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CHAPTER I 

 

INTRODUCTION 

 

The basic concept of a catalyst is that of a substance  in small amount causes a 

large change. More precise definitions of catalysis and of what constitutes a catalyst 

have gradually evolved as understanding of the causes of catalytic phenomena has 

grown. Even today there is no universal agreement on definitions, the point of view 

varying somewhat depending upon the investigator; as between the fundamental 

investigator, the practitioner and among researchers concerned with heterogeneous 

catalysis, homogeneous catalysis, polymerization reactions, and enzymes. A catalyst 

is a substance that increases the rate of reaction without being appreciably consumed 

in the process. 

 This basic concept, stemming from the chemical approach to catalysis, is that 

a reaction involves a cyclic process in which a site on a catalyst  forms a complex 

with reactants, from which products are then desorbed, thereby restoring the original 

site. This leads to the idea that a catalyst is unaltered by the reaction it catalyzes, but 

this is misleading. A catalyst may undergo major changes in its structure and 

composition as a part of the mechanism of its participation in the reaction. A pure 

metal catalyst will frequently change in surface roughness or crystal structure on use. 

The ratio of oxygen to metal in a metal oxide catalyst will frequently change 

temperature and composition of the contacting fluid. In both cases, however, there is 

no stoichiometric between such changes and the overall stoichiometry of the catalyzed 

reaction. Many so-called polymerization catalysts or initiators are not termed catalysts 

within the above definition. Thus, in the use of an organic peroxide to initiate a 

polymerization reaction, the ratio of peroxide consumed to quantity of monomer 

reacted is indeed nonstoichiometric, but the peroxide becomes completely consumed 

in the process; hence it cannot be regarded as a true catalyst.1 

 A catalyst is defined as a substance; a  creleration of a rate by energy-tranfer 

process is not regarded as catalysis by this definition. Excluded cases include 
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excitation by thermal energy (increased temperature), by bombardment of reactants by 

charged or high–energy particles, by electric discharge, or by photochemical 

irradiation.2 Catalyst can generally be classifed into two groups: heterogeneous 

catalysts and homogeneous catalysts. 

Heterogeneous catalyst3 

 A  catalyst may sometimes act by generating free radicals, which then 

propagate a chain reaction in the bulk of the reacting fluid. Examples are well 

documented for various liquid-phase reactions in which free radicals have been 

trapped or otherwise identified. For gas- phase reaction the phenomenon is sometimes 

postulated to occur, especially for vapor-phase oxidation reactions at elevated 

temperatures. There is little solid experimental evidence to indicate the extent, if any, 

to which it is actually significant for conditions and systems of practical interest. 

Good evidence exists for heterogeneous catalysis in the  reaction of hydrogen and 

oxygen gases at low pressures, where the mean free path is high. At pressures of 1 

atm and higher, heterogeneous catalysis probably is of significance only for 

combinations of pressure, temperature, and gas composition close to those under 

which the homogeneous reaction rate of itself  would be significant. That is, the 

catalytic reaction triggers off an incipient homogeneous reaction. 

 The above description is the classical form of heterogeneous, but a catalytic 

reaction and a homogeneous reaction may interact with  each other in various subtle 

ways such that the net effect is not simply the sum of the two. Instead of free radicals 

being desorbed into the gas phase, a molecular intermediate may be formed and 

released  instead. Its fate depends upon the relative probability of being adsorped and 

reacted on another site of the catalyst in contrast to reacting in a different manner in 

the gas phase. The overall behavior of the system may depend not only on the void 

fraction of a packed bed of catalyst and the amount of open volume downstream, but 

also on geometrical and other factors. In many catalytic oxidations the exit gas must 

be rapidly quenched to avoid over–oxidation or decomposition of desired product, but 

there is little evidence one way or the other as to whether heterogeneous catalysis 

contributes to these processes under practical conditions. 
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Table 1.2 Representative fractions from distillation of petroleum 
 

Fraction Component range and/or 
Boiling point range,°C(°F) 

Use 

Gas Up to C4 Burned as fuel. Ethane 
may be thermally cracked 
to produce ethylene. 
propane or a mixture of 
propane and butane may 
be sold as liquified 
petroleum gas(LPG) 

Straight-run gasoline C4-C5 Blended into gasoline 
Virgin naphtha C5-150(300) Used as a feed to catalytic 

reformer or blended into 
gasoline 

Heavy naphtha 120-200(250-400) 
(up to C15) 

Jet fuel, kerosene 

Light gas oil 200-310(400-600) 
(up to C20) 

Used as No.2 distillate fuel 
oil, or blending stock for 
jet fuel and/or diesel fuel 

Gas oil(heavy distillate) Up to 350(650) 
(C25) 

Used as a feed to catalytic 
cracker or sold as heavy 
fuel oil 

Atmospheric residual 350+(650+) Various use. May be 
distilled under vacuum to 
produce vacuum-gas oil, 
coked, or burned as fuel 

Vacuum residual 560+(1050+) 
equivalent boiling point 

 

  
Cyclohexane was first obtained directly by fractional distillation of suitable 

crude gasoline cuts; the purity, however, was only 85%. The product quality was 

improved to almost 98% by  the simultaneous isomerization of methylcyclopentane to 

cyclohexane, as first practiced in plants in the USA. Because of the markedly 

increasing demard for cyclohexane as a feedstock for nylon 6 and nylon 6,66, this 

covers only a small fraction of the demand for cyclohexane. The utilization of 

precursor as starting material in chemical industry is shown in Table 1.3.  
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Table 1.3 Routes for manufacturing 
 

Precursor Intermediate Process 

Benzene Benzenesulfonic acid Classical 

Benzene Chlorobenzene Dow and Bayer(alkaline 

hydroly Rashig-

Hooker(acidic hydrolysis) 

Toluene Benzoic acid Dow and California 

Research 

Cyclohexane Cyclohexanone-

cyclohexanol 

Scientific Design 

Benzene/propene Isopropylbenzene(cumene) Hock 

 

 Process and product schemes of cyclohexane are listed in schemes 1.1 
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is reduced (or oxidized), the region adjacent to the electrode becomes depleted of 

material, and the current decreased. 

The experimental feature of interest in cyclic voltammetry is this: after the 

stationary electrode polarogram of a substance has been measured by sweeping past 

the peak potential, Ep, the direction of voltage scan is reversed. This is done by 

causing the potential of the working electrode to vary as a cyclic triangular wave 

(Figure 1.1), hence the name of the technique. Either a single cycle (from E1 to E2 

and back to E1) or many cycles may be carried out. Typical cyclic voltammograms 

are illustrated in Figure 1.3.  It can be seen from the figure that cyclic voltammogram 

behavior can exhibit a variety of forms. The shape of the cyclic voltammogram is 

highly dependent on the relative rates of electron transfer, mass transport, and any 

chemical reactions occurring at the electrode surface; this enables one to deduce a 

great deal about the course of an electrode process from the cyclic voltammogram. 

Scan rates can be varied over a wide range (0.01-10,000 V/sec), providing, as will be 

seen, an extremely useful experimental parameter.10 

In addition, cyclic voltammetry can inform the kinds of redox reactions 

occurred. The redox reaction can be classified into three types: reversible, quasi-

reversible and irreversible. For a reversible process, the separation between the peak 

potentials is given by   ∆Ep = Epc-Epa =0.059/n 

where Epc = cathodic peak potential 

           Epa = anodic peak potential 

n = number of electrons transferred 

In addition, the ratio of the reverse-to-forward peak currents, Ipa/Ipc is unity. 

For quasi-reversible system, the voltammograms are more drawn out and exhibited a 

larger separation in peak potentials compared with a reversible system. For 

irreversible process, the individual peak was reduced in size and widely separated. 

