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Abstract of the Thesis 

The selective functionalization of strong C−H bonds and the oxidation of water by cheap 

and nontoxic metals are some of the key targets of chemical research today. Natural 

metalloenzymes selectively functionalize strong C−H and O-H bonds via atom-

economical transformations employing cheap and nontoxic metals under ambient 

pressure and temperature.
1
In photosystem II (PS II), a manganese oxo complex has been 

proposed to be an active intermediate for O-O bond formation step which is a crucial step 

during oxygen evolution. Similarly, iron-oxo species have been found to be key oxidising 

intermediates in the mechanism of C-H bond oxidation by mononuclear iron enzymes. 

Depending upon the oxidation state and valance electron arrangement, these oxo 

intermediates differ in their reactivity pattern. However, the difficulties in isolating short-

lived biological intermediates to unravel their mode of action inspired synthetic chemist 

to design structural and functional mimic of these enzymes. The synthetic mimics mostly 

focused on cyclic heme analog (porphyrin, phthalocyanine, and corrolazine etc.) or non-

heme analog having amine or imine based ligand system. Efforts have been made to 

synthesise the oxoiron(V) intermediate but the success has been limited. Iron(V)oxo 

complexes of biuret amide ligand based possess sufficient stability at room temperature to 

study their spectroscopic properties. These complexes can react with unactivated C-H 

bonds and olefins to afford oxidized products but their reactivity has not been correlated 

to their spectroscopic properties. 

The proposed thesis is divided into five chapters. The first chapter represents a brief 

introduction into high-valent metal-oxo intermediates in nature and in synthetic models. 

The second chapter correlates spectroscopy and reactivity of a pair of bTAML complexes 

with Fe
V
O and Fe

IV
O Units. The third chapter describes the mechanism of electrocatalytic 

water oxidation by [Fe
III

(bTAML)]
2-

  [Co
III

(bTAML)]
1-

 complex through a high-valent 

intermediate is presented. The fourth chapter explores the effect of changes in 

[Fe
III

(bTAML)]
2-

  electronics upon HAT and OAT rates. The focal theme of the fifth 

chapter is the synthesis of a new generation iron complex based on a tetra-uret 

framework. The details are presented below. 

 

Chapter I include a comprehensive survey of literature showing the importance of 

oxidation in sustaining life where the natural enzymes play the crucial role of a myriad of 
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oxidation reactions by activating small molecules like O2, H2O2 and H2O. Sustained 

research over decades revealed that higher oxidized species of iron is the key intermediate 

for natural Fe-containing enzymes that catalyze selective oxidation reactions. This chapter 

also discusses the theoretical understanding of the reactivity of both Fe
IV

(O) and Fe
V
(O) 

toward hydrogen atom abstraction and olefin epoxidation. This chapter demonstrates the 

effect of axial and equatorial ligand electronic on the oxygenation reactivity of heme and 

nonheme model complexes.  

 

Chapter II discusses Comparison of the geometric and electronic structures and 

reactivities of [Fe
V
(O)]

−
 and [Fe

IV
(O)]

2–
 species supported by the same ancillary nonheme 

biuret tetraamido macrocyclic ligand (bTAML) has been highlighted. Resonance Raman 

studies show that the Fe═O vibration of the [Fe
IV

(O)]
2–

 complex is at 798 cm
–1

, compared 

to 862 cm
–1

 for the corresponding [FeV(O)]− species, a 64 cm
–1

 frequency difference 

reasonably reproduced by density functional theory calculations. Extended X-ray 

absorption fine structure analysis of oxoiron(V) reveals an Fe═O bond length of 1.59 Å, 

which is 0.05 Å shorter than that found in oxoiron(IV). The redox potentials of 

oxoiron(IV) and oxoiron(V)  are 0.44 V (measured at pH 12) and 1.19 V (measured at pH 

7) versus normal hydrogen electrode, respectively, corresponding to the [Fe
IV

(O)]
2–

/[Fe
III

(OH)]
2–

 and [Fe
V
(O)]

−
/[Fe

IV
(O)]

2–
 couples. Consistent with its higher potential (even 

after correcting for the pH difference), oxoiron(V)  oxidizes benzyl alcohol at pH 7 with a 

second-order rate constant that is 2500-fold bigger than that for oxoiron(IV)  at pH 12. 

Furthermore, oxoiron(IV)  exhibits a classical kinteic isotope effect (KIE) of 3 in the 

oxidation of benzyl alcohol to benzaldehyde versus a nonclassical KIE of 12 for 

oxoiron(V), emphasizing the reactivity differences between oxoiron(V)  and oxoiron(IV). 

 

Chapter III discloses the mechanism of O-O bond formation by Fe
V
(O) and formal 

Co
V
(O) species during water oxidation. A detailed electrochemical investigation of a 

series of iron complexes Fe
III

-bTAML which includes first electrochemical generation of 

Fe
V
(O) and demonstration of their efficacy as homogeneous catalysts for electrochemical 

water oxidation (WO)  in aqueous medium. Spectroelectrochemical and mass spectral 

studies indicated Fe
V
(O) as the active oxidant, formed due to two redox transitions which 

have been assigned as Fe
IV

(O)/Fe
III

(OH2) and Fe
V
(O)/Fe

IV
(O). The O ̶ O bond formation 

step occurs due to nucleophilic attack of H2O onto Fe
V
(O). Kinetic Isotope Effect (KIE) of 

3.2 indicates an atom proton Transfer (APT) mechanism. The buffer base pKa plays a 
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critical role in rate determining step by increasing several folds reaction rate. The 

electronic effect on redox potential WO rates and onset over potential was studied by 

employing a series of iron complexes. The catalytic activity was enhanced by the presence 

of electron-withdrawing groups on the bTAML framework- changing the substituents 

from –OMe to –NO2 increase an 8-fold reaction rates, while over potential also increases 

by three-fold.  

  Biuret-modified tetraamidomacrocyclic cobalt complex [Co
III

-bTAML]
−
 is shown to 

catalyze electrochemical water oxidation at basic pH leading to the formation of O2. 

Electrochemical and spectroscopic studies indicate a high valent cobalt oxo intermediate 

isoelectronic to Co
V
(O) as the active oxidant. The kinetic isotope effect of 8.63 indicates 

an atom proton transfer mechanism. 

 

Chapter IV explores the effect on ligand electronics on hydrogen atom transfer (HAT) 

and oxygen atom transfer (OAT). In this chapter, we have synthesized a wide variety of 

oxoiron(III)bTAML complexes having electron donating and electron withdrawing groups 

on the benzene ring of the head part of the complex. These complexes have been 

characterised by single crystal X-ray diffraction, HR-Ms, UV-Vis, electrochemistry and 

EPR spectroscopy. Then a series of oxoiron(V) complex was synthesized by using the 

equimolar amount of aqueous sodium hypochlorite solution in acetonitrile at room 

temperature. All the oxoiron(V) species have been characterised by HR-Ms, UV-Vis, 

electrochemistry and EPR spectroscopy. One electron reduced species (Fe
IV

O) of all the 

substituted iron(V)oxo also have been synthesized at higher pH to calculate the pKa values 

of Fe
IV

(O-H) species. The observed enhanced HAT rate of toluene by electron rich 

methoxy substituted oxoiron(V) was explained on the basis of elevated pKa (11.3) of one 

electron reduced Fe
IV

(O-H) species similar to the natural heme enzyme. The OAT rate 

enhancement for electron deficient oxoiron(V) is solely responsible for the increase in 

redox potential of the electron deficient metal oxo species. However, the increase in OAT 

rate for electron rich oxoiron(V) species is a counterintuitive reactivity trend for an 

essentially electrophilic species.  

 

Chapter V discusses the synthesis of new generation iron complex based on a tetrauret 

modified tetraamido macrocyclic ligand (PPh4)[(tTAML)Fe
III

(Cl)]. This 

[(tTAML)Fe
III

Cl]
2-

 complex was characterized by UV-Vis, HR-MS, EPR and single 
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crystal X-ray diffraction. The stability and reactivity of this complex will be conducted in 

a separate study.                 

 

Chapter VI presents an overall summary of the work and describes the major findings of 

the studies. Future directions based on the work reported in the thesis are also discussed.  
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1.1 Introduction 

     The selective oxidation of various substrates is an extremely vital process to maintain the 

sustenance of life processes. Oxidation also has an enormous industrial application, since the 

most important industrial processes for converting fossil fuel into value-added products is the 

oxidation of petroleum feedstocks. For bulk chemical synthesis, oxidation of natural 

hydrocarbons is the key step, but many challenges remain, such as the oxidation of methane to 

methanol on an industrial scale.
1
 For decades, various research groups have been searching for 

efficient and cheap catalysts for selective oxidation reactions of hydrocarbons under ambient 

conditions, with the aim of finding alternative energy carriers to fossil-based oil for energy-

conversion processes.
2
 However, nature has evolved metalloenzymes by overcoming the kinetic 

barrier to activate molecular oxygen for selective and controlled oxidation of specific substrates.
3
 

These metalloenzymes are of great importance, because of the use of cheap and earth-abundant 

transition metals in their active sites, such as iron, copper, cobalt, and manganese.
4
 These 

enzymes frequently exhibit substrate specificity as well as regioselectivity and stereo selectivity 

towards different substrate under mild conditions. The key metabolic functions mediated by 

metalloenzymes are desaturation of fatty acids in plants, DNA and RNA repairs, hydroxylation 

of methane in methanotrophs, biosynthesis of β-lactam antibiotics, and the sensing of hypoxia in 

mammalian cells to signal the formation of blood vessels.
5-8

 The active sites
 
in native 

metalloenzymes are deeply buried in protein scaffolds from potential deactivation routes, which 

helps them to adopt unique structures and exhibit unusual properties during metabolic functions. 

Inspired by nature, several transition metal complexes have been synthesized to activate the 

naturally abundant green oxidant molecular oxygen (O2) and chemical oxidants (H2O2, NaOCl, 

mCPBA, etc.) efficiently to facilitate industrial oxidative transformations.
9,10

 Hence, much effort 

has been devoted to understand the nature of active oxidant and their mechanisms in the way of 

C-H activation in a number of heme and non-heme monooxygenase enzymes.
5,11-21

  

       Oxidation is also fundamentally important process from the energy perspective. One 

reaction that discerns Earth from other planets is the photosynthesis process, in which plants 

convert solar energy into chemical energy. During photosynthesis sunlight-driven oxidation of 

water caused by the oxygen evolving complex (OEC, Figure 1.1), is composed of earth-abundant 

manganese and calcium metal oxide clusters. This process produces dioxygen, four protons, and 

four electrons, followed by a reduction of atmospheric CO2, following a relay of reactions, to 
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synthesize carbohydrate as chemical energy reserver.
22,23

  To date, the most likely mechanism of 

water oxidation catalyzed by natural OEC is not clear. To prepare functional synthetic mimics 

that can function as catalysts for efficient water oxidation (WO) that can be further be developed 

into a proton-reduction process to produce H2, which is a cleaner energy source, great research 

effort is being persued worldwide. 

 

 

 

 

Figure 1.1: Natural O2 evolution at Mn-OEC in photosystem II.
8 

 

1.2 Natural Metalloenzyme and Oxidation reactions 

       The majority of metalloenzymes are proteins that contain tightly bound metals (Table 1.1). It 

has been estimated that one-half of all known proteins contain metals and they are always 

isolated with the protein, while approximately one-third of the proteins are dependent on metals 

for their biological functions.24 
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Table 1.1  Lists of some metalloenzymes containing different metal in their active sites. 

Metals  Examples of metalloenzymes 

Iron  Catalase, Hydrogenase 

Copper  Cytochrome c oxidase, Laccase 

Zinc  Carboxypeptidase, Aminopeptidase 

Nickel  Urease, Hydrogenase 

Magnesium  Glucose 6-phosphatase, Hexokinase 

Cobalt  Methionyl aminopeptidase, Nitrile hydratase 

Manganese  Arginase 

Molybdenum  Nitrate reductase, Sulfite oxidase 

 

1.2.1  Iron based enzymes 

Iron is the fourth most common element (up to 5% of the total elements present, after 

oxygen, silicon and aluminium) in the Earth's crust. Most metalloenzymes have evolved with an 

iron-containing active center because of their abundance, inherent electronic properties, and 

access to various redox states.
25

 Based on the type of reaction they perform, these are classified 

as oxygenases, oxidases, reductases, hydrogenases, or dehydrogenases (Table 1.2). Biologically, 

iron plays vital roles in oxygen transport and storage as well as in electron transport.
25

 There is a 

large number of metalloenzymes that contain iron in their active sites (Table 1.2). Myoglobin 

and hemoglobin were among the first proteins to be structurally characterized and both of them 

contain iron protoporphyrin IX (heme b) as an essential prosthetic center. Most importantly, 

these enzymes use molecular oxygen to perform various oxidation reactions relevant to 

biological processes, including the metabolism of drugs, DNA and RNA base repair, 

biosynthesis of hormones, and the biosynthesis of antibiotics.
5-8

 Based on the nature of 

coordinating ligand, iron-containing enzymes that activate O2 have been categorized into ‘heme’, 

with iron-porphyrin cofactors, and ‘non-heme’, with iron active centers bound to amino acid 

residues.
24-28
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1.2.1.1 Heme Enzymes 

             Heme enzymes have an active iron center coordinated to a porphyrin cofactor in a 

distorted square pyramidal fashion, with one axial cysteine/histidine ligand from the protein 

backbone, and the other axial position available for O2/H2O2 binding and their subsequent 

activation. These enzymes are classified as oxidases or peroxidases depending on the activation 

of either O2 or H2O2 (Scheme 1.1).  

Table 1.2 Iron proteins implicated in oxidation reactions via dioxygen activation  

Enzymes Reactions 

Heme Proteins 

CytP450 

 

 Non-heme Proteins  

 

Extradiol-cleaving 

catechol dioxygenase 

 

  

 

Rieske dioxygenase 

          

α-ketogluterate 

dependent hydroxylase    

Pterin-dependent 

enzymes 

 

                                   Other Fe(II) or Fe(III) dioxygenase 

 

Intradiol cleaving 

catechol dioxygenase 

(Fe
III

) 

 

 

Lipoxygenase (Fe
III

) 
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Apocarotene dioxygenase 

(Fe
III

)             

Binuclear Center 

Methane Monooxygenase 

         

 

Scheme1.1: Peroxide activation mechanism by catalases and peroxidases. 

 

Peroxidases are the class of heme enzymes where a histidine residue occupies one of the two 

axial coordination sites and the other axial site used for H2O2 activation. On the other hand, 

oxidases class of enzyme activate O2 at one of the two axial sites while the axial cysteine ligand 

occupies trans position. Among monooxygenases, the most studied heme-containing enzyme is 

Cytochrome P450 (CytP450, Figure 1.2) which oxidizes the long aliphatic chain of cholesterol 

selectively during the biosynthesis of the female hormone progesterone. The active site has been 

explored through the X-ray crystal structure of CytP450-camphor.29, 30
 Accepted oxygen 

activation mechanism associated with cytochrome P450 is referred to as the heme paradigm 

(Scheme 1.2).
4
 

 

Figure 1.2 Molecular structures of catalytically active centers of cytochrome P450 in nature. 
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Activation of O2 at iron center in CytP450 proceeds through iron superoxo and iron peroxo 

species formation, followed by O–O bond cleavage, to generate a formally oxoiron(V) or Fe
V
(O) 

oxidant that in turn, carries out the two-electron oxidation of the substrate.
29, 30

 The proposed 

catalytic cycle for CytP450 has been shown in Scheme 1.2. 

 

 

 Scheme 1.2: Formation of high-valent iron-oxo and its reaction mechanism for alkane 

hydroxylation by CytP450. 

Crucial steps for activation of C–H  bonds by CytP450 include:
29

 

i) Substrate binding to active site induces a spin change of the iron center to achieve a 

favorable enzyme-substrate adduct 

ii) One electron reduction of iron(III) center by NADPH  

iii) Subsequent binding of O2 to the reduced iron center results in Cyp450-superoxide 

complex 

iv) Addition of a second electron oxidises iron(III)superoxide to iron(III)peroxide 

intermediate which on subsequent protonation produce  iron(III)hydroperoxy 

complex 

v) The formation of the high-valent oxoiron(IV) cation radical (compound I), 

isoelectronic to Fe
V
(O) species; a crucial step formed by protonation and 

heterolytic cleavage of the O-O bond followed by removal of one water molecule 
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vi) H-atom abstraction and transfer of the O atom from the iron-oxo to the substrate to 

form a hydroxylated product through a two-step process known as ‘oxygen 

rebound’ mechanism 

Direct formation of high valent oxo species from resting state of the catalyst can also be achieved 

synthetically by adding commercial oxidants like sodium hypochlorite (NaOCl), iodosyl benzene 

(PhIO), alkyl peroxides and peracids, etc. This pathway is considered as the ‘peroxide 

shunt’(Scheme 1.2).
31-33

 

 

1.2.1.2 Non-heme Enzymes 

              Non-heme iron containing enzymes do not contain Fe-porphyrin cofactor similar to 

heme iron enzymes. These non heme enzymes are broadly classified as mononuclear or dinuclear 

depending upon the number of metal in active site. Structure function relationship of these class 

of enzyme have been explored from the crystal structures of several mononuclear non-heme iron 

enzymes. Non-heme enzymes generally activate molecular oxygen to catalyse diverse oxidative 

transformations. According to available structural data of non-heme enzymes, a common 

structural motif consisting of a mononuclear iron(II) metal center ligated by two histidine 

residues and one carboxylate residue from protein back bone in a facial mode (Figure 1.3). The 

carboxylate ligand can either be a glutamate or aspartate residue. The structural motif has been 

termed as the ‘2-His-1-carboxylate facial triad’; nature’s recurring motif like the heme cofactor 

and iron–sulfur clusters.33, 34
 The most versatile non-heme enzyme is Rieske dioxygenase, an 

analogue of CytP450 which catalyses the enantioselective cis-hydroxylation of arene, a 

transformation which is challenging in organic synthesis.
25, 35-37

  

 

Figure 1.3: The common structural motif “2-His-1-carboxylate facial triad” for non-heme 

mononuclear iron enzymes (Left); Molecular structures of the active centres in Rieske 

dioxygenase (Right). 
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Redox innocence nature of coordinated nitrogen based ligand from amino acid residues unlike 

heme porphyrin (redox non-innocent), helps these enzymes to store two oxidizing equivalents in 

the metal center thereby facilitating formation of an Fe
V
(O) oxidant. To date, there is no direct 

spectroscopic evidence for a non-heme Fe
V
(O) species during the enzymatic cycle. However, the 

iron(III)–peroxo precursor on non-heme enzymes has been characterized by X-ray 

crystallography. It has been proposed that these enzymes form an high-valent iron oxo-hydroxo 

species [Fe
V
(O)(OH)] as an active oxidising agent during monooxygenation, dioxygenation and 

desaturation via activation of dioxygen. One of the most studied example of this family is 

naphthalene 1,2-dioxygenase (NDO),
36, 38

 which is a representative for other cis-dihydroxylating 

enzymes including benzoate 1,2-dioxygenase,
38

 benzene dioxygenase 
39

 and phthalate 

dioxygenase.
40

 Examples of a few dinuclear non-heme enzymes are methane monooxygenases, 

toluene monooxygenase and tyrosinases etc. For example, the di-iron enzyme methane 

monooxygenase (MMO, Figure 1.4)
28

 activates O2 to catalyse the conversion of methane to 

methanol via di-iron(III)–peroxo and diiron(IV) intermediates.  

 

Figure 1.4: Molecular structure for the active site of the dinuclear non-heme iron enzyme 

methane mono oxygenase (MMO).  

1.3 Understanding the Mechanism of Oxygen atom transfer to C–H and C=C bonds by 

Metal oxo intermediates 

            1.3.1 C-H bond oxygenation mechanism 

                      Nature activates dioxygen and hydrogen peroxide to catalyze a variety of oxidation 

reactions such as O-atom transfer to C–H and C=C bonds. Monooxygenases enzyme utilize O2 

and 2e
-
 (provided by NADH or NADPH) to hydroxylate the C–H bond according to the 

following scheme: 23
  

                 R-H + 2e
-
 + 2H

+
 + O2 → R-OH + H2O 
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During C-H abstraction by the high-valent iron-oxo species which contain multiple bonds: one σ 

bond and at least one π bond that comes from the donation of electrons on the oxygen atom into 

empty orbitals on the metal center. This donation causes the oxo ligand to be electrophilic. These 

electrophilic oxo-iron complexes react with alkanes to form an iron-bound hydroxo ligand and 

an alkyl radical, which then subsequently reacts rapidly with the resulting hydroxo ligand in a 

“rebound” step to form the alcohol product (Scheme 1.3). This mechanism is selective for the 

weakest C–H  bond in the molecule, i.e., sp
3
C–H  > sp

2
C–H  and tertiary > secondary > primary.  

Such a mechanism is observed during biological oxidation of hydrocarbons with enzymes. 

 

 

 

Scheme 1.3: General mechanism for hydroxylation: ‘rebound mechanism. 

 

   H-atom transfer (HAT) typically involves the simultaneous transfer of an electron and a proton 

along a common path. During, C-H activation reactions mediated by metal–oxo intermediates, 

where the electrons and protons are transferred to different sites (proton to the oxo group and the 

electron to the metal ion through a concerted proton and electron transfer mechanism (CPET); 

emphasized the importance of the Bordwell/Polanyi
41

 relationship in determining the 

thermodynamic affinity towards hydrogen atom abstraction. The thermochemical affinity (BDE).  

of 1H
+
/1e

-
 (PCET) is equivalent to the affinity of the oxidized metal–oxo species for an electron 

(redox potential E1/2 in V for the Fe
n+2 

(O)/Fe
n+1

(O) couple and the affinity of the reduced metal–

oxo species for a proton (acid dissociation constant Ka of the conjugate base Fe
n+1

-OH), because 

a hydrogen atom is equivalent to H
+ 

+ e
- 
(see the thermodynamic cycle shown in Figure 1.5). 

Determination of BDE by this equation was first proposed by Bordwell and coworkers. 
41

 One of 

the examples for BDE calculation for CytP450 is discussed here (Figure 1.5). 
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C is solvent constant.  

Figure 1.5: Schematic presentation for calculation of BDE(O-H) of CytP450. 

