.  Except [Mn(tacn)]+2, all the Mn complex molecules are 

monomers and isolated inside the zeolite cages.  The retention of molecular geometry 

on encapsulation is also observed for Mn-peraza macrocyclic complexes.  However, a 

lowering in symmetry of the complexes is observed.       

6.3. Selective Oxidations with Metal Complexes as Catalysts 

Catalytic activities of both neat and encapsulated Cu and Mn complexes have 

been evaluated for styrene epoxidation and ethylbenzene oxidation using H2O2 and tert-

butyl hydroperoxide oxidants.  Among all the complexes, only Mn(tmtacn) is 

catalytically active with H2O2 oxidant.  An oxalate buffer is necessary to improve the 
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catalytic activity of [Mn(O)tmtacn]SO4 during styrene epoxidation.   The oxalate buffer 

not only reduces the decomposition of H2O2 and but also helps in improving selectivity 

and conversion.  Since the other Mn-peraza macrocyclic complexes did not possess 

catalytic activity with H2O2, it appears that neither the ring size nor N-methylation that 

regulates the activation of H2O2 during the oxidation.  The other complexes are 

catalytically active with TBHP oxidant for styrene epoxidation and ethylbenzene 

oxidation.  All the catalysts possess about 30% selectivity for styrene epoxide, 50 – 60% 

for benzaldehyde and 5-10% for phenylacetaldehyde. Under similar experimental 

conditions, Cu complexes are found to be more active and selective compared to Mn 

complexes.  Also, there is an enhancement in the activity of the Schiff base complexes 

when encapsulated in zeolite – Y.  Among peraza macrocyclic complexes, better 

conversion and selectivity is observed only with [Cu(cyclam)]+2
 for the epoxidation of 

styrene with TBHP.   

Oxidation of ethylbenzene with [Mn(O)(tmtacn)]SO4 as the catalyst and H2O2 

oxidant in the presence of an oxalate buffer occurs with turnover numbers of about 250 

with acetophenone as the major product.  Peraza macrocyclic Cu complexes exhibit 

good catalytic activity in ethylbenzene oxidation.  The type of the macrocyclic ring 

affects the product selectivity.  Ring hydroxylation is more with “neat” tetraaza 

complexes than with triaza complexes.  It decreases with different peraza ligands in the 

order: tmcyclen > cyclen > cyclam> tacn > tmtacn.  Activity is suppressed and 

selectivity for AcPh is increased when the complexes are encapsulated.  Both 

conversion and selectivity are comparatively smaller in the case of the Mn-peraza 

complexes.  Ring hydroxylation is also observed to be more.  However, the selectivity 

for AcPh improves on encapsulation. 
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6.4. Selective Oxidations With in situ Prepared Mn-tmtacn Catalysts 

The in situ prepared Mn-tmtacn complex exhibits excellent catalytic activity for 

the epoxidation of electron deficient, terminal and non-terminal olefins with H2O2.  

Enhancement in the catalytic activity is observed in the presence of carboxylate buffers.  

The nature of the buffer has a definite role in the activity of the complex.  Ascorbate and 

oxalate buffers are found to increase the activity to a greater extent.  Mn-tmtacn-oxalate 

buffer-H2O2 system is found to be efficient for benzylic oxidation of aromatics.  A 

change of either metal ion or peraza macrocyclic ligand does not constitute a good 

system.  Only decomposition of H2O2 is observed with the tacn complex and the other 

macrocycles do not exhibit any activity.  The activity of in situ prepared Mn complexes 

is as good as isolated complexes.  The Mn-tmtacn-oxalate buffer-H2O2 system is not 

efficient for the activation of the C-H bond of alkanes (cyclohexane).  It is concluded 

from in situ spectroscopic studies that the oxo-manganese complexes are the active 

species involved in catalytic oxidation.   

6.5. Pd-Hydrotalcite, a New Catalyst for Selective C-C Bond Forming Reactions 

Pd(II) containing hydrotalcites, containing palladium in their structure, have 

been prepared with different Mg / Al and Pd / Mg ratios (Mg / Al = 2-3 and Pd / Mg = 

0.01- 0.05) and characterized by elemental analysis, N2 adsorption, powder XRD, etc.  

X- ray powder diffraction patterns reveal, in all the cases, the presence of a well-

crystallized HT phase and most of the Pd(II) lying inside the brucite sheets of the 

hydrotalcite.  The activity of the catalysts has been evaluated for Heck, Suzuki and 

Sonogashira reactions.  The catalysts with a Pd loading of Pd / Mg ≅ 0.004 with Mg / Al 

≅ 2.5 appear to be the most active ones with the turnover numbers exceeding 1000; 

these also underwent minimum leaching. 
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To conclude, in general, Cu and Mn complexes with Schiff base and peraza 

macrocyclic ligands can be good biomimetic catalysts for selective hydrocarbon 

oxidations. However, they have limited activity towards the oxidation of alkanes.  

Palladium containing hydrotalcites are a new type of heterogeneous catalysts for 

carbon-carbon bond forming reactions.     
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