The redox reaction can be classified into three types showed in Figure 1.2. 
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reaction of cyclohexane to cyclohexanone and cyclohexanol at room temperature by 

TBHP as oxidant in acetronitrile. It was found that manganese(II) N,N′- ethylene 

bis(salicylideneaminonato) was the best catalyst. This complex provided 86% 

cyclohexanone and 14% cyclohexanol.13 In the same year, Tembe and his colleagues 

found that the polynuclear manganese(III) Schiff base complexes were utilized in the 

oxidation reaction of cyclohexane at room temperature by using TBHP or H2O2 as 

oxidant in acetonitrile. These complexes provided cyclohexanone as a major 

product.14 

    In 1997, Punniyamurthy and colleagues reported that cobalt (II)  complex 

derived from Schiff bases could be used as an efficient catalyst during the oxidation 

of wide range of organic substrates (e.g. alkanes and alkenes) with dioxygen in the 

presence of aliphatic aldehydes or ketones. These studies also demonstrate the role of 

ligands on cobalt in controlling the chemoselectivity of these oxidations.15 

 

1.2 Literature review on iron complexes catalyzing oxidation of hydrocarbon 

Examples involving the hydrocarbon oxidation catalyzed by iron complexes in 

recent years could be summarized as follows: 

In 1986, Miyamoto and his colleagues  developed iron (III) porphyrin system 

for the epoxidation of olefins (styrene, α-methylstyrene, cyclohexene and 

cyclooctane). The total yield of the product when using Mn(III) porphyrin as catalyst 

was similar to those employed Fe(III) porphyrin catalyst. However, in cyclohexene 

and cyclooctene epoxidation, the yields of these products using Fe(III) porphyrin were 

considerably higher than Mn(II) porphyrin.16 

In 1989, Mansuy and co-workers  reported the use of Fe(III) and Mn(III) 

porphyrins to catalyze cyclooctene epoxidation and cyclooctane oxidation. 

Effectively, cumylhydroperoxide in the presence of these metalloporphyrins has 

shown a poor ability to epoxidize alkenes but reacted well with alkanes to form  

alcohols and ketones.17 

In 1990, Sanderson and his colleagues reported the production of ketones and 

alcohols by reacting an alkane with a hydroperoxide in the presence of a transition 

metal porphyrin catalyst. An isobutene oxidation gave better yield by using Fe(III) 

and Mn(III) porphyrins as catalyst.18 



 14

 In 1994, Barton and colleagues presented a new methodology for the selective 

transformation of saturated hydrocarbons into ketones and alcohols. A crucial aspect 

of this new process is that no reaction solvent is required since the Fe(III) and Cu(II) 

complexes used are completely soluble in the hydrocarbon substrates. Although the 

reaction is slow, the addition of catalytic amounts of pyridine was found to enhance 

the rate of the process and affact an augmented selectivity towards the formation of 

ketone.19 

 In 1996, Nuntasri and Loayfakajohn showed that the iron Schiff base 

complexes, especially (Fesalen)2O, exhibited the catalytic ability towards the 

oxidation of alkenes in pyridine/zinc-acetic acid system. Cyclohexane and 

cyclooctane could selectively be oxidized to mainly ketone at room temperature and 

atmospheric pressure. The efficiency of this oxidation system could be enchanced by 

addition of ascorbic acid or by stepwise addition of zinc powder.20 

 In 1997, Koda et al. presented aerobic oxidation of cyclohexane to yield 

cyclohexanone and cyclohexanol in the presence of Fe(III) porphyrin catalyst bearing 

meso-pentafluorophenyl group. The yield of products reached a maximum value at 

the pressure close to the critical pressure of CO2.21 

 In 1998, Schuchardt and colleagues reported that the presence of cyclohexane 

soluble iron and copper catalysts, tert-butyl hydroperoxide selectively oxidized 

cyclohexane to cyclohexanone and cyclohexanol. Under 24 h, the conversions were 4 

to 5% and the selectivities above 90%. Under 25 bar of oxygen at 70°C for 24 h, 

conversion with the iron catalysts are 9% but selectivities were below 80%, as large 

amounts of adipic acid are also formed. Reaction in the presence of cyclohexanone 

showed that the iron catalysts deactivated by complexation with the adipic acid 

formed by its over-oxidation.22 

 In 1999, Nam and colleagues reported that iron (III) porphyrin complexes had 

been used as model compounds to mimic the chemistry of cytochrome P-450 enzymes 

that were capable of catalyzing of cyclohexane and cyclooctane with H2O2 as oxidant. 

The iron porphyrin complex was able to oxidize cyclohexane with high product yields 

of cyclohexanol at –40 °C.23 

 In 2002, Machado and colleagues reported the biomimetic metalloporphyrin of 

Fe(III) and Mn(III) in cationic form. These compounds were characterized by several 
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techniques, showing that  metalloporphyrins molecules were adsorbed at the surface 

of the clay platelet crystals. The catalytic activities of the intercalated complexes for 

the oxidation of alkane were dependent upon the concentration  of the porphyrin 

immobilized in the clay and factors such as the metal ion species in the porphyrins, 

choice of solvent, and concentration of the iodosylbenzene oxidant. Good selectivity 

to cyclohexanol instead of cyclohexanone was observed for the catalytic oxidation of 

cyclohexane by iodosylbenzene.24 

In 2003, Guo and colleagues reported the use of simple µ-oxo-

bis[tetraphenylporphinatoiron(III)] as a catalyst for the selective oxidation of 

cyclohexane into cyclohexanone and cyclohexanol with air. [TPPFeIII]2O has been 

used for the first time as a catalyst for the aerobic liquid phase oxidation of 

cyclohexane in absence of any cocatalyst or coreductants. The oxidation of 

cyclohexane catalyzed by a very small amount of  [TPPFeIII]2O gave 90% selectivity 

to cyclohexanol and cyclohexanone at 12.55% yield and catalyst turnover number 

90,000 under the conditions of 398 K and 0.6 Mpa. The oxidation of cyclohexane 

catalyzed by [TPPFeIII]2O with air had higher yield and greater turnovers.25 

 

1.3 Literature review on cyclic voltammetry 

Cyclic voltammetry can provide the information of the reaction and can be used to 

examine the electrochemical properties of complexes. 

In 1993, Issa and his colleagues found that cyclic voltammetry could be used for 

examining the mechanism of the reduction recaction of [N,N′-1,2-

phenylenebis(salicylideneiminate)] Co(II) complex and addressed that one electron of 

this complex was transferred in three steps.26 In the same year, Sawyer and his 

colleagues reported that bis(bipyridine)copper(II) complex was used as a catalyst to 

activate oxygen for the dehydrogenation of alcohols. The cyclic voltammetry was 

employed to investigate the catalytic transformation of alcohol to aldehyde. It was 

found that the rate of the process of primary alcohols was faster than secondary 

alcohols and α-allylic alcohols.27 

In 1994, Tsuchida and colleagues investigated deoxygenation of VO(salen) in 

strongly acidic non-aqueous media by cyclic voltammetry. It was found that cyclic 
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voltammograms confirmed that the oxidation of VO(salen) by oxygen to produce 

VO(salen)  was proved feasible in the presence of acid.28 

In 1997, Bottcher and his colleagues investigated the spectroscopic and 

electrochemical  properties   of   Co(III) (acacen)  [H2acacen = bis(acetylacetone)ethyl 

diiimime] and related ligand. Electronic structure calculation indicated that the 

adsorption between 340 and 378 nm in Co(II)(acacen) spectra was attributable to the 

lowest intraligand charge-transfer transition. Cyclic voltammetry of  Co(II)(acacen) 

revealed irreversible at a potential –0.8 V and reversible process at a potential –1.6 

V.29 

In 1998, Sinclair and his collegues presented the preparation and electrochemical 

properties of MoO(cat)(ssp) complex by cyclic voltammetry. The result disclosed that 

the six-coordinate MoO4+ species exhibited reversible Mo(VI/V) electrochemical at 

potential 0.1 V.30 

In 1999, Natiwatvittaya and Sawat synthesized metal–Schiff base complexes and 

reported the redox property of this complex by cyclic voltammetry technique. The 

complexes namely VO(salen), Cu(salophen) and Ni(salophen) displayed quasi-

reversible reaction while Cu(sap), Ni(sap) and Cr(sap) displayed irreversible 

reaction.31 

In 2000, Canadas and  his colleagues presented that the reactions of 

benzilbisthiosemicarbazone(LH6) with nickel, cobalt and iron chloride and nitrate 

gave different complexes depending on the salts used and the working condition. 