 

The calculated BDE(O-H) value of any metal oxo intermediate can explain the reactivity of C-H 

abstraction reaction. In case of CytP450, Michael T. Green et al. 
42

 determined that the rate 

constant for the cleavage of an unactivated C–H  bonds by active oxidant Compound I was as 

high as 1.1×10
7
 M

-1
s

-1
. This unusual high reactivity of the CytP450 in oxidizing strong C–H  

bonds is unexpected in comparison to Horseradish Peroxidase (HRP) although both of them are 

structurally similar, i.e., both contain Fe-heme except for the axial ligand bound to the Fe 

(thiolate for CytP450 and histidine for HRP).  

 

 

Figure 1.6: The oxygen rebound mechanism showing push-pull assistance of hydrogen atom 

transfer (HAT) mediated by the heme center of a P450 enzyme (bottom). 

 

            The ability of CytP450 to oxidize strong C–H  bonds have been studied in great detail 

from past few years.
43

 Experiments showed that the compound I of CytP450 abstracts H-atom 

from C–H bond of the substrate to yield an Fe
IV

-OH species (protonated compound II) and a 

carbon radical without oxidising its own fragile protein network (tyrosine -OH group and other 
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functional groups in protein side chain). According to the Brodwell equation, the BDE(O-H)  

value can be controlled by two parameters, i.e., the pKa and E
o
 value.  The E

o
 value of the 

Fe
IV

(O)
+·

/Fe
IV

(O) redox couple
 
of CytP450 should be lower than 1 V to avoid the non-productive 

oxidation reactions. Both tyrosine and tryptophan have redox potential around 1 V or depending 

on their location in the protein moiety. CytP450 avoid this non-productive oxidation by 

increasing the pKa of the Fe
IV

(O), due to axial thiol ligand that is bound to it via Cys. Thiolate is 

a strong electron donor and this electron ‘push’ from thiolate makes the Fe
IV

(O) oxygen very 

basic (Figure 1.6). Michael Green and coworkers were able to measure this pKa to be around 12 

for CYP 158-II and CYP 119-II (other class of thiolate-ligated CytP450). This higher pKa of 

Fe
IV

=O (basic Fe=O) translates to high BDE(O-H) for the enzyme and is thus capable of 

cleaving strong C–H  bonds of unactivated alkanes. 

1.3.2 C=C bond oxidation mechanism 

                     There are three main types of transition metal intermediates mediated an oxygen 

atom transfer to the alkenes: (i) oxo-metal complex (ii) metal-peroxo and (iii) metal mediated 

peroxo radical. The oxo-metal complexes from the middle of the transition metal series (e.g. Cr, 

Mn, Fe) are the main reactive intermediate towards the alkene epoxidation.
44, 45

 These metal 

centers are consist of partly filled d-electrons which can be perturbed by structural and electronic 

changes through ligand modification.  Furthermore, the metal-peroxo complexes are formed in 

the early transition metal series, where the transition metals are in highest oxidation state such as 

Ti
IV

, V
V
, Mo

VI
 and W

VI
.
46

 These metal-peroxo intermediates can catalyze epoxidation reaction 

with a variety of alkenes. For metal peroxo mediated epoxidation, formation of 

peroxometallacycle intermediate has been proposed due to attack of one of electrophilic 

peroxygen from metal peroxo species (Scheme 1.4(i)).
46

 Similar to the metal peroxo, two type of 

intermediates have also been proposed for the transfer of oxygen atom from oxo-metal complex 

to an alkene: interaction of the oxygen atom of oxo-metal with C=C or interaction of the alkene 

with both oxygen atom and the metal center to form a metallacycle (Scheme 1.4(ii)).
47

 The 

peroxo radicals are mainly operating where the systems can undergo electron-transfer process 

(Co, Ni) and the epoxidation takes place for alkenes in which abstraction of allylic hydrogen is 

disfavored compared to addition of C=C double bond.
48 
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1.3.3 Theoretical insight of oxidation reactions by heme enzyme
 

                                   
  Insights into the oxidative reactivity of the M=O moiety in heme enzyme can 

also be obtained from DFT analysis. DFT analysis on heme-enzyme showed that the d
4
 

configuration (dxy
2
dyx

1
dzx

1
) of the iron center can either antiferromagnetically or 

ferromagnetically couple to the unparied electron of porphyrin a2u
1 

(π- radical), leading to two 

different low-lying spin states: doublet (S = 1/2), and quartet (S = 3/2) (Figure 1.7). According to 

Figure 1.7 in course of H-atom abstraction, an β or α electron shifts from the C-H orbital of 

desired C-H bond to the singly occupied a2u orbital in quartet and doublet states, respectively, 

leading to intermediate spin state of Fe
IV

 centers that are antiferromagnetically or 

ferromagnetically coupled to the substrate radical. In the rebound steps, the electron will shift 

from carbon center radical to the iron(IV) center to form the iron-hydroxo(Fe
III

-OH) complex. In 

the case of doublet state, the rebound process involves from carbon centered radical to the low-

lying dXZ
1
(FeO) orbital and thereby is nearly barrier-free. Whereas for the rebound step in 

quartet state the electron has to be shifted into the higher-lying empty dZ
2
 orbital thus leading to a 

significant rebound barrier.
49 

 

 

 

Scheme 1.4: Proposed intermediates for the reaction of alkenes with transition metal oxo and 

peroxo species. 
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Figure 1.7: Schematic summary of the electronic changes along the C-H abstraction (1) and 

rebound (2) reaction pathway in the heme-base iron(IV)-oxo radication intermediate. 

 

     For the OAT process, on the other hand, two electrons need to be transferred simultaneously 

to the * and π* orbitals of the M=O core. The OAT and HAT reactivities of metal oxo cores 

can, therefore, be markedly affected by the properties of the supporting ligands such as electron 

density, and sterics, as well as the nature of the variable cis or trans ligands and also the spin 

states of the metal center. Whereas OAT reactions will be solely controlled by the 

Fe
IV+.

(O)/Fe
IV

(O) reduction potentials.
80

 

1.4 Biomimetic Heme Ligands and Reactivity of their High-valent Oxo Species 

                 Inspire by Nature, iron(III) porphyrin complexes have been synthesized and studied 

extensively as the biomimetic models for heme-containing enzymes. Systematic studies of 

stability and catalytic activity of heme high valent analogs lead to the successive generations of 

porphyrin ligands.50
 The first generation “flat metalloporphyrins”  (with no substituents at the 

meso positions, Figure 1.8) were rapidly substituted by a series of porphyrin complexes having 

various substitution at meso position, due to very fast oxidation of the ligand framework.51
 The 

second generation is represented by substituents at the ortho, meta and para position of the 

phenyl ring by alkyl or halogen groups (Figure 1.8), e.g., meso-tetrakis(pentaflurophenyl) 

porphyrin TPFPP
52

, meso-tetramesitylporphyrin (TMP)
53

, meso-tetrakis(2,6-
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difluorophenyl)porphyrin (TDFPP) and meso-tetrakis(2,6-dichlorophenyl)porphyrin (TDCPP).
54, 

55
 Similarly, the third generation catalysts were synthesised on the previous idea by introducing 

halogens at the β-position of pyrrols to make it more electron defficient. These include example 

of meso-tetrakis(2,6-diclorophenyl)-β-octabromoporphyrin, Br8TDCPP,
56

 meso-tetrakis(2,6-

dichlorophenyl)-β-octachloroporphyrin, Cl8TDCPP
57

, meso-tetramesityl(2,6-dichlorophenyl)-β-

octachloroporphyrin Br8TMP
58

 etc. Very recently, positively charged bulky substitution on 

porphyrin meso position showed dramatic enhancement of hydrogen atom transfer reactivity. 

Biomimetic model Fe(III)-porphyrin heme complexes, first reported by Groves et. al. in 1979
59, 

60
 displayed selective oxidation of unactivated hydrocarbons like cyclohexane and adamantane to 

cyclohexanol(8%) and adamantanol (13%, 3°:2° selectivity of 48:1 for adamantane) in the 

presence of excess iodosyl benzene. These oxidants were shown to form the Fe(III)-OOR 

porphyrin species with various terminal oxidant, which subsequently underwent heterolytic 

cleavage of the O-O bond to form the active Fe
IV

(O) radical cation (Mössbauer spectrum of the 

intermediate showed a quadrupole doublet centered at 0.05 mm/s with ∆Eq = 1.49 mm/s which is 

similar to previously reported HRP δ = 0.08 mm/s and ∆Q = 1.25 mm/s).
60,61

 The competition 

between homolytic vs heterolytic cleavage of O-O bond (Scheme 1.5) has been studied by Nam 

et al. and other in great details by using several mechanistic probes
62

 (
18

O2, cis–DMCYH, 

MPPH, and z-stilbene). 
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Figure 1.8:  Different generation of porphyrin model catalyst  

 

 

 

 Scheme 1.5 Proposed mechanism for the formation of active oxidant from Fe
III

-OOH for 

synthetic heme model complexes complexes. 

3
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4
th

Gen 

Uncontrolled 

oxidation 

Products 
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Figure 1.9: Some of the non-heme ligands used to generate high-valent iron(IV)-oxo complexes. 



Chapter I: Introduction and literature survey towards High-valent Metal Oxo Intermediate 

 

Ph.D Thesis AcSIR, November, 2017 17 

 

 

 

Figure 1.10 Salen and phenolate O-donor ligands used for C–H activation 

 

1.5 Non-heme iron oxo analogues and theoretical understanding of their reactivity 

  1.5.1 Non-heme iron oxo analogues and their reactivity 

                       To develop a functional mimic of non-heme enzymes, the bioinspired approach 

has been employed by designing organic ligands that would contain the amino acids that are 

bound to the Fe-center of the natural enzyme.
63a

 Most of the nonheme iron complexes bearing 

multidentate imine N-donor ligands have been studied in detail for years.
63b

 Synthesised iron 

complex using various  N-donor ligand showed very high selectivity and reactivity towards 

oxidation of C–H  and C=C bonds. This field is more appealing because of its relatively 

straightforward ligand modification compared to porphyrin ligands, which leads to numerous 

catalysts that are prepared and studied. Figure 1.9-1.10 depicts some of the non-heme ligands 

that have been studied to date.  

The terminal oxidant oxidizes synthetic nonheme iron complexes to form high-valent iron-oxo 

which reacts with C-H selectively by ruling out the possibility of ‘Fenton reaction (Scheme 1.6) ’ 

which is related to non-selective reactions mediated by free oxygen atom centered radicals.
64-66
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Scheme 1.6: Fenton-Haber-Weiss type reaction by iron(II) and iron(III) metal center. 

 

1.5.2 Theoretical insight of C-H and C=C oxidation by non-heme model complex 

                  Detail understanding of the oxidative reactivity by iron-oxo moiety can also be 

derived from considerations of simple ligand-field theory.
67

 The reactivity of these iron-oxo 

complexes depend upon two factors firstly spin state of iron-oxo species and secondly the 

substrate approach toward Fe=O moiety. Due to the consequence of tetragonal compression 

associated with the strong Fe=O bond in C4v symmetry, the d orbitals sequence according to 

energy will be dxy<dxz,yz< dx
2

-y
2

 <dz
2
 (see Figure 1.11). The energy order of dx

2
-y

2
 and dz

2
 orbital 

can be varied depending upon the nature of bonding in the equatorial plane, e.g., for weak 

equatorial donating ligand dz
2 

will be highest in energy, but for strong equatorial bonding, dx
2

-y
2 

will be highest in energy. The dx
2

-y
2
 and dz

2
 orbitals form strongly antibonding combinations with 

the  orbitals of the ligands while the dxz and dyz orbitals lead to antibonding π* orbitals by 

interacting with the px and py orbitals of the oxo group. The key frontier molecular orbitals 

(FMOs) involved in the HAT and OAT process are the π* dxz/yz and the * dz
2
 orbitals. The 

hydrogen atom transfer from the (C-H) orbital to the Fe
IV

O species (solid arrows; Figure 1.11) 

will result in protonation of the oxo atom to from Fe-OH species and the injection of an electron 

into either a * or a π* orbital of iron-oxo will lead to a one-electron reduced iron-oxo species. 

The exact nature of the electron acceptor orbital will depend on the relative energies of the dz
2
 

and dxz/yz orbitals, which will be controlled by the electronics of the coordinated ligand and the 

covalency of the iron-oxo bond. As described earlier the orientation of substrate approach will 

also have crucial role in C-H activation. The cleaving C-H bond may attack the iron(IV)-oxo unit 

either from the top or an equatorial position ( and π pathways respectively).
68 

Both types of 

geometries in transition state lead to different reaction pathways. To maximize the overlap 

between the dz
2
 and the C-H orbitals in the  pathway (Figure 1.11), the system directs a vertical 

approach of the target C-H bond towards the Fe=O core and the reaction will proceed through 

quintet spin state, thereby leading to a linear Fe-O-H arrangement. In contrast, the π channel 

involving dxz,yz based electron acceptor orbitals typically exhibits a bent Fe-O-H angle and the 
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reaction will go through triplet spin state. The steric interaction between the substrates and metal 

chelates as directed by the FMOs associated with the HAT step will, therefore, be of great 

importance in controlling the reactivity of metal–oxo cores toward C-H bonds. For oxo iron(V) 

species such pathways have  not explored in great details probably due to unstability of 

oxoiron(V) species.  Therefore, from all the theoretical studies it can be summarised that the 

quintet spins state oxo-iron species are aggressive oxidants than the corresponding triplet 

counterparts. Analysis of the changes in electronic structure along the reaction coordinate 

revealed that increased Pauli repulsion and attenuated orbital interaction increase the barriers for 

the triplet π-pathway.
49, 69 ,70

  

 

 

 

Figure 1.11: Schematic summary of the electronic structure changes along the H-atom 

abstraction (HAT) and O-atom transfer (OAT) reaction pathway in the triplet and quintet state of 

mononuclear non-heme iron(IV)-oxo complexes. 

            

Direct experimental evidence for the higher reactivity of the quintet state (S = 2)  is lacking in the 

literature because the majority of model complexes prefer the triplet ground states. A few 

recently reported iron(IV)oxo complexes having sterically bulky ligand framework in quintet 

spin ground state, showed reactivities toward C-H bond cleavage that are only comparable with 

their triplet spin state.
71

 The OAT rate will solely depend upon the redox potential of iron-oxo 

species  

1.6 Formation and characterisation of High-valent oxoiron species 
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                The first fully characterized mononuclear nonheme oxoiron(IV) species was identified 

in 2000 by Weighardt and co-workers with [Fe
III

(cyclamacetato)(CF3SO3)]
+
 and ozone as an 

oxidant in acetone/ water mixture at –80°C.
72

 The first X-ray crystal structure of an oxoiron(IV) 

(S = 1) was reported by Münck, Nam, Que, and their coworkers which was generated by 

oxidizing Fe
II
(TMC)(CF3SO3)2 with iodosyl benzene (PhIO) in CH3CN at –40°C.

73
 The pale 

green intermediate was characterized by UV–vis spectroscopy, ESI-MS, EPR, Mössbauer, 

Resonance Raman, magnetic circular dichroism and assigned as [(TMC)Fe
IV

=O]
2+

 (Figure 1.12). 

The EPR spectra for Fe
IV

(O), S = 1 shows no signal since the d
4
 electronic configuration is EPR 

silent in the X-band. The assignment of oxidation state was predominantly done on the basis of 

Mössbauer, EXAFS, and EXANES spectroscopy. After the first discovery of mononuclear non-

heme oxoiron(IV) intermediate, several oxoiron(IV) species with macrocyclic tetradentate N4, 

tripodal tetradentate N4, and pentadentate N5 and N4S ligands were reported using various 

oxygen atom donors such as PhIO, peracids (mCPBA and peracetic acid), KHSO5, O3, NaOX (X 

= Cl or Br), hydroperoxides (e.g., H2O2 and 
t
BuOOH) and molecular oxygen (Figure 1.12).

62
 

Two-electron oxidation of Fe(II) to the Fe(IV) oxo species was proposed when single-oxygen 

atom donors oxidant (PhIO, NaOCl, etc.) have been used as a terminal oxidant (reaction a). 

While hydroperoxides used as a oxidant (reaction b) Fe(III)–OOR species was homolytically 

cleaved to form oxoiron(IV) species. For molecular O2 activation (reaction c), mechanism of 

generation of Fe
IV

(O) species depends on electronics of iron(II) complexes and presence of pH 

atom donor in reaction mixture. In absence of a H-atom donor the ironsuperoxide species can 

take one electron from resting Fe(II) to from a peroxodimetallic system which will homolytically 

cleaved to two molecules of oxoiron(IV). In presence of H-atom donor the O2 activation by iron 

complex can follow the reaction path b. 

a) Single O-atom donors 

               

b) Hydroperoxides 

 

c) Molecular Oxygen 
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To date, a large number of non-heme Fe
IV

-oxo species has been synthesised, characterised, and 

tested for C-H abstraction as well as epoxidation reaction but most of them demonstrate weak 

oxidative reactivity in comparison to its one-electron oxidized species (formally Fe
V
(O) oxidant) 

which is a key intermediate in the catalytic cycles of several iron enzymes that carry out difficult 

oxidations.
62

 Rieske dioxygenases enzyme use O2 to form oxoiron(V) which efficiently 

dihydroxylate C=C bonds in the biodegradation of aromatic complexes. However, there is a 

paucity of well characterized Fe
V
(O) species, some of which are listed below (Table 1.3, Figure 

1.13). Most of the Fe
V
(O) species have been proposed based on only mass spectral and EPR 

evidences since their instability at room temperature and purity has eluded complete 

characterization by several spectroscopic technique (Table 1.3).  

 

Figure 1.12 Fe
IV

(O) species reported for different non-heme ligands. 

 

 

Figure 1.13 Proposed structures of Fe
V
(O) for non-heme ligands. 
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Table 1.3 Repoted partially charaterized Fe
V
(O) complexes and their formation conditions. 

Complex Reaction 

Condition 

Spectroscopic 

Characterisation 

Reaction 

 

74
[Fe

V
(O)(dpaq)](ClO4)

+
 

 

H2O2 

At -40 
o
C 

Cold-spray 

Ionization mass 

spectrometry 

Hydroxylation of 

cis-1,2-DMCH, 

Cyclohexane 

 
75

[Fe
V
(O)(tpa)(CH3CN)]

+ 

     
76

[Fe
V
(O)(bpmen)(CH3CN)]

+
 

mCPBA, 

CH3CO3H, 

at -60 
o
C 

EPR spectroscopy Cyclohexene 

epoxidation 

 

77
[Fe

V
(O)(OH)(PyTACN)]

+
 

 

H2O2, H2O 

at -40 
o
C 

Cryospray 

Ionization mass 

spectrometry 

Hydroxylation of 

cis-1,2-DMCH, 

epoxidation  

 

78
[Fe

V
(O)(TMC)(NC(O)CH3]

+ 

 

 
t
BuOOH 

at −44°C 

UV-vis, EPR 

spectra, 

Resonance 

Raman, 

Mössbaüer 

 

 

 To date, only one spectroscopically well-characterized example of an Fe
V
(O) based on the 

TAML
79

 ligand framework (tetraamidomacrocylclic ligand, Scheme 1.7) and a modified 

TAML
80

 (bTAML; biuret modified tetraamidomacrocylclic ligand, Scheme 1.8) is known in 

literature. The highly electron rich deprotonated amidate ligand coordinated iron complex form 

high-valent oxoiron(V) at -60
o
C in butyronitrile solvent when treated with 2.5 equivalent of 

mCPBA (Scheme 1.7). This green colored oxoiron(V) intermediate has been characterized by 

EPR (S = ½), ESI-MS, EXAFS (showing Fe-O bond length of 1.60 Å) and Mössbauer study 

(quadrupole splitting ∆EQ = 4.25mm/s and isomer shift δ = −0.46(2) mm/s).
79

 However, the 

unstability of this species at room temperature restricted its application in organic synthesis. The 

deactivation pathways of TAML complex was thought to be the intermolecular degradation of 

ligand moiety (C-H abstraction of dangling malonyl fragment, Figure 1.14). When this malonyl 

fragment was replaced by a planer biuret fragment which leads to bTAML complex, the 

reactivity and stability of its high-valent species changes drastically.
80

 The bTAML iron complex 

stabilizes oxoiron(V) at room temperature with an half-life of four hours (Scheme 1.8).
80
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Scheme 1.7: Formation of Fe
V
(O) from Fe-TAML system at -60 

o
C temperature. 

 

 

Scheme 1.8: Formation of Fe
V
(O) from Fe-bTAML system at room temperature. 

 

 

Figure 1.14: Presentation of potential intra-molecular hydrogen abstraction by the high-valent 

Fe
V
(O) intermediate species leading to demetallation (oxidative decay) in case of Fe-TAMLs and 

biuret-modified Fe-TAML. 

 1.7 Effect of axial and equatorial ligand on the reactivity of iron-oxo complexes 

                     High-valent ironoxo(IV) porphyrin species have been invoked as key intermediates 

in the catalytic cycles of heme iron enzymes, such as cytochromes P450, peroxidases, and 

catalases (Figure 1.15).
81 

The proximal axial ligand in natural enzymes are thought to play an 

important role in tuning the reactivities of iron(IV)-oxo porphyrin p-cation radicals (compound I; 

Cpd I, Figure 1.15).
82  
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Figure 1.15: Active site structures of (a) peroxidase (HRP, PDB file 1DZ9), (b) catalase (BL-

CAT, PDB file 2A9E), and (c) cytochrome P450 (Cytochrome P450cam, PDB file 1HCH). 

 

Interestingly, in case of thiolate-ligated enzymes (CytP450) it has been observed that the electron 

donation from the axial ligand to the iron center increases the basicity of the iron-oxo group, 

thereby allowing a hydrogen atom to be abstracted from C-H bonds by Cpd I under mild 

conditions. In case of synthetic iron porphyrin complex the axial electron donating ligand 

increases the basicity of ferryl species thereby increase the hydrogen atom abstraction rate. For 

epoxidation reaction the higher rate has been explained on the basis of ease of oxo transfer from 

iron oxo species. The strong axial donation weakens the Fe-O bond which makes oxo transfer to 

olefin easier. Therefore it has been observed that for iron porphyrin HAT and OAT rates 

increases with increasing the axial donation strength (Figure 1.16, right).
83, 84

 

For compound I (oxoiron(IV)porphyrin radical cation) complexes equatorial electron donating 

and electron withdrawing substitutions at meso position of porphyrin ligand can alter the reaction 

rate of higher oxidised heme complexes. Earlier studies on equatorial substitutions (fluoro 

benzene) at meso position of porphyrin ligand framework indicated that the -electron donation 

substituents  increases the reactivity of cpd I (Figure 1.17). Recently, para- or meta trialkyl 

ammonium functional group substituted phenyl moiety at meso position of porphyrin ligand 

showed significant enhancement of  HAT reaction rates by cpd I.
85

 

 



Chapter I: Introduction and literature survey towards High-valent Metal Oxo Intermediate 

 

Ph.D Thesis AcSIR, November, 2017 25 

 

 

Figure 1.16: Axial ligand effects  on the oxo-transfer (OAT) and hydrogen- atom abstraction 

(HAT)  reactivities  for a series of [(TMC)FeIV(O)(X)]
n+

 (left) complexes and for a series of 

[Fe
IV

(O) porphyrin cation radical] species (right) with various axial donations. 