Electrochemical behaviour of complexes studied by cyclic voltammetry showed 

metal-center reduction process for all of them. The reduction/oxidation potentials 

values depended on the structures of complexes. Nickel complexes exhibited waves 

corresponding to Ni(III)-Ni(II) process. Electrochemical response of iron complexes 

depended on the presence of chloride ions.32 

In 2001, Buchmann and colleagues presented that the electrochemical oxidation of 

Ir(tdppcyme)(CO)Cl(cis,cis-1,3,5-tris(di-phenylphosphine)-cis,cis-1,3,5-tris (methoxy 

carbonyl) cyclohexane, was investigated in dichloromethane 0.1 M 

tetrabutylammonium hexafluorophosphate at Pt electrodes with cyclic voltammetry, 

chronoamperometry and chronocoulometry, as well as preparative electrolysis. While 

the   primary   one-electron   oxidation  to Ir(II) appeared quasi-reversible in the redox  
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reaction, the longer time scale of electrolysis allowed the formation of an insoluble 

product by a follow–up reaction.33 

In 2002, Nigovic and colleagues presented that the electrochemical reduction of 

various aminohydroxamate complexes of iron (III), such as alanine-, serine-, lysine-, 

histidine-, and glutamo-γ-hydroxamate, has been investigated in aqueous solution by 

cyclic voltammetry on hanging mercury drop electrodes to determine the mechanism 

involved in the electron transfer processes. In all the studied cases, the iron(III) 

complexes, with the exception of histidinehydroxamate, have been found to undergo 

reversible reductions followed by irreversible chemical reaction. Rate constants for 

the irreversible dissociation of iron(II) complexes were calcurated. The typical quasi-

reversible pattern for the reduction of histidinehydroxamate was attributed to the 

different coordination mode. The observed differences in redox potentials between the 

investigated complexes suggest that the electronic effort of the substituent on the 

carbonyl group, involvesd in the coordination to the iron center, may modify the 

donor properties of the oxygen atoms of the hydroxamate moiety.34  

 

1.4 Literature review on the relationship of electrochemical and catalytic  

properties 

The   report   on   relationship   of   electrochemical   and   catalytic  properties has  

been   found    recently.   In 1998,    Malachowski   and   his   colleagues   synthesized  

[Cu-2(tpmc)X](ClO4)3 from the dinucleating octadentate ligand tetra-1,4,8,11-(2-

pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane(tpmc) (with X= F, Cl, Br or I). 

Catalysis of the oxidation of 3,5-di-tert-butylcatechol to 3,5-di-tert-butylquinone 

using these complexes and the redox properties of these complexes was investigated. 

All complexes displayed reversible reaction with one–electron reductions. 

Electrochemical data showed a non-linear relationship between the complexes ability 

to oxidize 3,5-di-tert-butylcatechol and their reduction potentials.35 

In 2001, Hoogenraad and his colleagues synthesized new manganese(III) 

complexes of Hphox(2-(2′-hydroxyphenyl)-oxazoline) and Hclphoxd(2-(5′-chloro-2- 

hydroxyphenyl)-oxazoline) and subjected to cyclic voltammetry examination. Cyclic 

voltammograms of these complexes showed quasi-reversible reaction. In addition, 
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these complexes provided good results in the epoxidation of styrene by hydrogen 

peoxide.36 

In 2002, Hoogenraad and his colleagues synthesized MnL3(HL being 2(2′-

hydroxyphenyl)oxazoline ligands) and  examined the redox property. Cyclic 

voltammetric      experiments     showed       the     electrochemically   quasi-reversible  

Mn-II/Mn(III)   and   reversible   Mn(III)/Mn(IV). All complexes are active oxidation 

catalysts with hydrogen peroxide as the oxidant. In the oxidation of styrene, up to 220 

turnover numbers were obtained towards styrene oxide.37  

In 2003, Salimi and his colleagues reported that the sol-gel technigue was used to 

construct nickel pentacyanonitrosylferrate (NiPCNF) modified composite ceramic 

carbon electrodes. The cyclic voltammetry of the resulting surface modified CCE 

under optimum conditions showed a well-defined redox couple due to the [NiII 

FeIII/II(CN)5NO] system. The electrochemical properties and stability of the modified 

electrode were investigated by cyclic voltammetry being about 1.1 S-1 and 0.55, 

respectively. Sulfite has been chosen as a model to elucidate the electrocatalytic 

ability of NiPCNF-modified CCE propared by one-or two–step sol-gel technique. The 

modified electrode showed excellent electrocatalytic activity towards the SO3
2- electro 

oxidation in pH  range 3-9 in comparison with CCE modified by homogeneous 

mixture of graphite powder. Sulfite was determined amporometrically at the surface 

of this modified electrode at pH 7. Under the optimized conditions the calibration 

curve is linear in the concentration range 2 µM to 2.0 mM. The detection limit and 

sensitive are 0.5 µM and 13.5 nA/µM. The modified carbon ceramic electrode 

containing nickel pentacyanonitrosylferrate displayed good repectability and short 

response time 90%.38 Furthermore, Akilan and his colleagues reported that a series of 

new mono and binuclear copper(II) complexes [CuL1a-eH2](ClO4)2 and [Cu2L1a-

e(ClO4)](ClO4), where L is a macrobicyclic tricompartmental ligand obtained from the 

condensation of the precursor compound with various diamines have been 

synthesized. Electrochemical  studies of the complexes revealed that all the 

mononuclear copper(II) complexes showed a single quasi-reversible one-electron 

transfer reduction wave (E1pc= -0.76 to –0.84 V) and the binuclear complexes 

displayed two quasi-reversible one-electron transfer  reduction (E1pc= –0.86 to –1.01 
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V E2pc = -1.11 to –1.43 V) in cathodic region. The calculated initial rate constant 

values   for   the   oxidation    of   catechol   to   o-guinone   ranges   from 8.52 x10-3 to  

3.08 x 10-2 min-1 ) was higher than the mononuclear copper(II) complexes (8.52x 10-3- 

9.67x10-3 min-1).39 

 

1.5 The  research goal 

The purpose of this research can be summarized as follows: 

1. To synthesize  Schiff base, 1,3-dicarbonyl ligands  and to characterize ligands. 

2. To synthesize  Schiff base, 1,3-dicarbonyl, carboxylate iron complexes and to 

characterize iron complexes. 

3. To study the cyclohexane oxidation using iron complexes. 

4. To study the redox reaction using glassy carbon as a working electrode. 

5. To study the relationship between electrochemical and catalytic properties of 

iron complexes.  

 

 

  

     

 

  

  

  

 

 

 

   

 

 

 

 

 

 



 

 

CHAPTER II 

 

EXPERIMENTAL 

 
2.1 General procedure 

Melting points were determined on a Fisher-Johns melting point apparatus or 

Electrothermal digital melting point apparatus model IA9100 and are uncorrected. 

Column chromatography was carried out on silica gel (Merck Kieselgel 60, 70-230 

mesh). Thin-layer chromatography (TLC) was performed on aluminum sheets 

precoated with silica gel (Merck Kieselgel 60PF254). 

2.2 Instruments 

 The FT-IR spectra were recorded on a fourier transform infrared 

spectrophotometer on Nicolet model Impact 410: solid samples were mixed with 

potassium bromide to form pellets and liquid samples were incorporated to sodium 

chloride cells. The 1H- and 13C-NMR spectra were obtained in deuterated chloroform 

(CDCl3) or deuterated dimethylsulfoxide (DMSO-d6) with tetramethylsilane (TMS) as 

an internal reference on a Bruker model ACF 200 spectrometer. The UV-visible 

spectra were recorded on diode array spectrophotometer on Hewlett Packard 8452A. 

Gas chromatography analysis was carried out on a Shimadzu gas chromatograph GC-

9A and GC-14 A instrument eguipped with flame ionization detector (FID) with N2 as 

a carrier gas. The column used for chromatography was a capillary column type of 

DB-wax (30m x 0.250 mm) from J&W Scientific.  

2.3 Chemicals 

 The reagents for synthesizing ligands and iron complexes were purchased 

from Fluka and Merck chemical companies. All solvents used in this research were 

purified prior to use by standard methodology except for those which were reagent 

grades. 

 
 

 

 









  

to stand overnight at room temperature to give dark red solid. It was collected by 

filtration and recrystallized from hexane. 

Utilizing the above protocal, ethyl benzoylacetate (2.80 mol) and methyl-2-

acetylacetoacetate (2.80 mol) were employed instead of benzoylacetone (BZA) for 

synthesizing  Fe(ethylbenzoylacetate) and Fe(methyl-2-acethylacetoacetate), 

respectively. 

Tris-(benzoylacetonato)-Iron (III) Fe(BZA)3: Dark red solid (85%), mp 218-220°C, 

IR (KBr,cm-1) :1590, 1542, 1451, 1374, 1298, 1000, 954 and 710. 

Tris-(ethylbenzoylacetonate)-iron (III)[Fe(et)3]: Brown solid (80%), m.p. >300 °C, IR 

(KBr, cm-1): 3406, 1624, 1508, 1398 and 1072. 

Tris–(methyl-2-acetylacetoacetonate)-iron(III)[Fe(met)3]: Dark brown solid (85%), 

m.p. >300 °C , IR(KBr, cm-1): 1638, 1532, 1432, 1259, 1091 and 801. 

Tris-(2,4-pentanedionato)-Ferric(III): [Fe(acac)3]46  

 Ferric chloride anhydrous (2.00 g, 10 mmol) was dissolved in distilled water 3 

mL and the mixture was heated until homogeneity. After that concentrated 

ammonium hydroxide 4.5 mL was  dropped slowly. The solution was stirred about 

15-20 min on water bath (80 °C) and  brown precipitation occurred. The brown solid 

was filtered off and washed with distilled water until no more chloride detected. Place 

the precipitate in Erlenmeyer flask, acetylacetone (6 mL, 10 mmol) was dropped 

slowly over 35 min on water bath (80 °C) and the precipitation of red solid occurred. 

The products were filtered and recrystallized by 95% ethanol. 

Tris-(2,4-pentanedionato)-Ferric(III) [Fe(acac)3]: Red solid (90%), m.p.180-185 °C, 
IR (KBr, cm-1):1569, 1522, 1357, 1268, 1018, 929, 722 and 662. 

  

2.5.2 Syntheses of Schiff base iron complexes 

Bis (salicylaldehyde)-N,N-ethylenediimine-Iron(II): [Fe(salen)2 ]47 

 To an aqueous ethanolic solution of Schiff base (1 mol-equiv) and FeSO4 (1 

mol-equiv), a solution of CH3COONa.3H2O (16.9 mmol) was added. A crystalline 

solid formed immediately. The mixture was further refluxed for approximately 3 h 

and then cooled overnight. The solid was washed with H2O,EtOH and Et2O and dried 

in vacuo. 
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Bis(salicylaldehyde)-N,N-ethylenediimine-iron(II),Fe(salen)2: Red brown fine powder 

(89%), m.p. 297-300 °C. IR (KBr, cm-1): 3500, 3015, 2903, 1625 and 969. 

µ-oxobis[Bis(salicylaldehyde)N,N –ethylenediimine] Iron(III) : (Fe salen)2O 48 

Salen 2.68 g (0.01 mol) was dissolved in hot methanol 50 mL and stirred until 

ligand was completely dissolved. Ferric chloride 2.70 g (0.01 mol) was dissolved in 

methanol containing potassium hydroxide 0.56 g (0.01 mol) and added dropwise  to 

the ligand solution. The precipitate was occurred , filtered and recrystallized with 

chloroform 2-3 times. 

µ-oxobis[Bis(salicylaldehyde)N,N–ethylenediimine]iron(III) (Fesalen)2O: Black 

brown powder (49%), m.p. 120 °C IR(KBr, cm-1): 3040, 2930, 1629, 1600, 1450, 

1311 and 1127. 

 

2.5.3 Syntheses of Fe(porphyrin)49 

FeSO4 1.82 mmol was dissolved in DMF. Then a solution of  FeSO4 was 

added to a solution of porphyrin ligand in 70 mL of DMF. The mixture was heated to 

80 °C at least for 3 hours using an oil bath. After that, the mixture was allowed to cool 

down to room temperature and added an equal volume of water. The crystals were 

removed by vacuum filtration. 

Tetra(3,4,5-trimethoxyphenyl)-porphyrin iron(II) Fe(porphyrin): purple plate solid 

(85%), Rf 0.41 (hexane:dichloromethane; 4:1), UV (λmax, nm) 422, IR(KBr, cm-1): 

2943, 1581, 1500, 1462, 1406, 1350, 1237, 1125, 1000, 937, 812 and 725. 

 

2.5.4 Syntheses of Fe(salen )Cl50  

 To a solution of ferric(III) chloride anhydrous 0.10 mol in ethyleneglycol-

water-methanol (1:1:3) 300 mL were added salicylaldehyde 0.20 mol and ethylene 

diamine 0.10 mol. After the mixture was heated at about 110° C for about 30 min 

sodium carbonate (0.06 mol) was added in small portions to the solution, followed by 

refluxing of the solution for about 3 to 4 hours on concentrating the solution a reddish 

brown precipitate was recrystallized from 80% ethanol to give reddish orange crystals 

of the desired complex 19.6 g (50% yield). The crystals are highly soluble in 
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methanol and ethanol, fairly soluble in water and almost insoluble in bezene and 

diethyl ether. 

 
2.5.5 Syntheses of Fe(picolinate)3, Fe(benzoate)3 and Fe(4-nitrobenzoate)3

51 

Carboxylic acid 22 mmol was dissolved in dilute sodium hydroxide solution 

(0.88 g NaOH in 20 mL distilled water) at 80°C. After stirring solution until 

homogeneity, Fe(III) trichloride anhydrous (1.184 g, 7.3 mmol) dissolved in 10 mL 

distilled water was added in one portion causing the precipitation of solid after stirring 

for 30 min . The precipitate was collected and dried in vacuo. 

 
2.5.6 Syntheses of Fe(alanine)3

52 

Alanine 2 mmol was dissolved in 5 mL  of water in a small beaker. Calculate 

the volume of 6 M  NaOH required to remove one proton from each mole of alanine, 

then add this volume of 6 M NaOH to the alanine solution dropwise from a faster 

pipet weigh 0.233 g (1 mmol) of CrCl3 .6H2O and dissolve in to the alanine solution 

with swirling. When addition is complete swirl the beaker for about a minute to allow 

reaction to come to completion. 

The complex will precipitate from solution as the ferric chloride solution is 

added for these the mixture may simply be filtered after swirling to remove the 

product. The solid may be washed 2 or 3 times with small volumes of acetone, 

suctioned the product dried and collected. 

 
2.5.7 Synthese of Fe(dimethylglyoxime)53 

Dimethylglyoxime 1 g was dissolved in 95% ethanol 100 mL. Then water 100 

ml was added, stir the solution until homogeneous. Drop ammonia into the former 

solution until pH = 8. To those solution an aqueous solution of hydrochloric acid 1:1 

was added. The mixture was heated at 70-80° C. Dimethylglyoxime 50 mL was added 

in solution, stir the solution until homogeneously. Drop ammonia 1:1 until pH 8.5.The 

mixture was left to stand overnight at room temperature. The precipitate was accurred, 

filtered and washed with warm water 3-4 times, 30% ethanol 1 time. The precipitate 

was dried at 110-130° C for 2 h and  cooled  in desiccator for 30-40 min. 
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Fe(dimethylglyoxime): Brown solid (80%) , m.p. 295-300°C, IR (KBr, cm-1): 1633, 

3138, 1561, 1398 and 1115. 

 

2.5.8 Synthese of carboxylate complexes51 

 Stearic acid (6.26 g, 22 mmol) was dissolved in dilute sodium hydroxide 

solution (0.88 g NaOH in 20 mL distilled water) at 80°C. After the solution was 

stirred until homogeneity, selected transition metal salts or compounds (7.3 mmol) 

dissolved in 10 ml distilled water was added in one portion causing the precipitation. 

The mixture was allowed to stir for another 30 min, then the precipitate was collected 

and dried in vacuo. 

By using this method ology, palmitic acid (22 mmol) and naphthanic acid 

(22mol) was employed instead of stearic acid for synthesizing of Fe(III)palmitate and 

Fe(III)naphthenate, respectively. 

Fe(III)sterate: Orange solid (78%), m.p.94-96 °C, IR (KBr, cm-1): 2912, 2846, 1705, 

1583, 1461 and 723. 

Fe(III)palmitate: light orange solid(81%), m.p. 98-100 °C, IR (KBr, cm-1): 2905, 

2847, 1703, 1573, 1458 and 721. 
Fe(III)stearate: orange solid(80%), m.p. 94-96 °C, IR (KBr, cm-1): 2912, 2846, 1705, 

1583, 1461 and 723. 