 

 

             

 

Figure 1.17: Schematic presentation of the relative reactivity by changing the substitution in the 

porphyrin ligand. 

 

A contrasting HAT reactivity pattern was observed for [(TMC)FeIV(O)(X)]
2+

 when the axially 

bound NCCH3 ligand was substituted by anions ligands X = NCCH3, CF3COO
-
, N3

-
, and RS

-
; 

Figure 1.16, left).
86

 While the reactivity rates of OAT to PPh3 were found to decrease in the order 

NCCH3>O2CCF3>N3>SR, consistent with the decreasing electrophilicity of the Fe=O unit. 

However, the HAT rate increased on the introduction of a more-electron-donating axial ligand. 

The reactivity of the [(TMC)Fe
IV

(O)(X)]
n+

 complexes bearing different axial ligands trans to oxo 

group can be explained on the basis of the change of the energies of the Fe=O * and π* 

antibonding molecular orbitals. DFT calculations
87

  showed that the substitution of the CH3CN 

X = NCCH
3
, −O

2
CCF

3
, −N

3
, or –SR 

 

X= CF
3
SO

3

−
, Cl

−
, AcO

−
, OH

−
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ligand by an anion leads in all cases to destabilization of the dz
2
 and dxz,yz orbitals (Figure 1.18), 

and stabilization of the dx
2

-y
2
 orbital. The modulation of Fe=O * and π* antibonding orbital 

decrease in the energy gap (ΔETQ) between the triplet ground state (S = 1) and the quintet excited 

state (S = 2), thereby making the more-reactive S = 2 state more accessible. Very recently Shaik 

and co-workers
87

 have shown that the effect of a smaller ΔETQ value in the [(TMC)Fe
IV

(O)(X)]
n+

 

(X = NCCH3, CF3COO
-
, N3

-
, and RS

-
) series plays the crucial role in controlling the reactivity. 

As the axial donation increases, the S = 1 Fe=O core tunnels more efficiently into the S = 2 

transition state, thereby compensating for the increase in the classical activation barrier and 

revealing an antielectrophilic trend in the HAA reaction. The OAT reactions mediated by the 

iron-oxo complexes have been found to parallel the trends in the electrophilicity of the Fe=O 

core in all but one case. 

 

 

Figure 1.18: Axial ligand effects on the splitting of the 3d levels for a series of 

[(TMC)Fe
IV

(O)(X)]
n+

 complexes with various axial donations denoted as X. 

 

1.8 Metal Oxo complex in O-O bond formation reactions 

       For the past couple of decades, in a quest to develop sustainable energy conversion 

processes, several scientists from worldwide have attempted water splitting using sunlight.
22, 88, 89
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Renewable energy production are of great interest to control the devastating impact on climate 

change by fossil’s fuel consumption. Water splitting is an energetically uphill and a multi-proton 

coupled electron transfer (PCET) reaction consists of two processes: water oxidation (WO) 

leading to oxygen evolution (OE) and proton reduction.
89, 90 

In comparison to proton reduction 

process, a multi-electron transfer WO reaction is much more challenging due to thermodynamic 

and kinetic limitations. WO is of interest also from a biological perspective, because it is one of 

the crucial steps that occur in the oxygen-evolving complex of photosystem II (OEC-PSII) in 

green plants and algae, which are responsible for photosynthesis. The oxygen-evolving complex 

is composed of metal-oxo clusters of earth-abundant elements manganese
88 

and calcium (Figure 

1.1) that use sequential cascade reactions to catalyze the four-electron oxidation of water to 

evolve oxygen (O2).
91, 92

 

The development of a catalyst for water oxidation to evolve oxygen is an important goal for a 

technology-based water splitting. Extensive efforts have been devoted in the field of WO 

catalysis especially with regard to the discovery of a large body of molecular transition-metal 

complexes and active metal oxide NPs with relatively large turnover numbers (TONs ~10000).
93

 

Most of them involve metal complexes of noble metals (Ru
93, 94-106

, Ir
107-113

), polyoxometalates 

(POM)
95, 114

 and metal oxide NPs.
115-119 

The homogeneous catalysts have been tested for both 

chemical oxidation (with a sacrificial oxidant like Ce
IV

) as well as photochemical oxidation (in 

the presence of a photosensitizer and sacrificial oxidant like Na2S2O8) to oxidize water. For 

ruthenium (Ru) catalyzed WO, high valent Ru
V
(O) complexes have been identified as the 

reactive intermediate responsible for WO.
104,

 
120

 However, the challenge lies in the development 

of the earth-abundant metal-based catalysts, such as iron complexes for WO, since they are 

expected to be environmentally benign and cheap.
88, 121, 122

 Chemical WO using iron complexes 

were first reported by Collins, Bernhard, and co-workers employing a fluorine-substituted Fe-

TAML as a catalyst and Ce
IV

 as the oxidant.
123

  Subsequently, Fillol and Costas et al. 

demonstrated very high TON of WO by using Fe complexes of tetradentate neutral.
124, 125

 They 

demonstrated that a high valent iron oxo species was involved in the O-O bond formation step 

which is a rate determining step during oxygen evolution. Modulation in steric and electronic 

property of the liagnds was found to tune the reactivity of iron complexes.
117, 126, 127

  Meyer and 

co-workers have proposed the existence of a Fe
V
(O) species during electrochemical WO 

(without any spectroscopic characterizations) that run with lower catalytic efficiency (TONs of 
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29 over 15 hours).
128

 In an another approach photo-electrochemical WO was achieved by 

anchoring molecular iron complexes to a solar responsive tungstate.
129

 However, the ultimate 

goal is to develop first-row, transition metal-based systems that catalyze photochemical WO, as 

sunlight provides the largest renewable energy resource. For first-row transition metals, cobalt
130-

132
 and manganese

133-135
 based molecular complexes, POMs and NPs have been shown to 

function as efficient catalysts for WO. Recently, Lau et al. have demonstrated that during light-

driven WO catalyzed by a number of iron complexes and iron salts at pH 7-9 in borate buffer the 

active species responsible for WO was not a high valent iron oxo complex but Fe2O3 NPs that 

were formed upon decomposition of the iron complex.
 115

  

 

 

 

Figure 1.19: Homogeneous photochemical water oxidation using biuret-modified Fe-TAML.
136 

 

Very recently, during photochemical generation by Fe-bTAML catalyst, a well-defined high 

valent Fe
V
(O) was isolated as one of the key intermediates and elucidate its role in WO (Figure 

1.19).
136

 Although similar studies showing photochemical formation of a high valent Fe
IV

(O) 

have been conducted by Fukuzumi, Nam
137

, Costas
138

 and co-workers, photochemical WO has 

not been explored in any of them. Identification of such Fe
V
(O) reactive intermediate helps us 

elucidate the detail mechanism of WO as well as provide insight for designing newer generation 

WOC based on earth-abundant elements. Further, understanding the reactive intermediate 

involved in O-O bond formation is also crucial to develop more efficient WOC. This would 
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allow chemists to understand the electronic properties of the metal complex that can be used to 

design new WOC with improved activity.        

1.9 Objectives and Motivation 

High-valent metal–oxo cores have been proposed, and in a few cases isolated, as the 

common reactive intermediates in these biological reactions relevant to the formation of 

renewable energy.  For selective C-H bond activation higher oxidized species of iron has 

been proposed for heme and non-heme enzyme. Heme and non-heme containing model 

complexes have been synthesized, where Fe
IV

-O cation radical and Fe
IV

-O are the 

intermediates. Reactivity and selectivity of an oxidant depends on BDE(FeO-H), which 

forms by dissociation of C-H bonds of substrates. For heme and nonheme iron 

complexes, the effect of axial and equatorial ligand on the reactivity of HAT and OAT 

have explained by considering a two state theory (TSR model) as proposed by Shaik et 

al.
87

 The Fe
V
-O intermediate has been proposed and C-H bond activation has been shown 

but no spectroscopic and theoretical study was performed to understand the reactivity. 

Further, the use of (bTAML)Fe
V
(O) has been extended to catalytic reactions, where 

selective oxidation of tertiary C-H bonds over secondary C-H bonds were observed in a 

wide range of organic substrates.
139

 The mechanism of C–H
80, 140

, O–H,
141

 and C=C bond 

oxidation,
142

 as well as the role of Fe
V
(O) in water oxidation, has also been explored 

using (bTAML)Fe complex.
136

 Although, HAT abstraction, OAT and effect of water on 

HAT by Fe
V
(O) was highlighted but no spectroscopic insight into HAT reactivity was 

explained.  Fleeting nature of other synthetic iron(V) renders it difficult to obtain 

structural and mechanistic insights into their inherent reactivity differences with their one 

electron reduced analogue.  In particular, a nitro substituted bTAML complex has been 

shown to have higher reactivity over the unsubstituted one but the careful understanding 

of equatorial ligand electronic on HAT and OAT was not reviewed to date. Recently, 

bTAML iron complex has been used in photochemical WO and Fe
V
(O) was isolated as 

an active oxidant but the crucial O-O bond formation mechanism was not understood 

properly.  

          Therefore, the main objectives of this work are:  

 To understand the structure–function relationship of the metalloenzymes 
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 To probe the spectroscopic correlation with C-H abstraction 

 To understand the detailed mechanism of O-O bond formation 

 To study the electronic effect on their reactivity towards C-H and C=C oxidation 

 To develop new catalysts for oxidation reaction based on inexpensive and abundant 

materials 
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2.1 Abstract 

           In this chapter we compare the geometric and electronic structures and reactivities of 

[Fe
V
(O)]

-
 and [Fe

IV
(O)]

2-
 species supported by the same ancillary non-heme biuret tetraamido 

macrocyclic ligand (bTAML). Resonance Raman studies show that the Fe=O vibration of the 

[Fe
IV

(O)]
2-

 complex 2 is at 798 cm
-1

, compared to 862 cm
-1

 for the corresponding [Fe
V
(O)]

-
 

species 3, an 64-cm
-1

 frequency difference reasonably reproduced by DFT calculations. These 

values are respectively the lowest and the highest frequencies observed thus far for high-

valent Fe=O complexes. EXAFS analysis of 3 reveals an Fe=O bond length of 1.59 Å, which 

is 0.05 Å shorter than that found in complex 2. The redox potentials of 2 and 3 are 0.44 V 

(measured at pH 12) and 1.19 V (measured at pH 7) versus NHE, respectively, corresponding 

to the [Fe
IV

(O)]
2-

/[Fe
III

(OH)]
2-

 and [Fe
V
(O)]

-
/[Fe

IV
(O)]

2-
 couples. Consistent with its higher 

potential (even after correcting for the pH difference), 3 oxidizes benzyl alcohol at pH 7 with 

a second order rate constant that is 2500-fold bigger than that for 2 at pH 12. Furthermore, 2 

exhibit a classical KIE of 3 in the oxidation of benzyl alcohol to benzaldehyde versus a 

nonclassical KIE of 12 for 3, emphasizing the reactivity differences between 2 and 3. 
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2.2 Introduction      

             Monomeric iron-oxo units have been proposed as intermediates involved in either C–

H bond cleavage or O-atom transfer reactions for several oxidases and oxygenases.
1
 For non-

heme iron-containing enzymes, both iron(IV)- and iron(V)-oxo species have been proposed 

as active intermediates.
2
 Understanding the role of the iron oxidation state in the 

thermodynamics and kinetics of C–H bond cleavage is important not only for understanding 

the underlying principles that guide these natural enzymes but also for designing synthetic 

catalysts that mimic the action of these enzymes. It has been shown that both the redox 

potential of the high valent species and the basicity of the terminal oxo unit contribute to the 

reactivity of C–H bond abstraction by metal oxo complexes.
3,4

 In previous reports,
5
 reactivity 

comparisons of model complexes of Cpd II (oxoiron(IV)) and Cpd I (isoelectronic to 

oxoiron(V)) have been reported, but no correlation of this intrinsic difference to their 

spectroscopic properties has been provided. Theoretical studies on the H-atom abstraction 

capabilities of Cpd I and Cpd II mimics have also demonstrated the sluggish oxidative 

properties for the latter, with H-atom abstraction barriers of 2–5 kcal/mol higher than those 

computed for the former.
6
 For non-heme systems, the geometric and electronic structures as 

well as reactivities of oxoiron(IV) and oxoiron(V) species having the same ancillary non-

heme ligand have, to date, not been experimentally compared, primarily due to the paucity of 

systems with reasonably stable oxoiron(V) species. However, it should be noted that 

computational investigations on hypothetical iron-oxo models have been performed by Neese 

et al. to correlate the electronic properties and reactivity of these high valent iron oxo 

complexes.
6d,e

 In their study, the superior reactivity of the hypothetical 

[Fe
V
(O)(NH3)4(OH)axial]

2+
 over its one-electron reduced species [Fe

IV
(O)(NH3)4(OH)axial]

+
 in 

the oxidation of ethane was established based on the H-atom abstraction barrier, the radical 

character of the iron-oxo bond and the approach of C–H bond. Experimentally, the 

reactivities of two pairs of
 
non-heme oxoiron(V) and oxoiron(IV) complexes  have been 

compared in the literature, but no rate measurements have been reported.
6f,6g

 However, the 

fleeting nature of these iron(V) species renders it difficult to obtain structural and mechanistic 

insights into their inherent differences.  

On the other hand, oxoiron(V),
7a

 oxoiron(IV),
7b,c

 and (-oxo)diiron(IV)
7d

 complexes of the 

tetraamido macrocyclic ligand (TAML) have been obtained in >95% yield and characterized. 
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Thus Fe-TAML represents an exciting system where the spectroscopic properties and 

reactivities of the high valent oxoiron species can be studied and correlated. To date however,  

 

 

Scheme 2.1: Schematic presentation of Fe
V
(O) formation and reaction towards cyclohexane. 

 

reactivity comparisons between the oxoiron(V) and oxoiron(IV) TAML complexes have not 

been reported.
7d,e

 A likely reason is the instability of a completely characterized oxoiron(V) 

complex at temperatures above -40 °C, which precluded use of a common temperature and 

solvent system to study their reactivity towards substrates.  

The synthesis of a room temperature stable oxoiron(V)-(bTAML) complex (bTAML depicted 

in Figure 2.1, Scheme 2.1) in >95% yield has been recently reported.
8a

 This oxoiron(V) 

complex is also stable in solvent containing up to 70% water.
8b

 Additionally, the oxoiron(IV) 

complex can be generated under the same conditions. Thus, we are able to prepare both the 

oxoiron(IV) and the oxoiron(V) complexes in very high purity at room temperature using the 

same solvent system, which facilitates reactivity comparisons using a common substrate.  In 

this report, we compare resonance Raman, X-ray absorption and electrochemical data for the 

oxoiron(IV) and oxoiron(V) complexes of the bTAML ligand. Their room temperature 

reactivity difference in the oxidation of benzyl alcohol (BnOH) and its correlation with 

spectroscopic properties supported by density functional theory (DFT) calculations are also 

discussed in this chapter. 
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Figure 2.1: The bTAML complexes discussed in this chapter with tetraethylammonium 

cations as counterions for all complexes: 1 = chloroiron(III) complex; 2 = oxoiron(IV) 

complex, and 3 = oxoiron(V) complex.  

 

2.3 Experimental Section 

2.3.1 Materials  

          (Et4N)2[Fe
III

(Cl)(bTAML)] 1 was synthesized as described before.
8d

 Aqueous sodium 

hypochlorite (reagent grade, Aldrich, available chlorine 4.00–4.99%) was used as received 

and quantified by iodometry. Acetonitrile (LCMS grade, Aldrich) was used by passing 

through an activated neutral alumina column and then dried as described elsewhere.
25

 Benzyl 

alcohol (Aldrich, 99.8%) was passed through activated neutral alumina and distilled prior to 

use; its purity was checked by GC-MS. All reactions were carried out without any special 

precautions under atmospheric conditions unless otherwise specified. Deionized water was 

used to make all of the stock solutions for the reaction and kinetic runs. 
18

O-enriched water 

(98%) was procured from the Shanghai Research Institute of Chemical Industry (China). 

2.3.2 Instrumentation  

            UV-vis spectral studies were carried out using an Agilent diode array 8453 

spectrophotometers attached with a Peltier temperature controller. Cyclic voltammetry 

experiments were carried out on a CHI-660 potentiostat. Solutions of 1 were placed in one 

compartment three-electrode cells. Glassy carbon (GC) (3 mm of diameter) was used as the 

working electrode, silver/silver chloride (3 M KCl) as reference electrode (unless explicitly 

mentioned), and Pt wire as counter electrode. Working electrode pre-treatment before each 

measurement consisted of polishing with 0.05 μm alumina paste, rinsing thereafter with 

water/acetone and finally blow-drying. All redox potentials in the present work are reported 

versus NHE by adding 0.21 V to the measured potential. Mössbauer spectra were recorded 

with two spectrometers using a Janis Research Super Varitemp dewar. The isomer shift was 
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reported relative to Fe metal. The Mössbauer spectrum of 2 was simulated with least-square 

fitting using the program SpinCount and the standard spin Hamiltonian. 

Gas chromatography (GC) was performed on a PerkinElmer Arnel Clarus 500 instrument 

equipped with a hydrogen flame ionization detector and HP-5 (30 m × 0.32 mm × 0.25 μm) 

column. Helium was used as carrier gas at a flow rate of 30 mL min
–1

. GC-MS analysis were 

performed on an Agilent 5977A mass-selective detector interfaced with an Agilent 7890B GC 

in similar conditions using a HP-5-Ms capillary column (30 m × 0.32 mm × 0.25 μm, J & W 

Scientific).  

2.3.3 Generation of [Fe
IV

(O)]
2–

 (2) and [Fe
V
(O)]

–
 (3) samples 

               A 0.5 mM solution of [(bTAML)Fe
III

Cl]
2–

 (1) was converted to 3 by using 1.2 

equivalents of sodium hypochlorite (NaOCl) in acetonitrile.
8b

 On the other hand, the 

corresponding Fe
IV

(O) complex 2 was obtained by two methods, either by treating the 

CH3CN solution of 3 with 3 equivalents of tetrabutylammonium hydroxide or by addition of 

NaOCl to 1 in water (pH 12). In both cases, nearly quantitative conversion was confirmed by 

UV-Vis spectroscopy (Figure 2.2).  

 

 

Figure 2.2: UV-vis absorption spectra of 2 (1.8 × 10
-4

 M) synthesized in acetonitrile (red) 

and UV-vis and in pH 12 water (blue). Both samples were prepared via oxidation of 1 (1.8 × 

10
-4

 M; black). Inset: UV-vis absorption spectra of 2.8 × 10
-4

 M of 1 (pink) and 3 (green) in 

acetonitrile. 
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2.3.4 X-ray Absorption Spectroscopy  

               The XAS sample of 1 was prepared by dissolving isolated solid in CH3CN to make 

a 5 mM solution at 20 °C, which was then transferred to an XAS cup and frozen in liquid 

nitrogen. The XAS sample of 3 was prepared by treating a 5 mM solution of 1 in anhydrous 

acetonitrile at 20 °C with 1.2 equivalents of NaOCl to generate 3 in near-quantitative yield. 

The green solution was transferred to an XAS cup, and the sample was frozen in liquid 

nitrogen. The sample of 2 was prepared by generating a 5-mM solution of 3 at 20 °C, then 

adding 3 equivalents of tetrabutylammonium hydroxide to form the Fe
IV

(O) complex. Iron K-

edge X-ray absorption spectra for 1, 2, and 3 were collected on SSRL beam line 9-3 using a 

100-element solid state Ge detector (Canberra) with a SPEAR storage ring current of ~500 

mA at a power of 3.0 GeV. The incoming X-rays were unfocused using a Si(220) double 

crystal monochromator, which was detuned to 40% of the maximal flux to attenuate 

harmonic X-rays. Seven, nine and eight scans of the fluorescence excitation spectra for 1, 3 

and 2, respectively, were collected from 6882 eV to 8000 eV at a temperature (10 K) that was 

controlled by an Oxford Instruments CF1208 continuous flow liquid helium cryostat. An iron 

foil was placed in the beam pathway prior to the ionization chamber I0 and scanned 

concomitantly for an energy calibration, with the first inflection point of the edge assigned to 

7112.0 eV. A 6-μm Mn filter and a Soller slit were used to increase the signal-to-noise ratio of 

the spectra. Photoreduction was monitored by scanning the same spot on the sample twice 

and comparing the first derivative peaks associated with the edge energy during collection, 

but none was observed in the present study. 

The detector channels from the scans were examined, calibrated, averaged, and processed for 

EXAFS analysis using EXAFSPAK
26a

 to extract χ(k). Theoretical phase and amplitude 

parameters for a given absorber-scatterer pair were calculated using FEFF 8.40
26b

 and were 

utilized by the “opt” program of the EXAFSPAK package during curve fitting. Parameters for 

1, 2 and 3 were calculated using a model based on the available crystal structure of the 1 

complex.
8b

 In all analyses, the coordination number of a given shell was a fixed parameters 

and was varied iteratively in integer steps, while the bond lengths (R) and mean-square 

deviation (σ
2
) were allowed to freely float. The amplitude reduction factor S0 was fixed at 

0.9, while the edge-shift parameter E0 was allowed to float as a single value for all shells. 

Thus, in any given fit, the number of floating parameters was typically equal to (2 x num 

shells) + 1. The k range of the data is 2 – 15 Å
-1

. 
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Pre-edge analysis was performed on data normalized in the “process” program of the 

EXAFSPAK package, and pre-edge features were fit between 7108 eV to 7117 eV for 1 and 

7108 eV to 7118 eV for 2 and 3 using the Fityk
26c

 program with pseudo-Voigt functions 

composed of 50:50 Gaussian/Lorentzian functions. 