 

2.6 Oxidation of cyclohexane catalyzed by iron complexes 

 The oxidation reaction of cyclohexane to cyclohexanone and cyclohexanol 

was examined utilizing and iron complexes as a catalyst. 

General procedure for the oxidation of cyclohexane54 

 Catalyst (0.25 mmol), cyclohexane (30 mmol), pyridine (14 mL), acetonitrile 

(14 mL) and 30% H2O2  (15 mmol) or 70% TBHP  (15 mmol) was placed in an 

Erlenmeyer flask. The mixture was stirred continuously for 24 h at room temperature 

for H2O2 or at 70° C for TBHP. After the reaction was proceeded for a designed 

period of time, 1 mL of the reaction mixture was taken and acidified with cold 25% 

H2SO4 and  extracted  with  diethyl  ether.  The  combined  extracts were washed with 

 

 

  27 



  

saturated solution of NaHCO3. The organic layer was dried over anhydrous Na2SO4 

and analyzed by GC using cyclododecane as the internal standard substance.  

Injector temperature: 200 °C 

Time (min) Temperature (°C) 

0 60 

2 60 

20 150 

23 150 

Detector temperature: 200 °C 

Carrier gas = 1 

Range = 2 

At ten = 4 

Speed = 4 

Stop time = 23 

 

2.7 Examination of redox reaction of iron complexes 

 The iron complexes were explored for redox property by cyclic voltammetry 

technique following the general procedure described below. 

 The iron complex (0.001 mol) was dissolved in 0.10 M C16H36FNP solution. 

The sample solution was examined the redox reaction in electrochemical cell using 

glassy carbon as a working electrode, silver wire as a reference electrode and 

platinum wire as an auxillary electrode. 

 

2.8 Kinetic study on the reaction rate of cyclohexane oxidation 

 The general oxidation procedure of cyclohexane utilizing iron complexes : Bis 

(salicylaldehyde)-N,N-ethylenediimine-Iron(II), µ-oxobis[Bis(salicylaldehyde)N,N –

ethylenediimine]iron(III) and  Tris –(benzoylacetonato)-iron(III)   as a catalyst was 

carried out. At different reaction time proceeded (60, 120, 240, 360, and 480 min), an 

aliquot from the reaction mixture was taken and analyzed by GC or examined by 

cyclic voltammetry. 
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CHAPTER III 
 

RESULTS AND DISCUSSION 
  

The main purpose of this research is to study the relationship between the 

electrochemical and the catalytic properties of catalysts. Cyclic voltammetry, one 

type of electrochemical techniques, is the most widely used technique for acquiring 

information about electrochemical reactions. The power of cyclic voltammetry results 

from its ability to rapidly provide consideration information of the thermodynamics 

of redox processes. One advantage of cyclic voltammetry is the examination of 

catalytic properties which could be further used for the selection of catalyst. The iron 

complexes were chosen as a model to be examined by cyclic voltammetry. 

 

3.1 Syntheses and characterization of iron complexes 

According to the procedure described in section 2.3.1, sixteen ligands were 

synthesized. The obtained ligands were confirmed their identities by IR, 1H- and 13C- 

NMR techniques prior to use for synthesizing interested iron complexes. The 

comparative results of physical properties, percentage yield and IR spectroscopic data 

of prepared iron complexes are presented in Table 3.1. 

 
 
 
 
 
 
 



Table 3.1 Physical properties, percentage yield and IR spectroscopic of iron complexes. 

 
 

 

Entry Catalyst Color Melting 
point (°C) 

%yield IR data 

1 Fe(porphyrin) 
 

Purple plate >300 85 3447, 2931, 1598, 1461, 1409, 1344, 1296, 
1235, 1104, 974, 902, 796, 742 

2 Fe(salen) Brown solid 297-300 89 3500, 3015, 2903, 1625, 969 
3 (Fesalen)2O Black brown 

solid 
120-125 49 3040, 2930, 1629, 1600, 1450, 1311, 1127 

4 Fe(dimetylglyoxime) Brown solid 295-300 80 1633,3138,1561,1398,1115 
5 Fe(acac)3 Red solid 180-185 90 1569,1522,1357,1268,1018,929,722, 

622 
6 Fe(stearate)3 Orange solid 94-96 78 2912,2846,1705,1583,1461,723 
7 Fe(palmitate)3 Orange solid 98-100 81 2905, 2847, 1703, 1573, 1458, 721 
8 Fe(naphthenate)3 Orange solid 125-130 80 2828, 2638, 1683, 1583, 1473, 927 
9 Fe(salen)Cl Reddish brown 240-245 80 3436, 1629, 1445, 753 

10 Fe(alanine)3 Brown solid 280-285 49 3390, 1631, 467 
11 Fe(4-nitrobenzoate)3 yellow solid >300 83 3419, 1693, 1583, 1349, 530 
12 Fe(benzoate)3 

 
Light yellow 

solid 
290-300 98 3447, 1603, 1573, 1414, 718, 671 

13 Fe(picolinate)3 Light orange 
solid 

>300 18 3523, 1678, 1559, 1468, 1320, 1243 

14 Fe(benzoylacetonate)3 Red solid 218-220 85 1590,1542,1451,1374,1298,1000,954,710 
15 Fe(methyl 2-acetylacetoacetate)3 Dark brown solid >300 85 1638,1532,1432,1259,1091,801 
16 Fe(ethyl benzoylacetate)3 Brown solid >300 80 3406,1624,1508,1398,1072 



  
 

  Iron complexes as shown in Table 3.1 could be easily synthesized with high 

yield. The color of iron complexes was varied depending on type of metal and ligand. 

From IR spectra, iron carboxylate complexes showed a significant absorption band of 

carbonyl C=O around 1600-1700 cm-1 while the C-O band stretching vibration  was 

observed around 1400-1450 cm-1. The IR spectra of 1,3-dicarbonyl iron  complexes 

displayed a typical characteristic carbonyl C=O absorption band around 1550-1650 

cm-1. 

 
3.2 Effect of iron complexes on cyclohexane oxidation 
 
 Four iron complexes, namely Fe(naphthenate)3, Fe(alanine)3, Fe(benzoate)3 

and Fe(benzoylacetonate)3 were selected as a catalyst for conducting the oxidation 

reaction of cyclohexane.  Two common oxidants: TBHP and H2O2 were utilized. The 

results are presented in Table 3.2. 

 
Table 3.2 The oxidation of cyclohexane catalyzed by four selected  iron complexes. 

H2O2 TBHP Entry Catalyst 

-one 
(mmol) 

-ol 
(mmol) 

-one 
(mmol) 

-ol 
(mmol) 

1 Fe(naphthenate)3 
 

trace trace 0.775 0.640 

2 Fe(alanine)3 
 

0.152 0.154 0.371 0.098 

3 Fe(benzoate)3 
 

0.345 0.316 0.437 0.245 

4 Fe(benzoylacetonate)3 
 

0.915 0.593 1.885 1.103 

Reaction conditions: cyclohexane (30 mmol), iron complex (0.25 mmol), pyridine   

and  acetonitrile (1:1 V/V) (28 mL), H2O2 (15 mmol) at  room temperature (30 °C) or 

TBHP (15 mmol) at 70 °C. 

 

From Table 3.2, it was revealed that different iron complexes provided 

different amounts of the desired products. It is interesting to note that  

Fe(naphthenate)3 and Fe(benzoylacetonate)3 gave better results than other iron 

complexes. From recent literatures, Inpornvichitr and Tongkratok  reported  the use of  

Fe(porphyrin) and Fe(salen) as a catalyst  for cyclohexane oxidation. These reactions 
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were carried out in pyridine/acetic acid or pyridine/acetonitrile as solvents using H2O2 

and TBHP as an oxidant at 50° C and  70°C, respectively.55,56 It was found that  the 

amount of the desired products derived from the reactions using TBHP as an oxidant 

was much superior to those employing H2O2 because TBHP has polarity less than 

H2O2.  This outcome was similar to the results displayed in Table 3.2. 

 

3.3 Analysis of the redox reaction utilizing iron complexes by cyclic voltammetry 

Electrochemical techniques can be used for following the progress of the 

reaction. These processes take place at the electrode-solution interface by fitting the 

substrate at the surface of electrode. Cyclic voltammetry, one of the electrochemical 

techniques is the most effective and versatile electroanalytical technique available for 

the mechanistic study of redox systems. This technique can be used for studying the 

relationship between the current and the potential by rapidly scanned a potential. In 

this research the redox property of iron complexes was studied by cyclic voltammetry 

using a glassy carbon electrode as a working electrode, silver wire as a reference 

electrode and platinum wire as an auxillary electrode. Considering the results derived 

from previous section, the hypothesis was then arose whether  the cyclic voltammetry 

of the iron complexes  exhibiting  reversible and quasi-reversible reactions would 

provide better yield of the desired products than those possessing irreversible 

reactions. From the literature review, to our best knowledge it was found that there 

was no report concerning with the study on the relationship between catalytic  and 

electrochemical properties of iron complexes using cyclic voltammetry.  

  

3.3.1 Study the redox reaction of iron complexes using a glassy carbon electrode 

A glassy carbon electrode is a carbon electrode which its microstructures 

consist of layers of condensed, six-membered aromatic rings with sp2-hybridized 

carbon atom trigonally bonded to one another. The cyclic voltammograms of six iron 

complexes examined  using a glassy carbon electrode and voltage scan rate of 0.05 

V/s are presented in Figures 3.1-3.6 and Table 3.3. 
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Fig 3.1 Cyclic  voltammogram  of   0.01  mol  Fe(naphthenate)3  in  0.1  M   tetrabutyl 

ammonium hexafluorophosphate solution using a glassy carbon as a working 

electrode, scan  rate: 0.05 V/s.  

From Fig 3.1, the cyclic voltammogram of  Fe(naphthenate)3 showed the peak 

current, Ipa of 16.432 µA and Ipc of  -23.431 µA. The ratio of Ipa/Ipc = 0.700 was far 

less than unity and ∆Ep = 0.247 V which was  larger than 0.059 V anticipated for 

quasi-reversible one-electron transfer reduction. 

 
 
 
 
 
 
 
 
 
 
 

Fig 3.2Cyclic voltammogram of  0.01 mol Fe(alanine)3 in 0.1 M tetrabutylammonium 

hexafluorophosphate solution using  the glassy carbon as a working electrode, 

scan  rate: 0.05 V/s. 

From Fig 3.2, it was found that the cyclic voltammogram of  Fe(alanine)3 

showed the peak potential, Epc of  -0.939 V which was anticipated for irreversible 

one-electron transfer reduction.  
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Fig 3.3 Cyclic   voltammogram   of    0.01   mol   Fe(benzoate)3   in 0.1  M   tetrabutyl 

ammonium hexafluorophosphate solution using a glassy carbon as a working 

electrode, scan  rate: 0.05 V/s. 

From Fig 3.3, the cyclic voltammogram  of  Fe(benzoate)3 indicated   the peak  

current, Ipc of -54.142 µA and Epc of  -0.742 V which was anticipated for irreversible 

one–electron transfer reduction. 

 

  

 
 
 
 
 
 
 
 
 
Fig 3.4 Cyclic voltammogram of  0.01 mol Fe(benzoylacetonate)3 in 0.1 M  tetrabutyl 

ammonium hexafluorophosphate solution using a glassy carbon as a working 

electrode, scan  rate: 0.05 V/s. 

From Fig 3.4, the cyclic voltammogram of  Fe(benzoylacetonate)3 showed  the  

peak current, Ipa of 33.465 µA and Ipc of -35.052 µA. The ratio of Ipa/Ipc = 0.955 

which was nearly equal to unity and ∆Ep = 0.070 V which was only slightly larger 

than 0.059 V anticipated for reversible one-electron transfer reduction. 
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Fig 3.5 Cyclic   voltammogram   of    0.01   mol Fe(porphyrin)   in   0.1  M  tetrabutyl  

ammonium hexafluorophosphate solution using a glassy carbon as a working 

electrode, scan  rate: 0.05 V/s. 

From Fig 3.5, the cyclic voltammogram of  Fe(porphyrin)  demonstrated    the               

peak current, Ipa of 37.121 µA and Ipc of -34.841 µA. The ratio of Ipa/Ipc = 1.065 

which was nearly equal to unity and ∆Ep = 0.101 V which was  larger than 0.059 V 

anticipated for reversible one-electron transfer reduction. 

Fig 3.6 Cyclic voltammogram of  0.01 mol Fe(salen)  in 0.1 M   tetrabutylammonium 

hexafluorophosphate solution using a glassy carbon as a working electrode,  

scan  rate: 0.05 V/s. 

From Fig 3.6, Fe(salen) indicated the peak current, Ipa of  20.143 µA and Ipc 

of -24.132 µA. The ratio of Ipa/Ipc = 0.835  which was nearly equal to unity and ∆Ep 

= 0.183 V which was only slightly larger than 0.059 V anticipated for quasi-reversible 

one-electron transfer reduction. 
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Table 3.3 The redox properties of iron complexes using a glassy carbon electrode 

Catalyst Epc Ipc Epa Ipa Ipa/Ip
c 

∆Ep Redox reaction

Fe(naphthenate)3 -0.396 -23.431 -0.149 -16.402 0.700 0.247 quasi-reversible 

Fe(alanine)3 - - - - - - - 

Fe(benzoate)3 -0.742 -54.142 - - - - irreversible 

Fe(benzoylacetonate)3 -0.516 -35.052 -0.446 33.465 0.955 0.070 reversible 

Fe(porphyrin) -0.919 -34.841 -0.818 37.121 1.065 0.101 reversible 

Fe(salen) -0.979 -24.132 -0.796 20.143 0.835 0.183 quasi-reversible 

Recorded for 0.001 mol of complexes in 0.1 M tetrabutylammonium 

hexafluorophosphate using a glassy carbon electrode vs silver wire reference 

electrode; CV scan rate 0.05 V/s. 

 

From Table 3.3, it was found that Fe(benzoylacetonate)3 and Fe(porphyrin) 

exhibited the ratio of Ipa/Ipc close to unity and ∆Ep value  close to 0.059 V; thus it 

should be a reversible reaction. Both Fe(naphthenate)3 and  Fe(salen) revealed the 

ratio less than unity and ∆Ep value more than 0.059 V exhibiting quasi-reversible 

reaction. Fe(benzoate)3 and Fe(benzoylacetonate)3 showed the irreversible reactions. 

Fe(alanine)3 did not show redox reaction. In addition, it should be addressed that  

complexes which exhibited the reversible and quasi-reversible reactions provided the 

yield of product (cyclohexanone and cyclohexanol) better than other complexes 

shown in Table 3.2. Stemmed from these results, ten iron complexes were 

synthesized and subjected to determine  electrochemical properties  using cyclic 

voltammetry. From the screening for iron complexes, 1,3-dicarbonyl  iron complexes 

and carboxylate  iron complexes, Fe(acetylacetonate)3 and Fe(naphthenate)3,  

provided good results. Fe(methyl 2-acetylacetoacetate)3, Fe(ethyl benzoylacetonate)3, 

Fe(stearate)3, Fe(palmitate)3, Fe(alanine)3, Fe(4-nitrobenzoate)3, Fe(benzoate)3 and 

Fe(picolinate)3 were selected as catalysts for further study. In addition, Schiff base 

iron complexes such as Fe(salen) indicated very good results.  Fe(salen)Cl and 

(Fesalen)2O were thus chosen as a catalyst for this further study. In addition from 

literature review, it was found that no report concerning Fe(dimetylglyoxime) used as 

a catalyst in cyclohexane oxidation.  The cyclic voltammograms of ten iron 
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complexes examined  using a glassy carbon electrode and voltage scan rate of 0.05 

V/s are presented in Figures 3.7-3.16 and Table 3.4. 
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Fig 3.7 Cyclic  voltammogram  of   0.01 M Fe(dimethylglyoxime) in 0.1 M  tetrabutyl 

ammonium hexafluorophosphate solution using the glassy carbon as a 

working electrode, scan rate: 0.05 V/s. 

From Fig 3.7, the cyclic voltammogram of  Fe(dimethylglyoxime) indicated 

the peak current, Ipa of  4.112 µA and Epa of -0.341  V which anticipated for 

irreversible one-electron transfer oxidation. 

 

 

 

 

 
 
 
 
 
 
Fig 3.8 Cyclic voltammogram of  0.01 mol Fe(acetylacetonate)3 in 0.1 M   tetrabutyl 

ammonium hexafluorophosphate solution using a glassy carbon as a working 

electrode, scan  rate: 0.05 V/s. 