2.3.5 Resonance Raman Spectroscopy  

             Resonance Raman spectra were obtained with excitation at 476.5 nm (40 mW at 

source, Ar
+
 laser, Spectra-Physics). Data were obtained on samples at room temperature in 

flat-bottomed NMR tubes using a 90
o
 backscattering arrangement (parallel to the slit 

direction) and at 77 K on frozen samples in NMR tubes using a 135º backscattering 

arrangement. The collimated Raman scattering was collected using two Plano convex lenses 

(f = 12 cm, placed at an appropriate distance) through an holographic super notch filter 

(Kaiser Optical Systems, INC) into an Acton AM-506M3 monochromator equipped with a 

Princeton Instruments ACTON PyLON LN/CCD-1340x400 detector. The detector was 

cooled to -120 ºC prior to the experiments. Spectral calibration was performed using the 

Raman spectrum of acetonitrile/toluene 50:50 (v:v).
27a

 Each spectrum was accumulated, 

typically 60 times with 5 s acquisition time, resulting in a total acquisition time of 5 min per 

spectrum. The collected data was processed using Spekwin32,
27b

 and a multipoint baseline 

correction was performed for all spectra (Figure 2.3 and Figure 2.4). Raman samples of 2 

were prepared by treating a 0.5 mM solution of 3 generated using Na
16/18

OCl with 6 

equivalents of tetrabutylammonium hydroxide at 20 °C. Na
18

OCl was prepared by dilution of 

10% NaOCl in H2
18

O in 1:9 ratio.
27c

 Raman samples of 3 were generated by addition of 1.2 

equivalents of Na
16/18

OCl to a 0.5 mM solution of 1 in CH3CN at 20 °C with stirring. 

 

Figure 2.3: Resonance Raman spectra of 2 (top) at room temperature. Blue and red lines 

represent 
16

O-and 
18

O-labelled samples, respectively. Conditions:λex = 476.5 nm, power ~40 

mW in CH3CN. 
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Figure 2.4: Resonance Raman spectra of 3 at 77 K. Blue and red lines represent 
16

O-and 
18

O-

labelled samples, respectively. Conditions:λex = 476.5 nm, power ~40 mW in CD3CN.  

2.3.6 Kinetic experiments  

               The kinetics for the oxidation of benzyl alcohol by 2 were monitored in the kinetic 

mode of the spectrophotometer using 1-cm quartz cell at 395 nm at the isosbestic points of 

Fe
IV

 species and Fe
III

 at 30.0 ± 0.5 °C as well as other temperatures. All the kinetic 

experiments were carried out in a premixed 80% CH3CN/20% water solvent. For kinetic 

measurements, 3 was synthesized by using 1.2 equivalent of sodium hypochlorite as terminal 

oxidant. The concentration of 3 (5 × 10
-5 

M) was kept constant while substrate concentration 

was varied. The pseudo first-order rate constants kobs (calculated by monitoring changes at 

395 nm, Figure 2.5) were obtained from nonlinear curve fitting [(At = Aα – (Aα – Ao)e
(-k

obs
t)
]. 

Resulting kobs values correlated linearly with substrate concentration to afford the second 

order rate constant k2.
28,29

 For the kinetic studies of benzyl alcohol oxidation by 2, the 

complex was generated in 80% CH3CN/20% pH 12 water (adjusted by 5 mM NaOH) by 

using NaOCl (0.5 equivalent) at 30.0 ± 0.5 °C. The reaction kinetics was monitored at 

various temperatures by the decay in the characteristic absorbance of 2 at 460 nm to extract 

the pseudo first-order rate (Figure 2.6) 
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Figure 2.5: Kinetic traces for reaction of 3 (5 × 10
-5

 M) with benzyl alcohol at various 

concentrations of benzyl alcohol. The kinetic traces were fitted to the equation, [(At = Aα – 

(Aα – Ao)e
(-k

obs
t)]

 for obtaining kobs values. 

 

Figure 2.6: Spectral scanning (right), Kinetic traces (The kinetic traces were fitted to the 

equation, [(At = Aα – (Aα – Ao)e
(-k

obs
t)]

 for obtaining kobs values, left) for reaction with 1.5 × 

10
-4

 M of 2 and benzyl alcohol. Pseudo first order rate constant (kobs) was obtained from 
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nonlinear curve fitting [(At = Aα – (Aα – Ao)e
(-k

obs
t)]

. Resulting kobs values correlated linearly 

with substrate concentration to afford the second order rate constant k2.
28,29

 

2.3.7 Product Quantification  

               Products were first analyzed by gas chromatography-mass spectrommetry (GC-MS) 

methods. Gas chromatography (GC) was used for product quantification. To a solution of 3 or 

2
21

 (10
-4

 M) in CH3CN/water was added benzyl alcohol (1000 equiv, 10
-1 

M) at room 

temperature. After completion of reaction (determined by UV-vis absorption spectroscopy) 

the products were passed through a short alumina plug and immediately quantified by GC. 

2.3.8 Mössbauer Spectroscopy  

              Mössbauer spectra were recorded with two spectrometers using a Janis Research 

Super-Vari-temp-dewar. The isomer shift was reported relative to Fe metal. The simulation of 

the Mössbauer spectra was calculated with least-square fitting using the program SpinCount 

and the standard spin Hamiltonian (2) 

 

𝑯 = 𝜷𝒆𝐁. 𝐠. 𝐒 + 𝐒. 𝐃. 𝐒 + 𝐒. 𝐀. 𝐈 − 𝒈𝒏𝒃𝒏𝐁. 𝐈 +  
𝒆𝑸𝑽𝒛𝒛

𝟏𝟐
[𝟑𝑰𝒛

 𝟐 − 𝑰(𝑰 + 𝟏) +  𝜼(𝑰𝒙
 𝟐 −  𝑰𝒚

 𝟐)]      (2) 

 

57
FeCl3 was purchased from Trace Sciences International Corporation (Canada).

57
Fe-enriched 

1 was prepared following the procedure used for synthesis of 
56

Fe-bTAML; in this case 

57
FeCl3was used in place of 

56
FeCl2 (yield 70 %). The corresponding 

57
Fe-enriched 2 was 

prepared quantitatively by reacting 1 with 1.2 equivalent of mCPBA in ice bath. 

2.3.9 Computational Details  

               Density Functional Theory (DFT) based methods have been employed to compare 

the electronic structures of 2 and 3. All the minima, reported in this study were fully 

optimized at the UBP86/6-311+G* or UB3LYP/6-311+G* level of theory
30

 using the 

Gaussian 09 suite of quantum-chemical programs.
31

 The stationary points on the potential 

energy surface were characterized by evaluating the vibrational frequencies.  

2.4 Results and Discussion 

2.4.1 Synthesis  

          The complexes [(bTAML)Fe
IV

(O)]
2–

 (2) and [(bTAML)Fe
V
(O)]

–
 (3) were obtained 

from [(bTAML)Fe
III

(Cl)]
2–

 (1). Complex 3 was synthesized by addition of 1.2 equivalents of 

sodium hypochlorite (NaOCl) into a solution of 1 in acetonitrile (CH3CN) as reported 

previously; it exhibits a visible spectrum with bands at 445 and 613 nm (Figure 2.2).
8a,b

 On 
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the other hand, the corresponding Fe
IV

(O) complex 2 could be obtained by two methods, 

either by treating the CH3CN solution of 3 with 3 equivalents of tetrabutylammonium 

hydroxide or by addition of NaOCl to 1 in water (pH 12). Complex 2 exhibits a visible 

spectrum with a λmax of 429 nm in CH3CN and 460 nm in water pH 12 (Figure 2.2). Its 

Mössbauer spectrum shows a doublet with an isomer shift (δ) of -0.21 mm/s and a 

quadrupole splitting (EQ) of 3.89 mm/s (Figure 2.8), similar to those found for the 

corresponding Fe
IV

(O)
2–

 species supported by the related TAML ligand.
7b,c

 Based on their 

Mössbauer spectra, the purities of both 2 and 3
8a,b

 complexes were determined to be > 95%. 

 

 

Figure 2.8: Mossbauer spectra of [Fe
IV

(O)]
2-

 (2) synthesized in water (pH 12). 

 

2.4.2 Resonance Raman Spectroscopy for Characterizations of Iron oxo intermediates  

             Resonance Raman data for 2 and 3 were obtained in acetonitrile solvent using 476.5-

nm excitation. The Fe=O vibration of 2 is observed at 798 cm
-1 

(Figure 2.9, blue), which 

shifts to 762 cm
-1 

(Figure 2.9, red) upon 
18

O substitution (Δ
18

O/
16

O = 36 cm
-1

). The Fe=O 

vibration of 2 is the lowest value reported for a non-heme Fe
IV

=O species
9a,9b

 and reflects the 

highly basic nature of the bTAML ligand. On the other hand, the corresponding Fe=O 

vibration for 3 is observed at 862 cm
-1

 (Figure 2.9, blue) and downshifts to 824 cm
-1

 (Figure 

2.9, red) upon 
18

O substitution (see Figure 2.3, 2.4 for full spectra), the observed Δ
18

O/
16

O of 

38 cm
-1

 being in excellent agreement with that calculated by Hooke’s Law for an Fe=O unit. 

The (Fe=O) of 3 is higher than any other Fe=O vibration measured to date,
9a,9b

 presumably 
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because of the Fe
V
 oxidation state.

 
The next highest (Fe=O) was observed by IR spectroscopy 

at 856 cm
-1

 for the recently reported [Fe
IV

(Osyn)(TMC)(OTf)]
+
 complex.

9c
 The 64-cm

-1
 

difference observed between 3 and 2 represents the first time the vibrations of Fe
V
=O and 

Fe
IV

=O units supported by a common ligand can be compared. Clearly, the oxidation of the 

Fe(IV) center to Fe(V) results in significant strengthening of the Fe=O bonds. For 

comparison, the (Fe=O)’s of Fe
IV

=O and Fe
III

–O units supported by trianionic urea-based 

tripodal ligand ([H3buea]
3–

) reported by Borovik exhibit a frequency difference of 128 cm
-1

 

and an Fe–O bond length difference of 0.15 Å.
10 

 

 

Figure 2.9: Resonance Raman spectra of 2 in CH3CN at room temperature (left) and 3 in 

CD3CN at 77 K (right). Blue and red lines represent 
16

O-and 
18

O-labelled samples, 

respectively. λex = 476.5 nm; power ~40 mW. # indicates solvent-derived features. 

2.4.3 X-ray Absorption Spectroscopy for Characterizations of Iron oxo intermediates 

              X-ray absorption spectroscopic data were collected at the Fe K-edge for 1, 2 and 3 in 

CH3CN to gain insight into their iron coordination environments. The X-ray absorption near 

edge structure (XANES) region provides information on the oxidation state and symmetry of 

an iron center. The Fe K-edge of 1 (Figure 2.10) was observed at 7122.1 eV, with a pre-edge 

peak area of 14.1 units (Table 2.1), consistent with a five-coordinate ferric center (Figure 

2.11, left panel).
11

  Analysis of the extended X-ray absorption fine structure (EXAFS) region 

of 1 gives iron-scatterer distances that correspond to 4 N/O atoms at 1.87 Å, 1 Cl atom at 

2.37 Å, 6 C atoms at 2.83 Å and multiple scattering pathways involving the carbonyl groups 

of the ligand at 3.99 Å (Figure 2.12, top row; Appendix A5), distances congruent with those 

from the crystal structure of 1.
8c 
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Figure 2.10: Normalized Fe K-edge fluorescence spectra of 1 (black), 2 (blue) and 3 (red); 

inset – zoom in on the XANES region. 

 

 

 

Table 2.1: XAS Pre-edge Peak Analysis of 1, 2 and 3 

 

 

 

 

 

 

 

 

Species Peak Position (eV) Area (units) Relative Area 

1 7113.0 14.1 1.0 

2 7113.5 36.7 2.4 

 7114.4 15.1 1.0 

 Total 51.8  

3 7114.3 65.3 4.4 
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Figure 2.11: Observed X-ray absorption pre-edge regions of 1 (left), 2 (middle), and 3 

(right). Experimental data are represented by black dotted lines, with the best fits as blue 

solid lines, the modeled baselines as red dashed lines, the fitted component peaks as red solid 

lines, and the residuals as green solid lines. 

 

Figure 2.12: Left column: Fourier transforms of the EXAFS data (black dotted) with best fit 

(solid red) for 1 (top), 2 (middle), 3 (bottom), k range = 2 – 15 Å
-1

. Right column: unfiltered 

EXAFS data (black dotted) with best fit (red solid) for 1 (top), 2 (middle), and 3 (bottom). 
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Oxidation of 1 to 2 results in an upshift of the K-edge energy to 7124.2 eV (Figure 2.10), 

which is comparable to that reported for [Fe
IV

(O)(TAML)]
2– 

(7124.5 eV)
7c

 and consistent 

with its assignment as an Fe
IV

 center. However, the K-edge energy of 2 is 2.1 eV higher than 

for that for 1. This larger difference in K-edges is likely due to the bound Cl in 1, as chloride 

ligands are known to decrease the K-edge energies of the metal centers to which they are 

bound.
7f

 Complex 2 exhibits a pre-edge area of 52 units (Figure 2.11, middle panel; Table 

2.1), which is larger than that found for [Fe
IV

(O)(TAML)]
2– 

(41 units).
7c

 EXAFS analysis of 2 

shows 1 O/N atom at 1.64 Å, 4 N/O at 1.86 Å, 6 C at 2.82 Å, and scatterers at 4.01 Å 

involving ligand carbonyl groups (Figure 2.12, middle row; Appendix A6). The 0.05-Å 

shorter Fe=O bond distance found for 2 compared to that of [(TAML)Fe
IV

(O)]
2–

 (1.69 Å)
7c

 

may rationalize the larger pre-edge area observed for 2. 

Complex 3 exhibits a K-edge at 7125.4 eV (Figure 2.10), which is very close to that of the 

related [(TAML)Fe
V
(O)]

–
 complex reported by Collins (K-edge = 7125.3 eV).

7a
 Complex 3 

also gives rise to a pre-edge feature at 7114.3 eV with a very large peak area of 65 units 

(Figure 2.11, right panel; Table 2.1), which is comparable in size to that of [(TAML)Fe
V
(O)]

–
 

(~70 units).
7a 

These quite large values reflect a high degree of distortion from 

centrosymmetry that is matched only by that estimated for the aqueous oxoiron(IV) complex 

described by Pestovsky et al.
12

 Analysis of the EXAFS region of 3 gives iron-scatterer 

distances that correspond to 1 O/N atom at 1.59 Å, 4 N/O atoms at 1.86 Å, and 6 C atoms at 

2.82 Å (Figure 2.12, bottom row; Appendix A7), which agree with the results for 

[Fe
V
(O)(TAML)]

–
 (0.7 O/N at 1.58 Å, 4 N/O at 1.87 Å, and 5 C at 2.82 Å).

7a
 Within error, the 

structures of the two complexes are identical. The significant shortening of the axial Fe=O 

bond in what is postulated to be a square pyramidal complex is very likely the factor that 

gives rise to the much larger pre-edge area observed for 3,
11

 as well as the 64-cm
-1

 higher 

Fe=O stretching frequency of 3 over 2.  

 

2.4.4 Density Functional Theory  

                  DFT calculations are used to obtain hypothetical three-dimensional models for 

species 2 and 3. The optimized geometries for 2 and 3 show Fe–O bond lengths of 1.64 Å and 

1.59 Å, respectively, consistent with results from the EXAFS analysis. The predicted 0.05 Å 

shortening of the Fe–O bond in 3 relative to the [Fe
IV

(O)]
2-

 state is complemented by an 

increase in the computed Fe-O from 895 cm
-1

 to 964 cm
-1

, the calculated difference of 69 cm
-1
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approaching the experimentally observed difference of 64 cm
-1

. The MO diagram (Figure 

2.13) of 2 indicates the presence of a strong σ interaction with the Fe 3dz2 and the O 2pz 

orbital (Figure 2.13, left, contour 2
nd

 from top). For a S = 1 ground state, this dz
2
 orbital is 

unoccupied. Additional strong π interactions between the singly occupied Fe 3dxz/yz, and O 

2px/y orbitals (Figure 2.13, left, contour at the bottom) result in an Fe–O formal bond order of 

2 (1 σ + 2 half π). Note that the strong equatorial ligand field of bTAML raises the energy of 

the dx2-y2 above that of the dz2 orbital, which is  antibonding with respect to the strong axial 

oxo ligand. This is in contrast to most known non-heme Fe systems where the strong  

interaction of the oxo ligand places dz2 orbitals higher in energy than the dx2-y2.
7b,c,g,h,j

 Rather 

the higher dx2-y2 orbital energy, as observed here, is a common feature of heme systems 

where the porphyrin ligand provides a strong equatorial ligand field.
6a,7i

 The same situation 

has been encountered recently in a Fe(IV)=O species having a tetracarbene macrocycle in the 

equatorial plane.
7g

 

The calculations show that there is strong charge transfer from the tetraanionic equatorial 

ligand in 2, which appears to result in a decrease in the oxo ligand character of the Fe=O 

bond. Thus the O2p coefficients in the Fe–O  (10% O2p(z) in dz
2
) and 2p(x), 54.99% 

dxz) (Figure 2.13 left) in 2 are much smaller than those encountered for other non-heme 

Fe(IV)=O complexes with weaker equatorial ligands, e.g. 32% O2p(z) in dz2 and 36% O2p(x) 

54% dxz(Fe).
7h-7j

 These differences may be interpreted as a decrease in the bond covalency of 

the Fe=O unit in 2 relative to these other complexes, as reflected by the lower Fe=O 

frequency it exhibits. 

The [Fe
V
(O)]

-
 species is one-electron oxidized, which results in depopulation of one of the 

two singly occupied dxz/yz orbitals (~55% metal 3d contribution, Figure 5 right), indicating 

that the oxidation is metal-based and not ligand-based as is the case for high-valent heme 

systems (e. g., Compound I
6a,7i

). Thus the oxidation leads to depopulation of a Fe-O π* orbital 

and results in an increase in the Fe–O bond order to 2.5 (1 σ + 1.5 π) in 3. The increase in the 

Fe–O bond order upon oxidation is reflected in the shorter Fe–O bond observed in EXAFS 

and the higher Fe-O value in 3 relative to 2 observed in Raman data. 
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Figure 2.13: Optimized geometries (top) and molecular orbital (MO) diagrams (bottom) for 

[(bTAML)Fe
IV

(O)]
2–

 (2), left and [(bTAML)Fe
V
(O)]

–
 (3), right. ψFe and ψo indicate 

contributions of Fe and oxo centers in the individual orbitals. Note that only d orbitals of 3 

are shown for clarity and the energy of the non-bonding dxy orbital is set to zero for 2 and 3. 

2.4.5 Electrochemistry  

             The electrochemical properties of the bTAML complexes 1 – 3 were investigated in 

water. Cyclic voltammetry (CV) of 1 was performed between pH 11 and 12.5 using a scan 

window of 0.2 to 0.9 V vs NHE (Appendix A2). It should be noted that [(bTAML)Fe
III

Cl]
2–

 in 

water converts to the di-aqua complex [(bTAML)Fe
III

(H2O)2]
–
.
13,14

 The first pKa of the 

coordinated water has been determined to be ~10.3, leading to the formation of 

[(bTAML)Fe
III

(OH)(OH2)]
2–

.
14

 A quasi-reversible one-electron wave at E1/2 = 0.44 V vs NHE 
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(with a peak-to-peak separation of ΔEp = 66 mV and ip,a / ip,c ~ 0.8) was observed by cyclic 

voltammetry of chemically synthesized 2 at pH 12 (Figure 2.14A). This feature corresponds 

to the Fe
IV

(O)/Fe
III

(OH)(OH2) couple. Furthermore, controlled potential electrolysis of a pH 

12 solution of 1 at 0.55 V vs NHE afforded the well characterized deep red 

[(bTAML)Fe
IV

(O)]
2–

 complex described before in this work. The Fe
IV/III

 electrochemical 

wave is pH dependent between 10.5 and 12.2 with the E1/2 vs pH decreasing by 58 mV per 

pH unit (Figure 2.14B), indicating a proton-coupled electron transfer (PCET).
15

 Based on all 

these observations, we propose that the Fe
IV/III

 couple is consistent with the following 

electrochemical process between pH 10.5 to pH 12.2: 

 

Below pH 10, a [Fe
IV

(O)]
2–

/[Fe
III

(OH2)2]
–
 couple corresponding to a two-proton/one-electron 

transfer process was observed, as recently reported.
16a 

The redox potential for the [Fe
V
(O)]

–

/[Fe
IV

(O)]
2–

 couple in H2O has been determined by square wave voltammetry experiments at 

pH 7 to be E
0´

= 1.19 V vs NHE.
16a

 There is an apparent difference in potential of 750 mV 

between the redox couples [Fe
V
(O)

–
/Fe

IV
(O)

2–
] at pH 7 and [Fe

IV
(O)

2–
/Fe

III
(OH)

2–
] at pH 12. 

 

 

Figure 2.14: (A) CV of 2 synthesized from 1 and NaOCl in a pH 12 aqueous solution 

(conditions: GC working electrode, Pt counter electrode, 0.2 M KNO3 as supporting 

electrolyte, scan rate 50 mV s
-1

; arrow indicates the direction of potential scanning) (B) Plot 

of E1/2 vs pH for 1 in water.  