From Fig 3.8, the cyclic  voltammogram  of   Fe(acetylacetonate)3 showed  

the peak current, Ipa of 97.342 µA and Ipc of  -98.981 µA. The ratio of Ipa/Ipc = 

0.983 was nearly equal to unity and ∆Ep = 0.104 V which was larger than 0.059 V 

according to the ratio of Ipa/Ipc anticipated for reversible one-electron transfer 

reduction. 
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Fig 3.9 Cyclic voltammogram of  0.01 mol Fe(methyl 2-acetylacetoacetate)3 in 0.1 M 

tetrabutylammonium hexafluorophosphate solution using a glassy carbon as a 

working electrode, scan  rate: 0.05 V/s. 

From Fig 3.9, the cyclic voltammogram of     Fe(methyl-2-acetylacetoacetate)3  

demonstrated the peak potential, Epc of -0.606 V which was anticipated for 

irreversible one –electron transfer reduction. 

 

 

 

 
 
 
 
 
 
 
 
Fig 3.10 Cyclic    voltammogram    of    0.01   mol    Fe(etyl benzoylacetate)3 in 0.1 M 

tetrabutylammonium hexafluorophosphate solution using a glassy   carbon 

as a      working electrode, scan  rate: 0.05 V/s. 

From Fig 3.10, the cyclic voltammogram of Fe(etyl benzoylacetate)3 

showed the peak potential, Epc of 0.881 V which was anticipated for irreversible one 

–electron transfer reduction. 
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Fig 3.11 Cyclic   voltammogram   of    0.01   mol   Fe(stearate)3   in 0.1 M  tetrabutyl 

ammonium hexafluorophosphate solution using a glassy carbon as a  

working electrode, scan  rate: 0.05 V/s. 

From Fig 3.11, the cyclic voltammogram of  Fe(stearate)3 indicated the peak 

current, Ipc of -39.467 µA and Epc of  -0.785 V which was anticipated for   

irreversible one–electron transfer reduction. 

 
 
 
 
 
 
 
 
 
 
 

Fig 3.12  Cyclic   voltammograms   of   0.01   mol  Fe(palmitate)3 in 0.1 M  tetrabutyl 

ammonium hexafluorophosphate solution using a glassy carbon as a 

working electrode, scan  rate:  0.05 V/s. 

From   Fig   3.12 ,   the   cyclic voltammogram of  Fe(pamitate)3 showed the  

peak current, Ipc of -9.872 µA and Epc of  -0.681 V which was also anticipated for 

irreversible one–electron transfer reduction. 
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Fig 3.13 Cyclic voltammogram of  0.01 mol Fe(4-nitrobenzoate)3 in 0.1 M tetrabutyl 

ammonium hexafluorophosphate solution using a glassy carbon as a   

working electrode, scan  rate: 0.05 V/s. 

From Fig 3.13, the cyclic voltammogram of  Fe(4-nitrobenzoate)3   indicated  

the peak current, Ipc of  -70.132 µA and Epc of -0.721 V which was anticipated for 

irreversible one–electron transfer reduction. 

 

 

 

 

 

 
 
 
 
 

Fig 3.14 Cyclic  voltammogram  of   0.01  mol   Fe(picolinate)3   in  0.1 M  tetrabutyl 

ammonium hexafluorophosphate solution using a glassy carbon as a  

working electrode, scan  rate: 0.05 V/s. 

From   Fig   3.14,   the   cyclic   voltammogram   of  Fe(picolinate)3   showed  

the peak current, Ipa of 20.681 µA, Ipc of  -17.671 µA The ratio of Ipa/Ipc = 1.171  

which was nearly equal to unity and ∆Ep = 0.076 V which was only slightly larger 

than 0.059 V anticipated for reversible one-electron transfer reduction. 
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Fig  3.15 Cyclic   voltammogram   of   0.01   mol   Fe(salen)Cl   in   0.1  M  tetrabutyl 

ammoniumhexafluorophosphate solution using a glassy carbon as a working 

electrode, scan  rate: 0.05 V/s. 

From Fig 3.15, the cyclic voltammogram of  Fe(salen)Cl    demonstrated the  

peak current, Ipc of  -30.321 µA and Epc of -0.306 V which was anticipated for 

irreversible one–electron transfer reduction. 

 

 

 

 
 
 
 
 
 
 
 
Fig 3.16 Cyclic   voltammograms   of   0.01  mol   (Fesalen)2O   in   0.1   M tetrabutyl 

ammoniumhexafluorophosphate solution using a glassy carbon as a working 

electrode, scan  rate: 0.05 V/s. 

From Fig 3.16, the cyclic voltammogram of  (Fesalen)2O   indicated the peak  

current, Ipa of  30.745 µA and Ipc  of -24.701 µA. The ratio of Ipa/Ipc = 1.245 was  a 

lot of large  than  unity and ∆Ep= 0.098 V which was only slightly larger than 0.059 

V anticipated for quasi-reversible one-electron transfer reduction. 
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Table 3.4 The redox properties of iron complexes using a glassy carbon electrode. 

Catalyst Epc Ipc Epa Ipa Ipa/Ipc ∆Ep Redox reaction 

Fe(porphyrin) -0.919 -34.841 -0.818 37.121 1.065 0.101 reversible 

Fe(salen) -0.979 -24.132 -0.796 20.143 0.835 0.183 quasi-reversible 

(Fesalen)2O -0.335 -24.701 -0.237 30.175 1.245 0.098 quasi-reversible 

Fe(dimethylglyoxime) - - - - - - - 

Fe(acetylacetonate)3 -0.676 -98.981 -0.572 97.342 0.983 0.104 reversible 

Fe(stearate)3 -0.785 -39.467 - - - - irreversible 

Fe(palmitate)3 -0.681 -9.872 - - - - irreversible 

Fe(naphthenate)3 -0.396 -23.431 -0.149 16.402 0.700 0.247 quasi-reversible 

Fe(salen)Cl -0.306 -30.321 - - - - irreversible 

Fe(alanine)3 - - - - - - - 

Fe(4-nitrobenzoate)3 -0.721 -70.132 - - - - irreversible 

Fe(benzoate)3 -0.357 -54.142 - - - - irreversible 

Fe(picolinate)3 -0.093 -17.671 -0.017 20.681 1.171 0.076 reversible 

Fe(benzoylacetonate)3 -0.516 -35.052 -0.446 33.465 0.955 0.070 reversible 

Fe(methyl 2-
acetylacetoacetate)3 

- - - - - - - 

Fe(ethyl 
benzoylacetate)3 

- - - - - - - 

        

Recorded for 0.001 mol of complexes in 0.1 M tetrabutylammonium 

hexafluorophosphate using a glassy carbon electrode vs silver wire reference 

electrode; CV scan rate 0.05 V/s. 

 

The cyclic voltammetry was characterized by several important parameters to 

inform the kinds of redox reaction. The reversible process exhibited the ratio of Ipa to 

Ipc about unity and the ∆Ep value of complexes were close to 0.059 V. The quasi –

reversible displayed the ratio of Ipa to Ipc  more or less than  unity and the ∆Ep value 

of complexes was more than 0.059 V. For an irreversible process, the individual peak 

was reduced in size and widely separated.  
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From Figures 3.7-3.16 and Table 3.4, Fe(porphyrin), Fe(acetylacetonate)3, 

Fe(picolinate)3 and Fe(benzoylacetonate)3 showed the ratio of Ipa/Ipc  close to the 

unity and the ∆Ep value was close to 0.059 V; thus it should be a reversible process. 

The iron complexes: Fe(salen), (Fesalen)2O and Fe(naphthenate)3 revealed more or 

less than the unity  and the ∆Ep value was more than 0.059 V because of ohmic drop 

occurred by the effect of the solution resistance exhibiting quasi-reversible  reactions. 

The iron complexes: Fe(stearate)3, Fe(palmitate)3, Fe(salen)Cl,  Fe(4-nitrobenzoate)3, 

and Fe(benzoate)3 displayed the only oxidation peak demonstrating irreversible 

reactions. Other iron complexes: Fe(dimethylglyoxime), Fe(alanine)3, Fe(methyl 2-

acetylacetoacetate)3 and Fe(ethyl benzoylacetate)3 were not soluble in the reaction 

media and thus their redox properties could not be examined. 