After correcting for the pH difference based on the observation of a [Fe
IV

(O)]
2–

/[Fe
III

(OH2)2]
–
 

couple between pH 7 and 10, we estimate a redox potential of 0.9 V vs NHE at pH 7, 

decreasing the redox potential gap to about 300 mV. For comparison, the corresponding heme 

analogs that serve as models of Cpd I and Cpd II exhibit a difference of about 250 mV.
16b
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Table 2.2:  Comparison of Properties of 2 and 3 

Properties 2 3 

(Fe=O) (cm
-1

) 798 862 

r(Fe=O) (Å) 1.64 1.59 

XAS pre-edge area 52 65 

E
0`

(V vs NHE) 0.44 (pH 12) 1.19 (pH 7) 

k2 (BnOH) @ RT 0.08(1) M
-1

s
-1

 220(20) M
-1

s
-1 

KIE (BnOH oxd’n) ~3 ~12 

H
‡
 (kcal/mol) 10.7±0.7 7.9±0.5 

S
‡ 

(cal/mol/K) -27±2 -23±2 

TS
‡ 

(kcal/mol) -8.1±0.6 -6.9±0.6 

G
‡
 (kcal/mol) 19±1.2 15±1 

 

2.4.6 Reactivity towards C-H bond  

               In order to compare the reactivity of these related iron-oxo species towards C–H 

bonds, the choice of substrate was important. The calculated BDE (Bond Dissociation 

Energy) of Fe
III

(O–H) that corresponds to one-electron reduced [(bTAML)Fe
IV

(O)]
2–

 has a 

value of only 83 ± 2 kcal/mol,
17

 obtained using the modified Bordwell equation.
18

 The 

expected inability of the oxoiron(IV) complex 2 to oxidize strong C–H bonds is confirmed by 

its unchanged UV-vis spectrum upon addition of cyclohexane, toluene and cumene. This 

moderate BDE of [Fe
III

(bTAML)O−H]
2–

 (~83 kcal/mol) is similar to that of non-heme iron 

complexes such as [Fe
III

(N4Py)O−H]
2+

 (∼78 kcal/mol)
18

 but lower than their heme analogs 

([Fe
III

(TMP)O−H] (∼88 kcal/mol),
5i

 and [Fe
III

(TMPS)O−H] (∼90 kcal/mol)).
16b,19a 

On the 

other hand, the oxoiron(V) complex 3 is known to react with strong C–H bonds like 

cyclohexane.
8a

 The Fe
IV

O–H BDE of [(bTAML)Fe
IV

OH]
–
 is estimated to be about 99 

kcal/mol,
20

 which is roughly the same as that for the Compound I mimic [(4-

TMPyP
+·

)Fe
IV

(O)] with an Fe
IV

O–H BDE of 100 kcal/mol.   We therefore chose benzyl 

alcohol (BnOH) as the substrate as it has a C–H bond with a BDE of <80 kcal/mol.
19b

  

The reaction of 3 with benzyl alcohol in CH3CN has recently shown to be a 2-electron 

process involving abstraction of a C–H bond in the rate determining step.
21a

 The ET/PT 

(Electron transfer/ Proton Transfer) mechanism after H–atom abstraction from the benzylic 

position over rebound of hydroxyl radical was proved by using cyclobutanol as a radical 

clock probe.
21a

 In order to compare the reactivity of both oxoiron (bTAML) complexes under 

the same conditions, their reactions with benzyl alcohol were carried out under pseudo first 
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order conditions in 80% CH3CN:20% H2O as the solvent, which is compatible with both 

oxoiron(V) and oxoiron(IV) complexes (Scheme 2.2).  

 

 

Scheme 2.2: Reactivity of 2 and 3 with BnOH 

 

The kinetics of BnOH oxidation to benzaldehyde by 2 in an 80:20 acetonitrile-water solvent 

mixture pH 12 at RT was studied under pseudo first order conditions. A decrease in the 

characteristic [Fe
IV

(O)]
2–

 absorption band at 460 nm was observed (Figure 2.6 right) due to 

oxidation of BnOH to benzaldehyde (yield ~ 43%) (Appendix A3 and A4). The less than 50% 

yield and generation of [Fe
III

–OH]
 2–

 at the end of the reaction indicate a non-rebound 

mechanism similar to that reported for other nonheme oxoiron(IV) complexes.
21c

 Analysis of 

the pseudo-first order reactions as a function of substrate concentration gave a second order 

rate constant k2 of 0.08(0.01) M
-1

s
-1

 (Figure 2.15A, 2.6 left) and a classical kH/kD KIE of ~3 

(Table 2.2). For comparison, the reaction of 3 with BnOH in an 80:20 acetonitrile-water (pH 

7) solvent mixture was monitored by UV-Vis absorption spectroscopy as a function of BnOH 

concentration as recently reported by us (yield of benzaldehyde ~75% yield).
21a 

Resulting kobs 

(Figure 2.5) values from pseudo first-order fits correlated linearly with substrate 

concentration to give a second order rate constant k2 (220 ± 20 M
-1

s
-1

) (Figure 2.15B). A 

nonclassical kinetic isotope effect kH/kD ~12 was determined (Table 2.2). Thus 2 has a BnOH 

oxidation rate that is significantly lower (~2500-fold) than that of 3.  It should be noted that 

oxidation of benzyl alcohol was carried out by 2 and 3 at pH 12 and 7 respectively. The pH of 
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the medium can have a crucial role in hydrogen atom abstraction, as has been observed for 

[Fe
IV

(O)N4Py]
2+

.
21b

  

 

 

Figure 2.15: Plots of kobs vs benzyl alcohol concentration for reactions with (A) 2 (1.5 × 10
-4 

M) and (B) 3 (5 ×10
-5 

M) performed in a 80:20 acetonitrile-water solvent mixtures at room 

temperature. 

 

 

Figure 2.16: (A) Eyring plots for reaction of 2 with benzyl alcohol from 298 K to 328 K (B) 

Eyring plots for reaction of 3 with benzyl alcohol from 273 K to 300 K. 

To gain better insight into the differential reactivity of 2 and 3 towards BnOH, an Eyring 

analysis was carried out to obtain their activation enthalpies (ΔH
≠
) and entropies (ΔS

≠
) (Table 

2.2 and Figure 2.16). For both of the oxidants, the negative entropy of activation observed is 

indicative of a tightly bound transition state involving both the iron oxo and the substrate. 

The contribution of ΔH
≠
 to the free energy of activation is greater than that of the T∆S

#
 term 

for both 2 and 3, indicating that the process is enthalpically driven. However, for 3, the 

difference between ΔH
≠
 and TΔS

≠
 term is much smaller (~ 1 kcal/mol). These results are in 
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contrast to alcohol oxidation by Cpd I and II mimics reported by van Eldik where the process 

is entropically controlled for the Cpd I mimic but enthalpically controlled for the Cpd II 

mimic.
22 

The difference in reactivity of benzyl alcohol oxidation to benzaldehyde between 

both the Cpd I and II mimics reported by van Eldik is only ~100-fold.
22

 Groves et al.
5j 

have 

also reported a highly reactive Cpd I analog [(4-TMPyP
+.

)Fe
IV

=O]
+
 in comparison to its one-

electron reduced Cpd II analog [(4-TMPyP)Fe
IV

=O] towards xanthene oxidation albeit with a 

low KIE (2.1). This large reactivity difference of the highly cationic compound I analog was 

rationalized by considering a low-lying a2u porphyrin HOMO that facilitated spin-state 

crossing in the course of the reaction. In contrast, studies on the [Mn(H3buea)] complexes 

reported by Borovik showed a higher reactivity towards dihydroanthracene (DHA) for the 

monomeric [Mn
III

(O)]
2–

 complex relative to the [Mn
IV

(O)]
–
 complex, which was attributed to 

the much enhanced basicity of the [Mn
III

(O)]
2-

 complex.
23a

 

Before concluding, two important points would be worth noting, First, for C–H bond 

abstraction of benzyl alcohol by 2 and 3, the events accompanying formation of the transition 

state are not only determined by the electron affinity of the oxidant (which is manifested in 

the huge difference in their redox potential reported earlier) but also by the proton affinity of 

the one-electron reduced species formed after electron transfer. The pKa of the one-electron 

reduced species generated from 2 (i.e. [Fe
III

(O)]
3–

) should be significantly higher than for the 

one-electron reduced species of 3 (i.e. [Fe
IV

(O)]
2–

; pKa ~10) but could not be determined 

experimentally (Supporting Information Figure S3). The pKa of a related [Fe
III

(O)(H3buea)]
2–

 

species has been determined by Borovik to be >20.
10

 This high pKa of the putative Fe
III

(O) 

would offset the reactivity of 3 in comparison to 2 that would be expected only due to the 300 

mV redox potential difference. 

The second relates to the respective KIEs of 3 and 12 observed for the reactions of 2 and 3 

with BnOH. These values indicate that H-atom abstraction is likely an important contributor 

to the RDS for both these complexes.
24

 Interestingly, the pattern of KIE values observed for 2 

and 3 is the reverse of what is observed for nonheme oxoiron(IV) complexes supported by 

neutral N4 or N5 ligands. For the latter, non-classical KIE values are observed for S = 1 

Fe
IV

(O) complexes,
3,24c 

but classical KIE values are found for catalytic alkane hydroxylation 

by related nonheme iron complexes for which a powerful Fe
V
(O)(OH) oxidant has been 

implicated.
24f,g,h

 The KIE differences could arise from differences in electronic structure 

between 2 and other S = 1 nonheme Fe
IV

(O) complexes. As shown for 2 in Figure 5, the dx2-
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y2 orbital lies well above the dz2 orbital due to the strong equatorial field of the bTAML 

ligand, resulting in a dxy
1
dxz

1
dyz

1
dz2

1
 configuration for the excited quintet (S = 2) state instead 

of the more typical dxy
1
dxz

1
dyz

1
dx2-y2

1
 configuration associated with the other nonheme Fe

IV
=O 

complexes supported by neutral polydentate ligands. A consequence for 2 is that its S = 2 

excited state is calculated to be 20-26 kcal mol
-1

 higher in energy than its ground triplet state 

(S = 1), depending on which functional (UBP86 or UB3LYP) is used (Table 2.3 and 2.4), A 

similarly large energy gap is calculated for the Fe
IV

=O(tetracarbene) complex reported by 

Neese and Meyer,
7g

 but the triplet-quintet energy gap calculated for the prototypical 

[Fe
IV

(O)(TMC)(NCCH3)]
2+

 complex is much smaller at 3-5 kcal mol
-1

.
24e,i

 For 2 and the 

tetracarbene complex, the presence of an unpaired electron in the dz2 orbital of the excited S 

= 2 state significantly weakens the Fe=O bond, thereby destabilizing this spin state. On the 

other hand, our calculations on 3 show that its doublet (S = ½) spin state is more stable than 

the quartet (S = 3/2) by 10-14 kcal mol
-1

 (Table 2.3). Future work will focus on gaining 

further insight into the consequences of these differences in electronic structure on the 

reactivity of the high-valent oxoiron complexes supported by tetraanionic TAML ligands 

versus its neutral counterparts.    

Table 2.3: The relative energies of [Fe
V
(O)(bTAML)]

-
 (3) in doublet and quartet electronic 

states in kcal/mol using UBP86 or UB3LYP functionals and the 6-311+G* basis set in 

acetonitrile solvent. 

 

 ∆E(kCal) 

UBP86(UB3LYP) 

∆(E+ZPE)(kCal) 

UBP86(UB3LYP) 

∆G(kCal) 

UBP86(UB3LYP) 

S=1/2 0.0(0.0) 0.0(0.0) 0.0(0.0) 

S=3/2 14.1(10.4) 13.1(9.3) 11.7(7.3) 

 

Table 2.4: The relative energies of [Fe
IV

(O)(bTAML)]
2-

 (2) in triplet and quintet electronic 

states in kcal/mol using UBP86 or UB3LYP functionals and the 6-311+G* basis set in 

acetonitrile solvent. 

 

 ∆E(kCal) 

UBP86(UB3LYP) 

∆(E+ZPE)(kCal) 

UBP86(UB3LYP) 

∆G(kCal) 

UBP86(UB3LYP) 

S=1 0.0(0.0) 0.0(0.0) 0.0(0.0) 

S=2 26.0(19.5) 24.8(18.2) 23.0(16.5) 
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2.5 Conclusions 

             In summary, the resonance Raman and XAS properties of [Fe
IV

(O)]
2–

 (2) and 

[Fe
V
(O)]

–
 (3) species have been characterized, allowing the first detailed comparison of 

complexes with oxoiron(IV) and oxoiron(V) units supported by the same ancillary bTAML 

ligand under the same conditions. These results show significant strengthening and 

shortening of the Fe=O bond upon oxidation from Fe
IV

 to Fe
V
 due to an increase in π bond 

order. This structural change translates into a significant difference in redox potential between 

2 and 3 and a 2500-fold greater reactivity of 3 over its one-electron analogue 2 in oxidizing 

benzyl alcohol. DFT calculations provide a computational basis for rationalizing the observed 

differences in properties.  

2.6  References 

1. (a) Denisov, I. G.; Makris, T. M.; Sligar, S. G.; Schlichting, I. Chem. Rev. 2005, 105, 

2253-2278. (b) Ortiz de Montellano, P. R. Chem. Rev. 2010, 110, 932−948. (c) 

Groves, J. T. Models and Mechanisms of Cytochrome P450 Action. In Cytochrome 

P450: Structure, Mechanism and Biochemistry, 3rd ed.; Ortiz de Montellano, P. R., 

Ed.; Kluwer Academic/Plenum Publishers: New York, 2005.  

2. (a) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J. H. Chem. Rev. 1996, 96, 

2841−2888. (b) Nam, W. Acc. Chem. Res. 2007, 40, 522−531. (c) Rittle, J.; Green, M. 

T. Science, 2010, 330, 933−937. (d) Meunier, B.; de Visser, S. l. P.; Shaik, S. Chem. 

Rev. 2004, 104, 3947-3980. (e) Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L., Jr. 

Chem. Rev. 2004, 104, 939-986. (f) Abu-Omar, M. M.; Loaiza, A.; Hontzeas, N.  

Chem. Rev. 2005, 105, 2227-2252. 

3. Sastri, C. V.; Lee, J.; Oh, K.; Lee, Y. J.; Lee, J.; Jackson, T. A.; Ray, K.; Hirao, H.; 

Shin, W.; Halfen, J. A.; Kim, J.; Que, L., Jr.; Shaik, S.; Nam, W. Proc. Natl. Acad. Sci. 

U.S.A. 2007, 104, 19181–19186. 

4. Borovik, A. S. Chem. Soc. Rev. 2011, 40, 1870-1874. 

5. (a) Groves, J. T.; Gross, Z.; Stern, M. K. Inorg. Chem. 1994, 33, 5065−5072. (b) Nam, 

W.; Lee, H. J.; Oh, S.-Y.; Kim, C.; Jang, H. G. J. Inorg. Biochem. 2000, 80, 219−225. 

(c) Nam, W.; Park, S.-E.; Lim, I.K.; Lim, M. H.; Hong, J.; Kim, J. J. Am. Chem. Soc. 

2003, 125, 14674−14675. (d) Nehru, K.; Seo, M. S.; Kim, J.; Nam, W. Inorg. Chem. 

2007, 46, 293−298. (e) Park, M. J.; Lee, J.; Suh, Y.; Kim, J.; Nam, W. J. Am. Chem. 

Soc. 2006, 128, 2630−2634. (f)  Jeong, Y. J.; Kang, Y.; Han, A.-R.; Lee,Y.-M.; Kotani, 

H.; Fukuzumi, S.; Nam, W. Angew. Chem. Int. Ed. 2008, 47, 7321−7324. (g) 



Chapter II: Comparing Spectroscopy and Reactivity of a Pair of bTAML Complexes with FeVO and 

FeIVO Units 

 

 

Ph.D Thesis AcSIR, November, 2017 65 
 

Fukuzumi, S.; Kotani, H.; Lee, Y. -M.; Nam, W. J. Am. Chem. Soc. 2008, 130, 

15134−15142. (h) Ji, L.; Franke, A.; Brindell, M.; Oszajca, M.; Zahl, A.; van Eldik, R. 

Chem. - Eur. J. 2014, 20, 14437−14450. (i) Fertinger, C.; Hessenauer-Ilicheva, N.; 

Franke, A.; van Eldik, R. Chem. -Eur. J. 2009, 15, 13435–13440. (j) Bell, S. R.; 

Groves, J. T. J. Am. Chem. Soc. 2009, 131, 9640–9641. 

6. (a) Altun, A.; Shaik, S.; Thiel, W. J. Am. Chem. Soc. 2007, 129, 8978–8987. (b) 

Tahsini, L.; Bagherzadeh, M.; Nam, W.; de Visser, S. P. Inorg. Chem. 2009, 48, 6661–

6669. (c) Ricciardi, G.; Baerends, E. J.; Rosa, A. ACS Catal., 2016, 6, 568–579. (d) 

Berry, J. F.; DeBeer George, S.; Neese, F. Phys. Chem. Chem. Phys.  2008, 10, 4361–

4374. (e) Geng, C.; Ye, S.; Neese, F. Dalton Trans.  2014, 43, 6079–6086 (f) Lyakin, 

O. Y.; Bryliakov K. P.; Evgenii. T. P. Inorg. Chem. 2011, 50, 5526. (g) Oloo, W. N.; 

Feng, Y.; Iyer, S.; Parmelee, S.; Xue, G.; Que, L., Jr. New. J. Chem. 2013, 37, 3411-

3415. 

7. (a) de Oliveira, F. T.; Chanda, A.; Banerjee, D.; Shan, X.; Mondal, S.; Que, L.; 

Bominaar, E. L.; Münck, E.; Collins, T. J. Science 2007, 315, 835–838. (b) Popescu, 

D.-L.; Vrabel, M.; Brausam,  A.; Madsen, P.; Lente, G.; Fabian, I.; Ryabov, A. D.; van 

Eldik, R.; Collins, T. J. Inorg. Chem. 2010, 49, 11439-11448. (c) Chanda, A.; Shan, 

X.; Chakrabarti, M.; Ellis, W. C.; Popescu, D. L.; Tiago de Oliveira, F.; Wang, D.; 

Que, L.; Collins, T. J.; Münck, E.; Bominaar, E. L. A Inorg. Chem. 2008, 47, 3669-

3678. (d) Ghosh, A.; Tiago de Oliveira, F.; Yano, T.; Nishioka, T.; Beach, E. S.; 

Kinoshita, I.; Münck, E.; Ryabov, A. D.; Horwitz, C. P.; Collins, T. J. J. Am. Chem. 

Soc. 2005, 127, 2505– 2513. (e) Kundu, S.; Thompson, J. V.; Ryabov, A. D.; Collins, 

T. J. J. Am. Chem. Soc. 2011, 133, 18546. (f) Sarangi, R. Coord. Chem. Rev., 2013, 

257, 459-472. (g) Ye, S.; Kupper, C.; Meyer, S.; Andris, E.; Navratil, R.; Krahe, O.; 

Mondal, B.; Atanasov, M.; Bill, E.; Roithova, J.; Meyer, F.; Neese, F. J. Am. Chem. 

Soc. 2016, 138, 14312-14325. (h) Decker, A.; Rohde, J.-U.; Que, L.; Solomon, E. I. J. 

Am. Chem. Soc. 2004, 126, 5378-5379. (i) Decker, A.; Solomon, E. I. Angew. Chem. 

Int. Ed. 2005, 44, 2252-2255. (j)  Solomon, E. I.; Light, M. K.; Liu, V. L.; Srnec, M.; 

Wong, D. S. Acc. Chem. Res. 2013, 46, 2725-2739. 

8. (a) Ghosh, M.; Singh, K. K.; Panda, C.; Weitz, A.; Hendrich, M. P.; Collins, T. J.; 

Dhar, B. B.; Gupta, S. S., J. Am. Chem. Soc. 2014, 136, 9524–9527. (b) Singh, K. K.; 

Tiwari, M. k.; Ghosh, M.; Panda, C.; Weitz, A.; Hendrich, M. P.; Dhar, B. B.; Vanka, 



Chapter II: Comparing Spectroscopy and Reactivity of a Pair of bTAML Complexes with FeVO and 

FeIVO Units 

 

 

Ph.D Thesis AcSIR, November, 2017 66 
 

K.; Gupta, S. S. Inorg. Chem. 2015, 54, 1535-1542. (c) Panda, C.; Ghosh, M.; Panda, 

T.; Banerjee, R.; Gupta, S. S. Chem. Commun., 2011, 47, 8016-8018.                                             

9. (a) McDonald, A. R.; Que, L., Jr., Coord. Chem. Rev. 2013, 257, 414-428. (b) Klein, 

J. E. M. N.; Que, L. Biomimetic High-Valent Mononuclear Nonheme Iron-Oxo 

Chemistry in Encyclopedia of Inorganic and Bioinorganic Chemistry (EIBC); John 

Wiley & Sons, Ltd, 2016, DOI: 10.1002/9781119951438.eibc2344. (c) Prakash, J.; 

Rohde, G. T.; Meier, K. K.; Münck, E.; Que, L., Jr., Inorg. Chem. 2015, 54, 11055-

11057. 

10. (a) Lacy, D. C.; Gupta, R.; Stone, K. L.; Greaves, J.; Ziller, J. W.; Hendrich, M. P.; 

Borovik, A. S. J.  Am. Chem. Soc. 2010, 132, 12188-12190. (b) MacBeth, C. E.; 

Golombek, A. P.; Young, V. G., Jr.; Yang, C.; Kuczera, K.; Hendrich, M. P.; Borovik, 

A. S., Science 2000, 289, 938-941. 

11. (a) Roe, A. L.; Schneider, D. J.; Mayer, R. J.; Pyrz, J. W.; Widom, J.; Que, L., Jr., J. 

Am. Chem. Soc. 1984, 106, 1676–1681. (b) Westre, T. E.; Kennepohl, P.; DeWitt, J. 

G.; Hedman, B.; Hodgson, K. O.;  Solomon, E. I. J. Am. Chem. Soc. 1997, 119, 6297– 

6314. (c) Chandrasekaran, P.; Stieber, S. C. E.; Collins, T. J.; Que, L., Jr.; Neese, F.; 

DeBeer, S., Dalton Trans., 2011, 40, 11070-11079.   

12. Pestovsky, O.; Stoian, S.; Bominaar, E. L.; Shan, X.; Münck, E.; Que, L., Jr.; Bakac, 

A. Angew. Chem. Int. Ed. 2005, 44, 6871-6874.  

13. Ghosh, A.; Ryabov, A. D.; Mayer, S. M.; Horner, D. C.; Prasuhn, D. E.; Sen Gupta, S.; 

Vuocolo, L.; Culver, C.; Hendrich, M. P.; Rickard, C. E. F.; Norman, R. E.; Horwitz, 

C. P.; Collins, T. J., J.  Am. Chem. Soc. 2003, 125, 12378-12379 

14. Warner, G. R.; Mills, M. R.; Enslin, C.; Pattanayak, S.; Panda, C.; Panda, T. K.; 

Gupta, S. S.; Ryabov, A. D.; Collins, T. J. Chem. -Eur. J. 2015, 21, 6226-6233. 

15. (a) Huynh, M. H. V.; Meyer, T. J. Chem. Rev. 2007, 107, 5004. (b) Weinberg, D. R.; 

Gagliardi, C. J.; Hull, J. F.; Murphy, C. F.; Kent, C. A.; Westlake, B. C.; Paul, A.; Ess, 

D. H.; McCafferty, D. G.; Meyer, T. J. Chem. Rev. 2012, 112, 4016−4093. 

16. (a) Pattanayak, S.; Chowdhury, R. D.; Garai, B.; Sing, K. K.; Paul, A.; Dhar, B. B.; 

Gupta, S. S. Chem.-Eur. J. DOI: 10.1002/chem.201605061  (b) Liu, M.-h.;  Su, Y. O. 

J. Electroanal. Chem. 1998, 452, 113– 125. 

17. BDE (Fe
III

−OH) = 23.06 × E
0'
(Fe

IV/III
) + 1.37pH + 57    

= 23.06 × 0.44 V + 1.37 × 12 + 57  = 83 ± 2 kcal/mol. 



Chapter II: Comparing Spectroscopy and Reactivity of a Pair of bTAML Complexes with FeVO and 

FeIVO Units 

 

 

Ph.D Thesis AcSIR, November, 2017 67 
 

18. Wang, D.; Zhang, M.; Bühlmann, P.; Que, L., Jr. J.  Am. Chem. Soc. 2010, 132, 7638-

7644. 

19. (a) Wolak, M.; van Eldik, R. Chem.—Eur. J. 2007, 13, 4873- 4883. (b) Brandi, P.; 

Gali, P, J. Org. Chem.  2005, 70, 9521-9528. 

20. BDE(Fe
IV

−OH) = 23.06 × E
0'
(Fe

V/IV
) + 1.37pKa + 57    

= 23.06 × 1.19 V + 1.37 × 10.05 + 57  = 99 ± 2 kcal/mol. 

21. (a) Ghosh, M.; Nikhil, Y. L. K.; Dhar, B. B.; Gupta, S. S. Inorg. Chem. 2015, 54, 

11792-11798. (b) Park, J.; Lee, Y.-M.; Nam, W.; Fukuzumi, S. J.  Am. Chem. Soc. 

2013, 135, 5052-5061. (c) Cho, K.-B.; Hirao, H.; Shaik, S.; Nam, W. Chem. Soc. Rev. 

2016, 45, 1197-1210. 

22. Oszajca, M.; Franke, A.; Drzewiecka-Matuszek, A.; Brindell, M. G.; Stochel, G. Y.; 

van Eldik, R. Inorg. Chem. 2014, 53, 2848-2857. 

23. (a) Parsell, T. H.; Yang, M.-Y.; Borovik, A. S. J.  Am. Chem. Soc. 2009, 131, 2762-

2763. (b) Singh, K. K.; Tiwari, M. K.; Dhar, B. B.; Vanka, K.; Gupta, S. S. Inorg. 

Chem. 2015, 54, 6112-6121. (c) Schröder, D.; Shaik, S.; Schwarz, H.  Acc. Chem. 

Res. 2000, 33, 139-145. (d) Shaik, S.; Danovich, D.; Fiedler, A.; Schröder, D.; 

Schwarz, H. Helv. Chim. Acta 1995, 78, 1393–1407. (e) Shaik, S.; Filatov, M.; 

Schröder, D.; Schwarz, H. Chem. - Eur. J. 1998, 4, 193–199. (f) Shaik, S.; Hirao, H.; 

Kumar, D. Acc. Chem. Res. 2007, 40, 532-542. 

24.  (a) Mayer, J. M. Acc. Chem. Res. 1998, 31, 441– 450. (b) Shaik, S., Kumar, D., de 

Visser, S. P. A J. Am. Chem. Soc. 2008, 130, 10128– 10140. (c) Kaizer, J.; Klinker, E. 

J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.; Stubna, A.; Kim, J.; Münck, E.; Nam, W.; 

Que, L., Jr. J. Am. Chem. Soc. 2004, 126, 472-473. (d) Hirao, H.; Kumar, D.; Que, L., 

Jr.; Shaik, S. J. Am. Chem. Soc. 2006, 128, 8590-8606. (e) Mandal, D.; Ramanan, R.; 

Usharani, D.; Janardanan, D.; Wang, B.; Shaik, S. J. Am. Chem. Soc. 2015, 137, 722-

733. (f) Chen, K.; Que, L., Jr. J. Am. Chem. Soc. 2001, 123, 6327-6337. (g) Chen, K.; 

Costas, M.; Kim, J.; Tipton, A. K.; Que, L., Jr. J. Am. Chem. Soc. 2002, 124, 3026-

3035. (h) Oloo, W. N.; Que, L., Jr. Acc. Chem. Res. 2015, 48, 2612-2621. (i) Swart, 

M. Chem. Commun. 2013, 49, 6650-6652. 

25. Armarego, W. L. F.; Perrin, D. D., Purification of Laboratory Chemicals; 4th ed.; 

Elsevier Science, USA, 1997. 

26. (a) George, G. N., EXAFSPAK: A Suite of Computer Programs for Analysis of X-ray 

Absorption Spectra (1990) [http://www-ssrl.slac.stanford.edu/exafspak.html]. (b) 

http://pubs.acs.org/author/Schr%C3%B6der%2C+Detlef


Chapter II: Comparing Spectroscopy and Reactivity of a Pair of bTAML Complexes with FeVO and 

FeIVO Units 

 

 

Ph.D Thesis AcSIR, November, 2017 68 
 

Ankudinov, A. L.; Ravel, B.; Rehr J. J.; Conradson, S. D. Phys. Rev. B 1998, 58, 

7565–7576. (c) Wojdyr, M., Fityk: a general-purpose peak fitting program, J. Appl. 

Cryst., 2010, 43, 1126-1128, 

27. (a) ASTM E1840-96 (2007) Standard Guide for Raman Shift Standards for 

Spectrometer Calibration, ASTM International, DOI: 10.1520/E1840-96R07. (b) 

Menges, F., "Spekwin32 - optical spectroscopy software", Version 1.72.0, 2015, 

http://www.effemm2.de/spekwin/ (c) Draksharapu, A.; Codolà, Z.; Gómez, L.; Lloret-

Fillol, J.; Browne, W. R.; Costas, M. Inorg. Chem. 2015, 54, 10656-10666. 

28. Cho, K.; Leeladee, P.; McGown, A. J.; DeBeer, S.; Goldberg, D. P. J. Am. Chem. Soc. 

2012, 134, 7392- 7399. 

29. Espenson, J. H., Chemical Kinetics and Reaction Mechanisms; 2nd ed.; McGraw-Hill, 

Inc.: New York, 1995. 

30.  (a) Perdew, J. P.; Chevary, S. H.; Vosko, K. A.; Jackson, K. A.; Pederson, M. R.; 

Singh, D. J.; Fiolhais, C., Phys. Rev. B 1992, 46, 6671. (b) Perdew, J. P.; Chevary, S. 

H.; Vosko, K. A.; Jackson, K. A.; Pederson, M. R.; Singh, D. J.; Fiolhais, C. Phys. 

Rev. B 1993, 48, 4978. (c) Perdew, J. P.; Burke, K.; Wang, Y., Phys. Rev. B 1996, 54, 

16533. (d) Adamo, C.; Barone, V. J. Chem. Phys. 1998, 108, 664. (e) Becke, A. D., 

Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 

1993, 98, 5648. (f) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785. (g) 

Roothan, C. C. J. Rev. Mod. Phys. 1960, 36, 179. (h) McWeeny, R.; Dierksen, G. J. 

Chem. Phys. 1968, 49, 4852. (i) Pople, J. A.; Nesbet, R. K. J. Chem. Phys. 1954, 22, 

571. 

31. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 

Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; 

Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; 

Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 

Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 

Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, 

E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; 

Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. 

M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; 

Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; 

Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; 

Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. 

B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, revision B.01; Gaussian, Inc.: 

Wallingford, CT, 2009. 

http://www.effemm2.de/spekwin/


Chapter II: Comparing Spectroscopy and Reactivity of a Pair of bTAML Complexes with FeVO and 

FeIVO Units 

 

 

Ph.D Thesis AcSIR, November, 2017 69 
 

 



Chapter III: Electrochemical Water Oxidation by High-valent Iron and Cobalt oxo Intermediate 

 

Ph.D Thesis AcSIR, November, 2017  69 
 

 

 

 

 

Chapter III 

                                                                     Electrochemical Water 

Oxidation by High-valent Iron (Chapter 

IIIA) and Cobalt (Chapter IIIB) Oxo 

Intermediate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter IIIA: Electrochemical Water Oxidation by High-valent Iron Intermediate 

 

Ph.D Thesis AcSIR, November, 2017  70 
 

 

 

3A.1 Abstract 

             We report a detailed electrochemical investigation of a series of iron complexes 

(biuret modified tetraamido iron mcrocycle; Fe
III

-bTAML; 1a) which includes first 

electrochemical generation of Fe
V
(O) and demonstration of their efficacy as homogeneous 

catalysts for electrochemical water oxidation (WO)  in aqueous medium. 

Spectroelectrochemical and mass spectral studies indicated Fe
V
(O) as the active oxidant, 

formed due to two redox transitions which have been assigned as Fe
IV

(O)/Fe
III

(OH2) and 

Fe
V
(O)/Fe

IV
(O). The spectral properties of both these high valent iron oxo species perfectly 

match their chemically synthesized versions which are thoroughly characterized by several 

spectroscopic techniques. The O ̶ O bond formation step occurs due to nucleophilic attack of 

H2O onto Fe
V
(O). Kinetic Isotope Effect (KIE) of 3.2 indicates an atom proton Transfer 

(APT) mechanism. The reaction of chemically synthesized Fe
V
(O) in CH3CN and water was 

directly probed by electrochemistry and was found to be first-order in water. The buffer base 

pKa plays a critical role in rate determining step by increasing several folds reaction rate. The 

electronic effect on redox potential WO rates and onset over potential was studied by 

employing a series of iron complexes. The catalytic activity was enhanced by the presence of 

electron-withdrawing groups on the bTAML framework- changing the substituents from –

OMe to –NO2 increase an 8-fold reaction rates, while over potential also increases by three-

fold. 
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3A.2 Introduction 

             Water oxidation (WO; 2H2O→O2 + 4H
+
 + 4e

 ̶
 , E

o
 = 1.23 V vs NHE at pH 0) is a key 

half reaction in natural photosynthesis by oxygen evolving complex of photosystem II (OEC 

PSII).
1 

The key reaction in this process is the loss of 4e
-
/4H

+
 leading to the O ̶ O bond 

formation. The defining property of oxygen evolving complex (OEC) in the oxygen evolution 

reaction (OER) is the formation of the O ̶ O bond having turn-over frequency (TOF) of 100-

400 s
-1 

without generation of long-lived intermediates such as H2O2.
2,3 

Rapid development of 

both homogeneous
4
 and heterogeneous

5
 OER catalysts propel the necessity to synthesize 

suitable WO catalyst. Homogeneous WO catalysts have advantage over heterogeneous WO 

catalysts because the former can be used for comprehensive mechanistic studies.
4
 Use of 

homogeneous WO catalysts including transition metals such as Ru,
6
 Co,

7
 Mn,

8
 Ni,

9 
Ir,

10
 and 

Cu
11 

have been attempted by several researchers with varied success. Among these catalysts, 

molecular complexes based on earth abundant metals are very attractive due to several 

advantages including low cost, environmental compatibility and controllable redox features.
4
 

Of particular interest are complexes synthesized from the cheap and biocompatible iron, since 

its group 16 analogue Ru has one of the best developed WO chemistry.
6
 The challenge with 

Fe-based catalysts is the relatively slow TOF (< 1 s
-1

)
12a

 which is thousand fold slower than 

what would be required to match a practical solar energy conversion scheme (although, very 

recent reports on WO by a pentanuclear iron complex display very high rate (1900 s
-1

) of O-

O bond foration
12c

). The slow TOF in case of mononuclear iron complexes, is due to the 

sluggish O ̶ O bond formation which is the rate determining step of the reaction. Achieving 

high reaction rates for the O ̶ O formation, a critical goal for these complexes to have 

commercial applications, would first require understanding of the O ̶ O bond formation 

during OER. Hence, mechanistic insights for the formation of O ̶ O bond catalyzed by Fe-

complexes are very important. Furthermore, useful strategies would be required to understand 

how systematic synthetic modifications in the ligand can potentially modify the redox 

potentials of the iron complexes thus altering the rates of O ̶ O bond formation.
4
 Mechanistic 

insight into WO by mononuclear iron complexes have revolved around identification of the 

high-valent iron-oxo species formed and its reaction with H2O in the rate-determining O ̶ O 

bond formation step. For iron complexes bearing neutral chelating ligand such as mcp,
12b

 

Pytacn,
13

 tpa,
14

 and bquen
15

 the involvement of Fe
IV

(O) intermediate has been proposed 

based on ESI-MS (Electrospray Ionisation-Mass Spectrometry) studies. In contrast, 

theoretical calculations on water oxidation by Fe-complexes have proposed the Fe
V
(O) as the 
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key intermediate involved in the O ̶ O bond formation reaction.
16

 Recently, the involvement 

of Fe
IV

(O) and/or Fe
V
(O) has been proposed for neutral macrocyclic N4 ligand in chemical 

WO based on high-resolution ESI-MS, 
18

O-labelling experiments, cyclic voltammetry, and 

DFT (Density Functional Theory) calculations.
17

 Thummel has recently proposed Fe
V
(O) 

intermediate during chemical WO for a Fe-complex with a N4 quaterpyridine backbone based 

on cyclic voltammetry and UV-Vis studies.
18

 The Meyer group was the first to propose the 

involvement of the Fe
V
(O) intermediate for a monoanionic pentadentate N5 ligand during 

electrocatalytic WO.
19

 They used a monomeric amidate-ligated Fe
III

-aqua complex as a 

catalyst in nonaqueous propylene carbonate solvent, however the complex did not catalyze 

WO in aqueous medium. Upon analysis of the electrochemical kinetics, it was proposed that 

WO occurs first by oxidation of Fe
III

 to the Fe
V
(O) followed by its reaction with water. In all 

these reports, although experimental results points out to the involvement of the Fe
V
(O), no 

spectroscopic evidence of the electrochemical generation of Fe
V
(O) as the active intermediate 

for WO was provided.
19

 

 

Figure 3A.1: Mechanism of Photochemical water oxidation by oxoiron(V)bTAML 

compplex. 

Recently, we have experimentally demonstrated for the first time the presence of Fe
V
(O) as 

the active intermediate for the photochemical oxidation of water to O2 using a biuret modified 

Fe-TAML (Fe-bTAML) complex (Figure 3A.1).
20

 The Fe
V
(O) generated during WO matched 
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perfectly with the chemically generated Fe
V
(O) which was characterized using several 

advanced techniques such as EXAFS (Extended X-ray Absorbtion Fine Structure), 

Mӧssbauer, EPR (Electron Paramagnetic Resonance), HR-MS (High Resolution-Mass 

Spectrometry), Resonance Raman, and UV-Vis.
21

 This Fe
V
(O)bTAML is unique since it is 

the only room temperature stable Fe
V
(O) species which is fully characterized. We have also 

experimentally verified a single site mechanism and proposed that the crucial step for O ̶ O 

bond formation involved the nucleophilic attack of water molecule onto the Fe
V
(O) followed 

by deprotonation and back electron transfer to form the monomeric Fe
III

-hydroperoxo 

species.
20

 However, we were unable to experimentally determine the kinetic parameters of 

the O ̶ O bond formation step during the OER. Such kinetics parameters for O ̶ O bond 

formation and the role of ligand electronics can be easily estimated by electrochemical 

strategies; especially through “non-destructive techniques”
16f, g

 such as cyclic voltammetry.
22

 

During electrochemical WO using monomeric amidate-ligated Fe
III

-aqua complex as a 

catalyst in non-aqueous propylene carbonate solvent, Meyer and coworkers had determined 

that O ̶ O bond formation step to be first-order with respect to both the catalyst and water.
19

 

The kinetics pointed to a single site mechanism similar to Ru complexes albeit with much 

slower rates (k0 = 0.035 M
-1

s
-1

). Further, absence of kinetic isotope effect of monomeric 

amidate-ligated Fe
III

-aqua complex
19 

in water indicated the absence of atom proton transfer 

(APT) during O ̶ O bond formation, contrary to what is observed with Ru complexes.
6u-w

 

Earlier attempts to use the 1
st
 generation Fe-TAML (synthesized by Collins and co-workers) 

as homogeneous electrocatalysts for OER resulted in no O2 evolution.
[23]

 However, 

heterogenizing 1
st
 generation Fe-TAML on electrode showed electrocatalytic activity with 

limited selectivity towards O2 formation and very high CO2 formation was observed.
23 

Further, the absence of clear mechanistic studies regarding the formation of active species in 

the cyclic voltammetry (CV), preclude insights into the mechanism of OER including 

determination of kinetic parameters for the O ̶ O bond formation. The absence of 

electrocatalytic activity for homogeneous 1
st
 generation Fe-TAML in earlier studies was 

likely due to the lack of both hydrolytic and oxidative robustness of these complexes towards 

the high thermodynamic potential required during WO. We hypothesized that high stability 

of the biuret modified Fe-TAML (Fe
III

-bTAML) in comparison to the 1
st
 generation Fe-

TAML would be well suited for electrocatalytic water oxidation.
24,25a

 In addition, the 

remarkably high stability of the active Fe
V
(O) intermediate for bTAML ligand system

26 
at 
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room temperature (RT) would allow us to use cyclic voltammetry as a tool to understand the 

kinetics and mechanism of O ̶ O bond formation. 

Herein, we showed a detailed electrochemical investigation of a series of substituted Fe
III

-

bTAML complexes and demonstrate their efficacy as catalysts for electrochemical WO. The 

Fe
V
(O) was generated electrochemically for the first time and was subsequently characterized 

using spectroelectrochemistry and mass spectrometry. Further, from cyclic voltammetry 

experiments, we were able to study the reaction between Fe
V
(O) and water leading to O ̶ O 

bond formation via atom-proton transfer (APT). In another experiment, addition of increasing 

amount of water onto a chemically synthesized room temperature stable Fe
V
(O) increased the 

catalytic current indicating a bimolecular reaction with water. Subsequently, we were able to 

extract both the order and kinetic rate constant (kcat) for reaction between Fe
V
(O) and water. 

Furthermore, we demonstrate the interplay between ligand’s electronic effect on redox 

potential, the reaction rates (kcat), and overpotential during the OER which would act as a 

guiding principle towards designing more efficient catalysts for WO.  

 

 Figure 3A.2: Pictorial representation of [Fe
III

-(X-bTAML)]; X = H (1a)
25a

; OMe (1b); F 

(1c); Cl (1d); CN (1e) and NO2 (1f).
20a

 

3A.3 Experimental Section 

3A.3.1 Reagents 

              All reagents and solvents were purchased from commercial sources and were used as 

received, unless noted otherwise. All the Fe
III

-bTAML (Figure 3A.2), complexes were 

synthesized as their tetraethyl ammonium salt [(Et4N)2[Fe(Cl)X-bTAML](1a-f)] using 

published procedures.
25a

 These complexes were characterized by several techniques including 

UV-Vis, single crystal X-ray diffraction technique, and high resolution mass spectrometry 

(HR-MS).
20

 The axial chloro complex  1a was then converted to its corresponding axial aquo 

complex 1a-H2O (PPh4 salt) by methods published before for similar complexes.
24

 Complex 

1a-H2O was crystallized from water and characterized using single crystal X-ray and HR-MS 

(see Appendix B; B1-B5). All the materials used in this study were purchased from various 
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commercial sources (Sigma Aldrich, Fisher Scientific etc.). N, N dichloroformylmethylamine 

was obtained from ChemCollect, Gmbh. LCMS grade acetonitrile from Fisher was used in 

CPE (controlled potential experiment). High purity mili-Q water was used in all 

electrochemical study. All solvent for synthesis was dried and purified as described 

elsewhere. 

3A.3.2 Electrochemical Studies 

                Electrochemical experiments were carried out using potentiostats of CH 

Instruments, Austin, TX (Model CHI 760D and CHI 620E). Experiments were performed by 

using three electrodes configuration in which glassy carbon (GC) electrode and platinum wire 

were used as a working and counter electrode respectively.
25b

 The reference electrode 

(saturated calomel electrode (SCE) or Ag/AgCl (3 M KCl) or Ag/Ag
+ 

nonaqueous 

acetonitrile) was chosen depending upon the solvent used. All the experiments were 

performed under ambient conditions at 25 ± 2°C. Irrespective of the reference electrodes used 

in particular experiment; all the potentials in this manuscript have been reported against 

normal hydrogen electrode (NHE). Cyclic voltammetry and differential pulse voltammetry 

experiment were carried out on a CHI-660 potentiostat. Solutions of [Fe
III

-bTAML]1- were 

placed in one compartment three-electrode cells. Glassy Carbon (GC) (3 mm of diameter) 

was used as working electrodes, Silver/Silver chloride (3M KCl salt) as reference electrode 

(unless explicitly mentioned) and Pt wire as counter electrode. Working electrode pre-

treatment before each measurement consisted of polishing with 0.05μm alumina paste, 

rinsing thereafter with water/acetone and finally blow-drying. All redox potentials in the 

present work are reported versus NHE by adding 0.21 V to the measured potential. CVs were 

collected at 100 mVs-1 scan rates except when specified otherwise. Square Wave 

Voltammetry (SQWV) was performed using following parameters in CH instruments: 

Increment potential (ΔE) = 4mV, amplitude = 25mV, Frequency = 5Hz. DPVs were obtained 

with the following parameters: amplitude = 50 mV, step height = 4 mV, pulse width = 0.06 s, 

pulse period = 0.5 s and sampling width = 0.02 s. Formal potentials (E0') values for the redox 

processes studied in this work are estimated according to the potential at the Imax in DPV 

and SQWV measurements. Both kinds of measurements were done without IR compensation. 

When acetonitrile was used as organic solvent, tetrabutylammonium hexafluorophosphate 

([NBu4]PF6) was added in a concentration of 0.1M to act as supporting electrolyte.  
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3A.3.3 Spectroelectrochemical Studies 

                 The electrochemical event during electrolysis was followed by a UV-Vis 

spectrophotometer at room temperature using three electrodes system (Pt mesh working, non-

aqueous Ag/Ag
+
 as reference, and Pt wire as counter electrode) in a quartz crystal cell in 90% 

acetonitrile - 10% water solvent having 0.1 M potassium hexafluorophosphate (KPF6). 