 From electrochemical properties of prepared iron  complexes. Ten complexes 

were employed as a catalyst in cyclohexane oxidation using TBHP as an oxidant. The 

results are presented in Table 3.5. 
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Table 3.5 The oxidation of cyclohexane catalyzed by ten iron complexes. 

 
Reaction conditions: cyclohexane (30 mmol), iron complexes (0.25 mmol), pyridine   

and  acetonitrile (1:1 V/V) (28 ml), TBHP (15 mmol) at 70 °C 

 

3.4 Effect of  iron complexes on cyclohexane oxidation 

Ten iron complexes, namely, Fe(naphthenate)3, Fe(alanine)3, Fe(benzoate)3, 

Fe(benzoylacetonate)3, Fe(salen), Fe(porphyrin), Fe(dimethylglyoxime),  

Fe(acetylacetonate)3, Fe(methyl 2-acetylacetoacetate)3, Fe(ethyl benzoylacetate)3, 

Fe(stearate)3, Fe(palmitate)3, Fe(4-nitrobenzoate)3, Fe(picolinate)3, Fe(salen)Cl, and 

(Fesalen)2O were utilized as a catalyst in cyclohexane oxidation. From Tables 3.3 and  

3.5, it was founded that cyclohexanone was produced as a major product while 

cyclohexanol being a minor product. Seven iron complexes, namely, 

Fe(naphthenate)3, Fe(benzoylactonate)3, Fe(salen), Fe(porphyrin), 

Fe(acetylacetonate)3, Fe(picolinate)3 and (Fesalen)2O that comprised donating group 

provided good results in cyclohexane oxidation. In addition, four Fe(III)-1,3-

Product Entry Catalyst 

-one 
(mmol) 

-ol 
(mmol) 

1 Fe(dimethylglyoxime) 
 

0.144 0.103 

2 
 

Fe(acetylacetonate)3 0.818 0.531 

3 Fe(methyl 2-acetylacetoacetate)3 
 

0.004 trace 

4 Fe(ethyl benzoylacetonate)3 
 

0.003 trace 

5 Fe(stearate)3 
 

0.424 0.288 

6 Fe(palmitate)3 
 

0.088 0.082 

7 Fe(4-nitrobenzoate)3 
 

0.245 0.156 

8 Fe(picolinate)3 
 

0.936 0.446 

9 
 

Fe(salen)Cl 0.322 0.243 

10 (Fesalen)2O 
 

0.789 0.231 
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dicarbonyl complexes, respectively. It was found that Fe(benzoylacetate)3  gave 

superior amount of the oxidation product. This was clearly observed that the electron 

donating groups that were able to donate electron to iron make possible  form the 

appropiate iron complex and activate cyclohexane oxidation much faster. 

 

3.5 Comparative study on redox and catalytic properties of iron complexes 

 Sixteen iron complexes were chosen to study the relationship between 

electrochemical and catalytic properties. The outcome from this study would be a 

benefit database for determining the  appropriate catalysts. The results of catalytic 

and redox properties are presented in Table 3.6 and Figure 3.17. 

Table 3.6 The catalytic and redox properties of the iron complexes. 

Product 
(mmol) 

Catalyst 

-one -ol 

Redox reaction 

Fe(porphyrin) 1.679 0.644 reversible 

Fe(salen) 2.527 0.321 quasi-reversible 

(Fesalen)2O 0.789 0.231 quasi-reversible 

Fe(dimethylglyoxime) 0.144 0.103 - 

Fe(acetylacetonate)3 0.818 0.531 reversible 

Fe(stearate)3 0.424 0.288 irreversible 

Fe(palmitate)3 0.088 0.082 irreversible 

Fe(naphthenate)3 0.775 0.641 quasi-reversible 

Fe(salen)Cl 0.322 0.243 irreversible 

Fe(alanine)3 0.371 0.098 - 

Fe(4-nitrobenzoate)3 0.245 0.156 irreversible 

Fe(benzoate)3 0.437 0.245 irreversible 

Fe(picolinate)3 0.936 0.446 reversible 

Fe(benzoylacetate)3 1.885 1.103 reversible 

Fe(metyl 2- acetylacetoacetate)3 0.004 trace - 

Fe(ethyl benzoylacetate)3 0.003 trace - 

Recorded 0.001 mol of complexes in 0.1 M. tetrabutylammonium 

hexafluorophosphate using a glassy carbon electrode vs silver wire reference 

electrode; CV sweep rate 0.05 V/s. 
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atmospheric pressure. Nevertheless, the rates of these reactions are generally slow 

and need to spend more time to complete the reaction. Therefore, the catalytic 

systems that consume less time to complete the reaction should be explicitly needed. 

The rate of cyclohexane oxidation catalyzed by Fe(salen), (Fesalen)2O and 

Fe(benzoylacetonate)3 using TBHP as an oxidant was studied. The kinetic analysis 

results are presented in Figure 3.18. 

 

Figure 3.18.     Kinetic study on cyclohexane oxidation catalyzed by various catalysts 

 

From Figure 3.18, it was found that the rates of the reaction employing 

(Fesalen)2O and Fe(salen) were significantly better than that utilized  

Fe(benzoylacetonate)3.  The desired product was taken place when the reaction time 

was about 60 minutes by using Fe(salen), (Fesalen)2O and Fe(benzoylacetate)3. From 

this result, it could be observed that under this particular system, the reaction with  

(Fesalen)2O   and Fe(salen) catalysts proceeded the oxidation reaction very fast. 

Moreover, cyclohexane oxidation using the series of iron complex catalysts 

reinforced the concept of the importance of ligand around metal iron. The appropriate 

ligands may assist the reaction to take place with satisfied rates and in some cases 

may elevate the selectivity of reactions as required. 
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3.7 Kinetic study of cyclohexane oxidation examined by cyclic voltammetry 

 The kinetic study of cyclohexane oxidation using Fe(salen), (Fesalen)2O and 

Fe(benzoylacetonate)3 as catalysts and TBHP as an oxidant  was examined by cyclic 

voltammetry. The kinetic study of reaction using cyclic voltammetry was performed 

to compare with the kinetic study on the reaction rate of cyclohexane oxidation. The 

kinetic voltammogram results are presented in Figures  3.19-3.21. 
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Table 3.7 The redox properties of  Fe(salen) using a glassy carbon electrode. 

 

Table 3.8 The redox properties of (Fesalen)2O using a glassy carbon electrode. 

 

Time (h) Epc Ipc Epa Ipa Ipa/Ipc ∆Ep Redox reaction 

1 - - - - - - - 

2 - - - - - - - 

4 - - - - - - - 

6 -0.598 -6.872 - - - - irreversible 

8 -0.612 -14.371 - - - - irreversible 

        

 

From Figure 3.19-3.21 and Table 3.6-3.7, it was found that Fe(salen) and 

(Fesalen)2O did not show redox reaction during 1-6 h, but showed an irreversible 

reaction at 8 h while Fe(benzoylacetonate)3 did not reveal a redox reaction during 1-8 

h. This result could be implied that Fe(salen) and (Fesalen)2O had an interaction with 

TBHP to gain a high valent oxidizing agent (LMIII-OOtBu) during 1-6 h; thus these 

complexes did not show a redox reaction during this period of time. At  8 h, the 

oxidation of cyclohexane was nearly completed; thus Fe(salen) and (Fesalen)2O 

displayed an irreversible reaction. The cyclohexane oxidation catalyzed  by 

Fe(benzoylacetonate)3 did not complete during 8 h. This Fe(benzoylacetonate)3 may 

be in the form of (LMIII-OOtBu). Thus, Fe(benzoylacetonate)3 did not display redox 

reaction during 1 to 8 h. 

Time (h) Epc Ipc Epa Ipa Ipa/Ipc ∆Ep Redox reaction 

1 - - - - - - - 

2 - - - - - - - 

4 - - - - - - - 

6 -0.485 -4.783 - - - - irreversible 

8 -0.632 -9.652 - - - - irreversible 
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Considering the results derived from this study, the cyclic voltammetry of the 

iron complexes  exhibiting  reversible and quasi-reversible reactions would provide 

better yield of the desired products than those possessing irreversible reactions. The 

kinetic study of cyclohexane oxidation was found in good agreement with the cyclic 

voltammograms that gained from cyclic voltammetry. 
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