Conversion of 1a to its higher oxidation state congeners by constant potential electrolysis 

(CPE) was confirmed by UV-Vis spectroscopy and HR-MS. 

3A.3.4 Electrochemical Kinetic studies 

                  CVs were used for the determination of kinetic rate constants for WO. For 

multistep homogeneous catalytic reaction such as WO the overall rate constant (composite 

rate constant of elementary steps, kobs) was calculated by FOWA (Foot-of-the-wave analysis) 

method 
25c-f, 11e

 (equation I) as has been described by Savéant, Costentin, and others. 

 

For a second-order reaction with rate constant, kcat, the catalytic current (icat) is given by 

equation (I), where, R, T, F, C
0

A , ν, E, ip
0 

and E
0
´ are the universal gas constant (8.314 Jmol

-

1
K

-1
), absolute temperature, Faraday constant,  concentration of substrate (55.56 M for 

water), scan rate, applied potential,  baseline corrected current in absence of substrate (here 

we consider this current to the current associated with the Fe
IV/III 

couple) and the formal redox 

potential for the catalysis initiating redox couple respectively. Under pseudo first-order 

conditions (when substrate concentration is much higher compared to the catalyst), kcat is 

related to the first order catalytic rate constant, kobs, by the equation (II). 

kobs =   kcat[H2O]                                                               (II) 

Substituting equation (II) to equation (I), equation (III) is obtained: 

 

Catalytic WO rate constants (kobs) were obtained using equation (III), in which the current at 

peak potential for the Fe
IV/III

 wave and Fe
V/IV 

wave were used to measure i
0

p and icat 

(I) 

(III) 
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respectively. Plots of background corrected icat/i
0
p vs 1/[1+exp{F/RT(E

0´
-E)}] were used to 

obtain the first-order rate constants (kobs) (Equation III).
25c-f,11e

 

3A.3.5 Electrolysis 

                Controlled potential electrolysis (CPE) was performed in a four-neck 

electrochemical cell using three electrodes (the volume for each cell is 18 mL). A platinum 

wire counter electrode, platinum foil as working electrode and an Ag/AgCl reference 

electrode (saturated KCl) was placed in the electrochemical cell. The oxygen sensor was 

calibrated before each experiment following a two point calibration of 0% (zero solution) and 

100% (air). The membrane in the electrode which selectively allows O2 to pass through was 

replaced for each new measurement in order to avoid any error associated with its functioning 

under reaction conditions. The O2 product analysis was determined using a calibrated Clark 

type electrode probe. The electrolyte was degassed by bubbling with high purity of argon for 

2 hrs. After recording the partial pressure of O2 for 2 h in the absence of any applied 

potential, electrolysis was initiated at 1.26 V vs NHE utilizing amperometry (i-t) experiment. 

Amperometric i-t traces were recorded without iR compensation. Electrolysis with O2 sensing 

was continued for 2 hrs. At the end of the experiment, total charge passed during 

electrochemical experiment was calculated after subtracting the background charge. 

Background charge was determined by performing the same set of experiments but without 

the addition of Fe
III

-bTAML. Thereafter, expected number of moles of O2 evolved (mEC) 

according to electrochemical experiment was estimated dividing QT (total charge) by 4F, 

since number of electron transfer during water oxidation is four. Moles of O2 evolved 

measured by the O2 sensor has been assigned as mE. Finally, Faradic efficiency (FE) was 

calculated utilizing equation IV. 

 

                                                                              (IV) 

 

3A.3.6 Physical Measurements 

                Various organic compounds synthesized were characterized using 
1
H and 

13
C NMR 

spectroscopy on a Bruker (200 or 500 MHz) or JEOL (400MHz) at room temperature. All 

chemical shift (δ) and coupling constant (J) are expressed in ppm and Hz respectively. All 

NMR measurements were done in DMSO-d6 using residual protons as internal references. 

UV-vis spectra were monitored using an Agilent 8453 diode array and a PerkinElmer-λ35 

EC

E 100
FE

m

m 
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spectrophotometer using 1.00 cm quartz cell at a constant temperature of 25 ± 5 °C. High 

resolution mass spectrometry (HRMS) was done in the negative ion mode of a Thermo 

Scientific Q-Exactive, using electron spray ionization source, Orbitrap as analyzer and 

connected with a C18 column (150 mm × 4.6 mm × 8 μm). Dissolved O2 measurements in 

controlled potential electrolysis (CPE) reaction were performed using a Clark type electrode 

(dissolved oxygen meter) from MicroSet (MS 0257), India, working in the range of 0 to 45 

ppm with resolution of 0.01 ppm. SEM (Scanning Electron Microscope) imaging and EDX 

was recorded in a FEI Tecnai TF-20 instrument. For each set, solution pH was measured with 

a pH meter (LABINDIA, PICO+) with calibrated electrode with accuracy of ±0.2 pH.  

 

3A.3.7 Details of Dissolved Oxygen measurement during CPE by using a Clark type 

electrode  

                       In order to measure the Oxygen during CPE a Clark type electrode was used 

which was previously calibrated before each experiment following a two point calibration- 

0% (zero solution) and 100% (air). CPE was performed in a four neck electrochemical cell. 

The electrochemical cell was filled with 15 mM pH 7.4 buffer and 1mM [Fe
III

-bTAML]
 2-

. A 

platinum foil (1 cm2) along with Ag/AgCl (std) as reference and platinum wire as counter 

electrode was used for electrolysis. A Clark electrode was also fitted in the cell for dissolved 

oxygen measurement. 0.1M sodium nitrate was used as supporting electrolyte. Before 

applying potential, the dissolved O2 was completely removed from water in the 

electrochemical cell by purging with high purity argon gas under slow stirring. Before 

applying potential the oxygen sensor displayed 0 ppm oxygen level. As soon as 1.4V vs NHE 

potential was applied, oxygen evolution was observed by increase in ppm level detection of 

oxygen in Clark electrode sensor. CPE was carried out for 2 hrs and oxygen evolution was 

monitored by Clark electrode. The results of the water oxidation catalysis by [Fe
III

-bTAML]
 

2-
  were compared with control experiment under the same conditions but in the absence of 

[Fe
III

-bTAML]
 2-

. The Faraday efficiency was calculated according to the total charge passed 

(charge passed for control experiment was subtracted) during the CPE and the total amount of 

generated oxygen (considering WO as a 4 electron process).  

3A.3.8 Sample preparation for SEM and EDX experiment  

                A clean platinum foil (five times cleaned with water after sonication) surface was 

imaged for EDX analysis. The same platinum electrode was used in CPE for 2 hrs and then 

the foil was rinsed carefully by mili-pore water and then dried in high vacuum for 10-hrs. The 
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dry platinum foil surface was visualized under microscopy and the SEM image with its EDX 

report was compared with the results of clean platinum foil surface before CPE.  

3A.3.9 Spectroelectrochemical study and HRMS  

                  For spectroelectrochemical studies, a three electrodes electrochemical cell was 

used consisting of a high surface area Pt mesh electrode as the working electrode, a Pt wire as 

a counter electrode, and an Ag/AgNO3 (10 mM AgNO3) non-aqueous electrode as a reference 

electrode. The dimension of the working electrode was 6.5 mm x 10 mm x 0.55 mm (Length 

x Width x Thickness). Spectroelectrochemical cell has two regions. The lower and upper 

parts of cell have path lengths of 0.1 and 1 cm. The high surface area Pt mesh working 

electrode was kept close to the Pt counter electrode in the narrow path length of 0.1 cm. The 

reference electrode was placed just above the working and counter electrodes in the 1 cm 

path length region. A small volume of electrolyte solution (300μL) was used. For these 

studies, along with the electrochemical experiments, simultaneous UV-vis spectroscopy 

experiments were also performed using a Shimadzu UV 1800 spectrophotometer or Ocean 

Optics HR 4000 spectrophotometer. [Fe
III

-bTAML]
2-

 were dissolved in CH3CN (90%): H2O 

(10%) solvent mixture having 0.1 M Bu4NPF6 electrolyte. The cell was placed in the 

spectrophotometer chamber in manner so that light passed through the cell of 0.1 cm path 

length. Spectroelectrochemistry experiments were performed in 90:10 CH3CN-water solvent 

mixtures by CPE at 1.25V vs NHE. The oxidised species was immediately frozen in a -40 °C 

bath and directly injected in HRMS.   

3A.3.10 Crystallographic Details  

            For the single Crystal X-ray diffraction experiment, as synthesized crystals of the 

respective materials were taken out of the solution and coated with Paratone-N oil. It was 

then placed in a nylon cryoloop (Hampton research) and then mounted in the diffractometer. 

The data collection was done at 298 K. The crystals were mounted on a Super Nova Dual 

source X-ray Diffractometer system (Agilent Technologies) equipped with a CCD area 

detector and operated at 250 W power (50 kV, 0.8 mA) to generate Mo Kα radiation (λ = 

0.71073 Å) and Cu Kα radiation (λ = 1.54178 Å) at 298(2) K. Initial scans of each specimen 

were performed to obtain preliminary unit cell parameters and to assess the mosaicity 

(breadth of spots between frames) of the crystal to select the required frame width for data 

collection. CrysAlisPro program software was used suite to carry out overlapping φ and ω 

scans at detector (2θ) settings (2θ = 28). Following data collection, reflections were sampled 

from all regions of the Ewald sphere to redetermine unit cell parameters for data integration. 

Following exhaustive review of collected frames, the resolution of the data set was judged. 
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Data were integrated using CrysAlisPro software with a narrow frame algorithm. Data were 

subsequently corrected for absorption by the program SCALE3 ABSPACK1 scaling 

algorithm. These structures were solved by direct method and refined using the SHELXTL 

972 software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final model was refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C-H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. In 

some cases modeling of electron density within the voids of the frameworks did not lead to 

identification of recognizable solvent molecules in these structures, probably due to the 

highly disordered contents of the large pores in the frameworks. Highly porous crystals that 

contain solvent-filled pores often yield raw data where observed strong (high intensity) 

scattering becomes limited to ~1.0 Å at best, with higher resolution data present at low 

intensity. Additionally, diffused scattering from the highly disordered solvent within the void 

spaces of the framework and from the capillary to mount the crystal contributes to the 

background and the ‘washing out’ of the weaker data. Electron density within void spaces has 

not been assigned to any guest entity but has been modeled as isolated oxygen and/or carbon 

atoms. The foremost errors in all the models are thought to lie in the assignment of guest 

electron density. The structure was examined using the ADSYM subroutine of PLATON
3
 to 

assure that no additional symmetry could be applied to the models. The ellipsoids in ORTEP 

diagrams are displayed at the 50% probability level unless noted otherwise.  

[Fe
III

-(F-bTAML)]
2-

  (1c), [Fe
III

-(Cl-bTAML)]
2-

  (1d), [Fe
III

-(CN-bTAML)]
 2-

  (1e) and [Fe
III

-

(NO2-bTAML)]
2-

  (1f) were found to crystallize in P42/mbc space group of tetragonal crystal 

system while [Fe
III

-(OMe-bTAML)]
2-

  (1b) was crystallized in P21/c space group of 

monoclinic crystal system. For the first set of crystal structures, the corresponding substituent 

(-F, -Cl, -CN and –NO2) were located on two positions of the base phenyl ring because of the 

symmetry operation for determination of assymmetric unit. The chemical occupancy of the 

substituent in each of the positions was 50%, indicating the equal probability of finding the 

substituent on both the positions. The overall chemical composition is one per macrocycle. 

However, for the case of [Fe
III

-(OMe-bTAML)]
2-

  (1b), the assymmetric unit already consists 

of the whole macrocyle and the singly substituted macrocycle is clearly visible (Appendix B6-

B11).  
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3A.3.11 Kinetic Isotope Effect Analysis  

                The KIE was studied in 0.1M deuterated buffer (pD = 7.2) and protonated buffer 

(pH = 7.2). The pH of the deuterated buffer was measured by pH meter to be 6.8. To obtain 

the exact pD value, 0.4 was added to the pH meter reading. The shift in the pKa of the 

protonable groups is about the same value, since the protonation level of these groups is 

almost the same as in H2O and D2O, respectively, at the same pH meter reading. 

3A.4 Results and Discussion 

3A.4.1 Characterization 

                  Complexes 1b-f (bTAML with various substituents in the aromatic ring, Figure 

3A.2) were synthesized (see Appendix B12 for details of synthesis and Characterisation) and 

characterized by single crystal XRD (Appendix B1-B5, bottom and Appendix B6-B12),
25a 

HR-MS (Appendix B1-B5a, top)
25a,20a

 and UV-Vis (Appendix B13)
20a 

Single crystals were 

obtained by slow vapor diffusion of diethyl ether over catalyst solution of 1b-f in acetonitrile. 

The distorted square pyramidal geometry of the complexes 1b-f with an axial chloride ligand 

resembles 1a which has been previously reported.
25a 

The crystal structure of 1b (OMe-

bTAML), 1c (F-bTAML), 1d (Cl-bTAML), and 1e (CN-bTAML) contains water molecules 

close to methoxide, fluoride, chloride and cyanide substituent respectively. The axial chloro 

complex 1a was then converted to its corresponding axial aquo complex 1a-H2O (PPh4 salt) 

by methods published before for similar complexes.
24

 Complex 1a-H2O was characterized by 

single crystal XRD (Appendix B5b). The mass-to-charge ratio (m/z) and isotope distribution 

patterns of 1a-f in HR-MS (observed without the axial labile chloride ligand in negative ion 

mode) matched perfectly with simulated patterns (Appendix B1-B5a). The UV-Vis spectra of 

1b-d are similar to that of 1a (S = 3/2 Fe
III

 complex) (Appendix B13a, B14).
25a 

In water, both 

1a and 1a-H2O showed identical UV-Vis spectra (Appendix B14, λmax = 356 nm). 
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Figure 3A.3: CVs of (red- 0.5 mM 1a) and blank (black dotted) in 0.1 M NaNO3 water (scan 

rate 300 mV/s, GC working, platinum counter electrode). 

3A.4.2 Electrochemical Properties of the Complexes in Water 

                The CVs of 1a and 1a-H2O were collected in water (I = 0.1 M, NaNO3) using a GC 

electrode and potentials were measured versus a standard calomel electrode. The CV of 1a 

and 1a-H2O were found to be identical (Appendix B13b inset). In water, 1a and 1a-H2O 

exists as a six co-ordinate [(bTAML)Fe
III

(H2O)2]
 ̶
  complex with both the water molecules 

located at the axial position of Fe
III

.
27, 28

 pKa of the axial H2O molecules in an aqueous 

solution of 1a has been determined to be 10.3 by UV-Vis titration experiments.
28 

The CV of 

this complex in water (pH 7.2) shows a first oxidation wave at Ep,a = 0.9 V vs NHE and a 

second oxidation wave having drastically enhanced current above the background at Ep,a of 

1.25 V vs NHE (Figure 3A.3). The corresponding reduction waves are barely discernible in 

the CV. The formal potentials (E
0
) for Fe

V/IV
 and Fe

IV/III 
redox couples for all the catalysts 

1a-f were determined by cyclic voltammetry (CV) and square wave voltammetry (SQWV). 

The E
0
 for the Fe

IV/III 
couple in water (corresponding to the redox process 

Fe
IV

(O)/Fe
III

(OH2))  was determined from CV experiments by calculating the average of the 

anodic and cathodic peak potentials (Figure 3A.3, Appendix B15). We were unable to 

determine the E
0
 for Fe

V/IV
 couple in water by CV (corresponding to the redox process 

Fe
V
(O)/Fe

IV
(O)) since no cathodic peak was observed (Figure 3A.3). Chemically synthesized 

[Fe
V
(O)bTAML]

-
 (>95% pure) in CH3CN display a quasireversible peak corresponding to the 

Fe
V
(O)/Fe

IV
(O) with E1/2 at 1.25 V vs NHE.

20b 
The CV of the corresponding Fe

III
 complex 

(1a-H2O) in acetonitrile solvent indicates the presence of two reversible redox processes at 

0.88 and 1.21 V for Fe
IV/III

 and Fe
V/IV

 respectively (Figure 3A.4).  
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Figure 3A.4: CV (red) and DPV (black) of 1a-H2O (0.3 mM) in acetonitrile (glassy carbon 

as working and platinum wire used as counter electrode, scan rate 100 mVs
-1

, 0.1 M KPF6 as 

electrolyte). 

 

The E1/2 of the Fe
V/IV

 couple for 1a-H2O matched very closely to the Fe
V
(O)/Fe

IV
(O) of the 

chemically synthesized Fe
V
(O)bTAML.

 
The SQWV experiments of 1a in water were 

performed to estimate the Fe
V
(O)/Fe

IV
(O) couple in water. SQWV display a first set of redox 

waves for both forward and reverse scan at 0.88 V and 1.22 V and then a second set at 1.16 V 

and 0.84 V respectively (Appendix B15 inset).  Difference spectra of forward and reverse 

scan for the first set of redox wave at 0.85 V matches quite well with the E
0
 for the Fe

IV/III 

couple in water (corresponding to the redox process Fe
IV

(O)/Fe
III

(OH2)) (Appendix B15 

inset). For the second set of redox waves, the difference SQWV shows a peak at 1.2 V which 

also matches with the formal potential for Fe
V
(O)/Fe

IV
(O)  redox couple in CH3CN. Hence 

for complex 1a-f, the difference spectra of forward and reverse scan for the second redox 

wave was used as the E
0
 for the Fe

V
(O)/Fe

IV
(O) couple (Appendix B16) as has been used for 

Ru based WO catalyst.
[25f] 

 The electrochemical wave at 0.85 V was pH dependent and the E
o
 

vs pH decreased by 117 mV/pH (between pH 7 to 10) (Figure 3A.5). This indicates a proton-

coupled electron transfer process (EPT/PET or CPET)
29a,b,c 

associated with the transfer of two 

H
+
 and one e

−
 (Figure 3A.5) as has been recently shown for related Osmium complex.

29d 
To 

gain better insight of the electron and proton transfer process, CVs of 1a in D2O under 

identical condition was performed. The CVs in D2O show a positive shift (80 mV) in the 

peak potential for Fe
IV/III 

couple while the peak potential for Fe
V/IV

 couple remain unchanged. 

This shift in peak potential when D2O was used as solvent instead of H2O points to a coupled 

proton and electron transfer (CPET) process, although detailed electrochemical studies need 
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to be carried out to establish this mechanism as has been shown recently for Osmium 

complexes.
29d 

 

 

Figure 3A.5: (A) CVs (black-pH 7, red-pH 7.5, blue-pH 8, and green-pH 8.5) of 0.5 mM 1a 

in water (0.1 M NaNO3 supporting electrolyte). (B) Pourbaix diagram of Fe
IV/III

 and Fe
V/IV

. 

We assign this process to the following reduction couple: 

 

                                                                                                    

 

Or,  

 

CPE (Controlled potential electrolysis) of an aqueous solution of 1a (pH 12) led to the 

formation of a dark red colored solution of Fe
IV

O (Appendix B17).
21

 The UV-Vis spectrum 

of this dark red colored solution formed after CPE completely matched with the chemically 

synthesized Fe
IV

(O) that has been fully characterized by Mӧssbauer, Resonance Raman and 

EXAFS previously.
21

 At pH 7, CPE at 0.9 V vs NHE led to the formation of the related 

Fe
IV

2O which can be obtained upon protonation of Fe
IV

O (pKa of Fe
IV

O is 10.05).
21

 

At a higher anodic potential, an additional irreversible oxidation wave having a peak (Ep,a) at 

1.25 V vs NHE appeared with a drastically enhanced current above the background, 

consistent with a catalytic reaction (Figure 3A.3). This oxidation wave was pH independent 

between pH 7 and 10 (Figure 3A.4). We assign the second irreversible oxidation wave at 1.25 
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V vs NHE to the oxidation of [(bTAML)Fe
IV

(O)(H2O)]
2−

 to the corresponding Fe
V
(O) 

species, [(bTAML)Fe
V
(H2O)(O)]

−
.  

 

 

Attempts to isolate the Fe
V
(O) formed during CPE failed since the reaction of Fe

V
(O) with 

water was instantaneous under CPE condition. This observation was expected since we have 

earlier reported that upon increasing the H2O concentration above 50%, the stability Fe
V
(O) 

rapidly decreases with no Fe
V
(O) formation observed at 100% H2O. However, in CH3CN-

H2O solvent mixtures containing  up to 30% H2O, the half-life of Fe
V
(O) reduces only by 

10%.
30

 We therefore attempted CPE of 1a in 90% CH3CN:H2O; a solvent system known to 

be compatible with the stability of Fe
V
(O) (see Appendix B18 for CV of 1a in 90% 

CH3CN:H2O). Although the nature of the exact species (such as axial ligands etc.) might vary 

in both the solvents, identification of the nature of the high-valent iron oxo complex in 90% 

CH3CN:H2O can be used to improve our understanding about the key features of the catalytic 

cycle in water. A dilute solution of 5 µM 1a and a very short reaction window of < 60 s was 

employed to accumulate enough Fe
V
(O) for detection using UV-Vis. Electrolysis at 1.25 V vs 

NHE for 60 sec led to the immediate formation of the light green Fe
V
(O) species displaying 

the characteristic UV-Vis peaks at 445 nm and 613 nm. The sample was then immediately 

freeze-quenched in liquid nitrogen and subsequently characterized by HR-MS. (Figure 

3A.6).
20,26,30 

This represents the first experimental evidence for the electrochemical 

generation of Fe
V
(O).  

3A.4.3 Controlled Potential Electrolysis 

             To ascertain if the irreversible oxidation wave at 1.25 V vs NHE resulted in 

electrochemical WO, control potential electrolysis experiment of 1a was carried out in 

neutral pH at 1.26 V (vs NHE) for 2 h by using a 1cm
2
 Pt electrode as a working electrode 

and the amount of oxygen evolved was quantified. During 2 h CPE, total 0.8 C charges was 

passed through the solution to yield 186 μM of dissolved oxygen corresponding to 89.9% 

Faradaic efficiency (Figure 3A.7). This sustained electrocatalytic oxygen evolution displayed 

about 50% change in current (~0.0002A) during the 2 h period. This decay in current density 

during WO is inconsistent with UV-Vis spectra obtained for 1a after WO which was identical 

to the starting 1a. In order to understand this inconsistency, the pH of solution was measured 
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at every 300 s interval during WO since this process is expected to decrease the pH upon 

release of H
+
 along with the production of O2. In fact, a decrease in pH was observed over the 

whole WO period which resulted in the decay of current density. When the same experiment 

was carried out by maintaining the pH at 7.2 during the WO, the current density remained 

constant over the whole period (Appendix B19b).  Control experiments without catalyst show 

production of 28.96 μM oxygen due to 0.11C charges (Figure 3A.7, B). Identical UV-Vis 

spectra of catalyst was obtained before and after the CPE experiment, indicates that catalyst 

1a was robust and did not degrade during WO (Appendix B19a). We performed a number of 

control experiments to assess the possible formation of heterogeneous metal oxide films. 

First, no change in the characteristic visible spectrum of Fe
III

-(bTAML) at 356 nm was 

observed after 2 h under active water oxidation catalysis (WOC) (Appendix B19a). This 

indicates that the Fe
III

-(bTAML) was stable during WO- an observation which was also found  

 

Figure 3A.6: (A) Electrochemically synthesized Fe
V
(O) in 90% acetonitrile-water mixture by 

CPE at 1.25 V vs NHE in presence of 0.1 M KPF6 as supporting electrolyte. (B) HR-MS of 

electrochemically synthesized Fe
V
(O). 

during homogeneous photochemical WO by Fe
III

-(bTAML).
20a

 Moreover, the presence of 

Chelex 100 sodium form beads or EDTA disodium salt had no effect on the observed WO 

current with Fe
III

-(bTAML) (Appendix B20, B21). Analysis of the surface morphology and 

composition of the platinum foil electrodes by scanning electron microscope (SEM) and 

energy dispersive X-ray spectroscopy (EDX) analysis after and before CPE showed no sign 

of any heterogeneous iron phase (Appendix B22). This precludes formation of iron oxide 

nanoparticle at electrode surface to catalyze WO. 
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Figure 3A.7: (A) Amount of dissolved oxygen evolution measured by Clark electrode. (B) 

Current obtained (inset charge passed in 2h) during CPE at 1.26 V (vs NHE) of 1 mM 1a in 

pH 7.2 phosphate buffer (15 mM) for 2 h on 1 cm
2
 platinum foil (0.1 M NaNO3 was used as 

supporting electrolyte). 

3A.4.4 Rate constant of O-O bond formation determination in water 

               CV responses were analyzed at different scan rates (ν) to understand the rate law 

and subsequently the kinetic rate constants for WO by Fe
V
(O) were determined. The CV 

responses of 1a in 15 mM phosphate buffer (pH 7.2, I = 0.1 M) shows that the current 

associated with Fe
V/IV 

redox process increases with increasing scan rate (Figure 3A.8 A). 

However, the CV responses did not elicit an ideal S shaped catalytic curve and the catalytic 

current decreased after reaching the maxima at 1.25 V thus resulting into a peak shaped 

catalytic wave (Appendix B23). Recently, Savéant and Costentin have developed a new foot-

of-the-wave analysis (FOWA).
25c,d,e 

for homogeneous catalytic waves that deviate from the 

ideal S shaped catalytic wave (caused by various side phenomena such as substrate depletion, 

catalyst degradation and other competitive side reaction). CVs of 1a were analyzed by 

FOWA method to determine the rate constant of water oxidation (Figure 3A.8 A, see 

experimental section for details about FOWA equation). FOWA analysis (Figure 3A.8 B) 

shows a linear relationship of icat/i
0
p vs 1/[1+{exp(F/RT(E

0
´-E)}] at the initial portion of the 

catalytic wave where almost no side phenomena is expected. Formal redox potential for 

Fe
V/IV 

required for the FOWA analysis was obtained from SQWV voltammetry (see 

experimental section for details). From the slope of the linear portion of curve obtained at 

different scan rates (100 mV/s to 400 mV/s) where (icat/i
0
p >1),

25c
 the second order rate for 

WO was determined. The observed rate constant for water oxidation were found to be 

independent of the scan rate (Appendix B24). The increase of icat at 1250 mV with increasing 
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concentrations (Appendix B25) of 1a shows a linear fit (Figure 3A.8 C) indicating first-order 

dependence of water oxidation rate on catalyst concentration.
29e

 At higher catalyst 

concentration (beyond 0.25 mM of 1a), deviation of icat from linearity was observed 

indicating presence of side phenomena such as substrate or catalyst depletion (Figure 3A.8 C, 

Appendix B25). The possibility of substrate depletion in reaction diffusion layer is highly 

unlikely since the concentration of bulk water is 55.56 M.  Catalyst depletion due to catalyst 

decomposition is also unlikely since after 2 h of CPE no change in the UV-Vis spectra of 1a 

was observed as reported earlier. However for a multistep reaction like water oxidation, 

depletion of any active intermediate (such as Fe
V
O, Fe

III
-OOH and its higher oxidation 

analogs) responsible for water oxidation during the catalytic process can result in deviation 

from ideal plateau shaped CVs. Out of the several pathways that can lead to depletion of 1a, 

one possibility might be the previously well-studied fast comproportion reaction (k2 = 105 M
-

1
s

-1
)
26

 between Fe
V
(O) and 1a to form a µ-O-Fe(IV) dimer (Appendix B23). The second order 

kinetic rate constant for WO by 1a was found to be 1.2 ± 0.2 M
-1

s
-1

 in 15 mM phosphate 

buffer (pH 7.2, I = 0.1 M, NaNO3) (Figure 3A.8 B and Appendix B24).  

 

Figure 3A.8: (A) CVs of 0.3 mM 1a in 15 mM phosphate buffer of pH 7.2, I = 0.1 M; 

NaNO3 at different scan rates on a glassy carbon working electrode. Currents were 
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normalized by baseline corrected i
0

p. (B) The plot of icat/i
0

p vs 1/[1+exp{F/RT(E
0´

-E)}] has 

been shown for electrocatalytic WO by 1a which was used for the measurement of kinetic 

rate constant. The dotted line represent experimentally determined values and the solid line 

represents the best linear fit (in all the studies, intercept was close to zero in accordance to 

equation VIII) line that was used for kinetic rate constant determination. (C) The plot of icat vs 

concentrations of 1a has been shown. (D) The plot of CVs has been shown for 

electrocatalytic D2O and H2O oxidation by 1a in D2O (red) and H2O (black) solvent 

respectively (pD 7.2 for D2O and pH 7.2 for H2O; 15 mM phosphate buffer I = 0.1 M); inset 

shows plot of icat/i
0

p vs 1/[1+exp{F/RT(E
0´

-E)}] for D2O (red) and H2O (black). 

The CV of 1a in D2O instead of H2O was also conducted. The CV displayed a shift of peak 

potential (80 mV) (Figure 3A.8 D) of Fe
IV/III 

indicating a CPET process and a significantly 

lower catalytic current than that obtained for H2O (Figure 3A.8 D). The second order kinetics 

for WO by 1a in D2O was found to be 0.36 ± 0.02 M
-1

s
-1

 (Figure 3A.8 D, inset). The kinetic 

isotope effect (KIE) of 3.2 was obtained according to the equation: KIE = kcat,H2O/kcat,D2O 

(Figure 3A.8 D, inset). This is in contrast to the KIE reported for Meyer et al. for a related 

iron-amidate complex in non-aqueous solvent (KIE = 1.08), which indicates absence of APT 

in the rate determining O ̶ O formation step.
19

  

In order to experimentally verify the bimolecular rate law for the reaction between Fe
V
(O) 

and H2O, the reaction between chemically synthesized Fe
V
(O) and H2O was monitored 

electrochemically. Low concentration of Fe
V
(O) (5 × 10

-5
 M) was synthesized in acetonitrile 

at room temperature and electrocatalysis was studied  by increasing amounts of water (from 1 

to 2.87 M) (Figure 3A.9) . The cyclic voltammograms were analyzed at a constant ionic 

strength of 0.3 M using ([(nBu)4N]PF6). Under these conditions, no decay of the Fe
V
(O) was 

observed in the absence of added H2O using UV-Vis spectroscopy. Increase in the catalytic 

current was observed with increasing amounts of H2O. The plot of icat/ip vs [H2O]
1/2

 was 

found to be linear which indicates a bimolecular reaction having first order dependence on 

both 1a (in water, Figure 3A.8 C) and H2O (in acetonitrile, Figure 3A.9 B). Determination of 

the second order rate constant for the reaction by using FOWA method will be incorrect as 

the foot of the wave is contaminated by other redox process (Figure 3A.9 A). 
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Figure 3A.9: (A) Increasing amount water onto synthetically made Fe
V
O from 1a blank 

(black dotted), red (5 x 10
-5 

M Fe
V
(O). (B) The plot of icat/ip vs [H2O]

1/2
  according to eq. I, 

red line is the linear fit (Y = 4.8X, R
2
 = 0.99). 

3A.4.5 Effect of different buffer on the WO 

               Several experiments were performed to examine the role of the buffer on the 

catalytic water oxidation activity. A significant enhancement of the fixed-potential catalytic 

current, icat, was observed with increasing concentrations of HPO4
2–

 buffer (the total 

concentration of the buffer anion kept constant and its degree of protonation varied) up to 40 

mM (Figure 3A.10 A and Appendix B26).
6v,7c,9a,9d

 Care was taken during these measurements 

to maintain the ionic strength of the solution at 0.5 M with addition of NaNO3. Moreover, a 

decrease of the catalytic current was observed when the concentration of the buffer base was 

increased beyond 40 mM due to possible buffer assisted catalyst decomposition reported for 

TAML complex at high buffer concentrations.
25,32

 

 

Figure 3A.10: (A) CVs of 0.2 mM of 1a at different phosphate buffer base concentration in 

water at pH 7.2 (scan rate 100 mVs
-1

, I = 0.5 M NaNO3 in water); blank (green), water 
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(magenta), 0.006 M (blue), 0.013 M (red) and 0.024 M (black) [HPO4
2-

]. (B) Plot of 

(icat/iwater)
2
 at 1250 mV against different buffer dianion concentration of phenyl phosphate 

(red), phosphate (black), bicarbonate (blue) at pH 7.2 

Besides phosphate (pKa = 7.21), [Fe
III

-(bTAML)] also catalyzed water oxidation at pH 7.2 

with buffers having varying pKa values including bicarbonate (pKa = 6.37),
33a

 and phenyl 

phosphate (pKa = 9.9)
33b

 (Appendix B26-B28). For such a base-assisted process in water, the 

overall O–O bond formation rate (kcat) can be expressed by the sum of the rate in unbuffered 

solution (kwater) and the rate contributed by the addition of buffer base (kb[B]), as shown in 

equation VIII (kb and [B] represent the buffer assisted WO rate constant and buffer anion 

concentration respectively). According to equation IX, a plot of (icat/iwater)
2
 as a function of 

the buffer base concentration [B] should give a linear correlation with a slope equal to 

kb/kwater (equation. IX).
6u,7c,9a,9d

 In fact, this prediction was observed experimentally for all the 

three buffers used (Figure 3A.10 B), indicating that one equivalent of buffer base was 

involved in the rate-limiting O–O bond formation step. 

kcat = kwater + kb[B]                                         (VIII) 

(icat/iwater)
2
 = kcat/kwater = 1+ kb[B]/kwater               (IX) 

As shown in Figure 3A.10, the (icat/iwater)
2
 value showed a linear dependence on the 

concentration of each buffer base. The kb value for all the three buffers were determined from 

the slope of the plot of (icat/iwater)
2
 as a function of buffer concentration (Figure 3A.10). The 

kwater value was determined from an independent kinetic study in water at pH 7 using NaNO3 

as the electrolyte (Appendix 29). The kb values for phenylphosphate, phosphate and 

bicarbonate were determined to be 2.1 × 10
4
, 2.8 × 10

3
 and 11.4 × 10

2
 M

-1
s

-1
respectively 

(Figure 3A.10 B). Notably, a Brønsted relationship for acid or base catalyzed reaction could 

be observed from the plot of log (kb/kwater) as a function of the pKa of the buffer used (Figure 

3A.11). The plot was found to be linear with a slope of 0.34. This observation further 

suggests that there is a significant component of proton transfer from the catalyst to the buffer 

anion in the transition state for the rate-limiting O–O bond formation step. 
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Figure 3A.11: Bronsted relationship between log(kb/kwater) vs pKa of different divalent buffer 

base anion used at pH 7.2 

3A.4.6 Effect of Ligand Electronics on WO Rates 

                 In order to understand the effect of ligand electronics on WO kinetics, Fe
III

-

(bTAML) molecules having different substituent groups on the benzene ring (1b-f) were 

synthesized. Similar to 1a, CVs of 1b-f  in water (pH 7.2, 15 mM phosphate buffer) solvent 

using 0.1 M NaNO3 as electrolyte) also depict two successive one-electron transfer processes 

with altered redox potentials (Appendix B16). The change in the redox potential follows a 

trend which could be explained by the electronic nature of the substituent group X (OMe, F, 

Cl, CN and NO2) in the phenyl ring of Fe
III

-bTAML (Appendix B14, B30). The electron 

donating group –OMe in 1b increases the electron density on the metal center thereby 

reducing the electron acceptance tendency of central metal Fe
III

, which consequently lowers 

its formal potential (Table 3A.1). Similarly, electron withdrawing groups in 1c-1f increases 

its ease towards electron acceptance and thereby increases the redox potential of catalyst. 

Kinetics of WO by 1a-f was studied by cyclic voltammetry (Appendix B31) and the results 

are summarized in Table 3A.1.  
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Figure 3A.12: kcat for WO of 1a-f is correlated linearly with Hammett parameter (σ) of 

electronic substitution on catalyst 1b (blue), 1a (yellow-green), 1c (magenta), 1d (black), 1e 

(green), 1f (violet). 

Table 3A.1 Kinetic rate constants for WO by different catalyst in 15 mM phosphate buffer  

(pH ~7.2, I = 0.1 M, NaNO3). 

Catal

yst 

Substit

uent 

σm+p E
o
Fe

IV/III 

vs 

NHE
b
 

E
0
Fe

V/IV 

vs 

NHE
b
 

ΔE
0´

 

(Fe
V/IV

 – 

Fe
IV/III

) 

 

Rate 

Constant 

(M
-1

s
-1

) 

Onset Over 

Potential
c
  

(mV) 

 

1a -H 0.00 0.85 1.20 0.35 1.2 ± 0.21 ~ 250 
 

1b -OMe -0.15 0.73 1.12 0.37 0.72± 0.15 ~ 170 
 

1c -F 0.40 0.89 1.25 0.36 2.16± 0.27 ~ 290 
 

1d -Cl 0.60 0.93 1.31 0.38 2.81 ± 0.21 ~ 330 
 

1e -CN 1.22 0.99 1.39 0.40 4.39 ± 0.30 ~ 370 
 

1f -NO2 1.48 1.11 1.43 0.31 6.12 ± 0.5 ~ 540 
 

b
Potentials are calculated from SQWV (Appendix B16) at pH 7.2 in water, and  

c
Onset over potential was calculated at pH 7.2 ( Appendix B16). 
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The results demonstrate that when the bTAML ligand had electron withdrawing groups, the 

WO kinetics became faster whereas electron donating group made the WO kinetics slower. 

Catalytic rate constant for WO are correlated linearly with the Hammett parameter (σm+p, m-

meta and p-para position in benzene ring) (Figure 3A.12). 

3A.5 Summary and Conclusions 

The results show that the Fe
III

-bTAML is an efficient catalyst for the electrochemical 

oxidation of water to oxygen with an onset over potential of ∼250 mV at neutral pH (Figure 

3A.3). The 90% faradaic yield for oxygen production indicates nearly exclusive 4e− 

oxidation of H2O. It has been recently demonstrated that at neutral to basic pH, iron 

complexes serve only as pre-catalysts for WO. The real catalysts are iron oxide-hydroxide 

nanoparticles which are formed upon decomposition of the ligand under the oxidative 

conditions.
15,34,35

 Although, the TAML framework is known to be very robust under oxidative 

conditions, several experiments were carried out which conclusively show that this is a 

homogeneous system. The stability of the resting Fe
III 

complex over 2 h of measurement and 

the lack of any effects on catalytic efficiency by metal ion sequestration (EDTA or with 

Chelex resin) show that free iron ions are not contributing to the observed WO activity. These 

observations further conclude the efficiency of Fe
III

-bTAML to act as a homogeneous 

electrocatalytic WO catalyst. Moreover, scan-rate dependence of the rate limiting O–O bond 

formation step and linear dependence of catalytic current on catalyst concentration argue that 

Fe-bTAML is a single-site molecular catalyst similar to iron amidate complex in nonaqueous 

medium.
19

 

The titration of the acidic proton in Fe
III

(OH2)2−bTAML (pKa= 10.3) indicate that the resting 

state of the Fe-TAML catalyst at pH 7 is H2O–Fe
III

–OH2.
27,28

 The cyclic voltammetry study 

of starting Fe
III

(H2O)2-bTAML as a function of pH indicate that the first oxidation wave at 

0.9 V vs NHE represents oxidation of the Fe
III

(OH2)2-bTAML to the corresponding Fe
IV

(O)-

bTAML. The second anodic oxidation at 1.25 V vs NHE represents a 1e- oxidation resulting 

in Fe
V
(O)-bTAML and this coincides with water oxidation. The formation of the both 

Fe
IV

(O) and Fe
V
(O) at 0.82  and 1.2 V were confirmed by CPE experiments. For Ru 

polypyridine complexes, Meyer
6u-w

 and Berlinguette
6s

 has shown that the reaction pathway 

mediated by [Ru ̶ OH2]
2+

 begins with two consecutive PCET steps to form [Ru
IV

=O]
2+

. The 

first two redox signals appear at close proximity and appears as a single broad 

[Ru
IV

=O]
2+

/[Ru-OH2]
2+

 couple in several complexes. A subsequent oxidation process 
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generates the highly electrophilic [Ru
V
=O]

3+
 fragment that reacts with water to form the 

requisite O-O bond.
6
 It is interesting to note that from Fe

III
(OH2)2-bTAML, the generation of 

Fe
V
(O) does not occur through two consecutive CPET processes. This is likely due to the 

instability of Fe
IV

 ̶ OH which is the product expected to be formed from Fe
III

-OH2 after one 

CPET step.  

 

Scheme 3A.1 Proposed buffer assisted O-O bond formation catalysed by high valent Fe
V
O in 

water (B = buffer anion in water). 

The more thermodynamically favoured Fe
IV

 species i.e. Fe
IV

(O) or the related (Fe
IV

)2O is 

formed. Subsequently, Fe
V
(O) is electrochemically formed via 1 electron oxidation of 

Fe
IV

(O). We have earlier demonstrated that the addition of water to chemically synthesised 

Fe
V
(O) did not result into O2 evolution.

20a
 In fact, upon addition of water to chemically 

synthesized Fe
V
(O) in CH3CN (such that the water concentration is > 90%), instantaneous 

reaction is observed leading to the formation of the µ-O-Fe
IV

 dimer. Further, at water 

concentrations of 95% and above, no formation of Fe
V
(O) can be achieved upon addition of 

NaOCl to Fe
III

-bTAML. We believe that at water concentrations of 90% and higher, Fe
V
(O) 

instantaneously reacts with water to form the Fe
III

-OOH which immediately decays to form 

the µ-O-Fe
IV

 dimer. For photochemical water oxidation catalysed by Fe-bTAML, we have 

demonstrated that the presence of Fe
V
(O), water and additional equivalents of 1e

-
 oxidant 

(like Ru
3+

, whose redox potential is very close to Fe
V
(O)/Fe

IV
(O) potential) is required for O2 

evolution from water.
20a

 All these experimental observations lead us to propose following 

two models for O2 evolution: 

(i) First Fe
V
(O) is formed which instantaneously reacts with water to form the Fe

III
-OOH. 

This peroxo gets further oxidized due to the applied electrode potential to form Fe
V
-(O2

2-
), 

finally leading to O2 evolution. 
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(ii) Water oxidation occurs when Fe
V
(O) and water are further oxidized under 

electrochemical conditions, at a red-ox potential corresponding to Fe(VI)/Fe(V) couple which 

can be close to the Fe(V)/Fe(IV) couple. This would then indicate the involvement of 

Fe
V
(O)L

·+
 or Fe

VI
(O)as the active species (as supported by DFT studies

16c
). 

Although both these scenarios are possible, we believe the first model to be more likely. In 

100% water, the reaction of Fe
V
(O) with water leading to formation of Fe

III
-OOH is very fast. 

Hence further oxidation of Fe
III

-OOH leading to O2 evolution seems to be more reasonable. 

KIE of 3.2 in water indicate that proton abstraction is concomitant with water attack in the 

rate determining step. This KIE has been attributed to atom proton transfer (APT) in which 

the O-O bond formation occurs with simultaneous proton transfer to another H2O or 

hydroxide or to a base anion (depending upon the pH and buffer used) to form a low energy 

hydroperoxidic intermediate (scheme 3A.1)
6v,7c,9a,9d

 The hydroperoxidic species formed 

undergo sequential oxidation to release O2 which results in an increase in catalytic current in 

CV. First order dependency of catalytic current to catalyst concentration indicates the 

association of a monomeric Fe
V
(O) involved in water oxidation. Variation of buffer indicates 

a first order dependency with respect to buffer base anion on WO rates. In order to determine 

the order with respect to H2O, the reaction of Fe
V
(O) with H2O was probed 

electrochemically. Since we are able to generate stable Fe
V
(O) quantitatively at room 

temperature in CH3CN, CV of this species with increasing amounts of water showed a first 

order dependency in water during the O ̶ O bond formation step. Hence the O ̶ O bond 

formation is an overall second order reaction between Fe
V
(O) and H2O. This represents a rare 

example in which reaction order has been directly determined from reactive intermediates 

that are fully characterized in solution. 

Presence of base anion has been found to assist the rate determining proton abstraction in the 

O ̶ O bond forming step during WO process
6u-w,7c,9a,9d

 Groves, Meyer and very recently Cao 

and Sun showed that effect of buffer anion can enhances the O ̶ O bond formation rate 

significantly for Co porphyrin,
7c

 Cu-polypeptide,
11b

 Ru-polypyridyl,
6v

 Ni-porphyrin,
9a

 and 

Ni-pyridine
9d

 based metal complex. Electrocatalysis of 1a performed at either pH 10 or in the 

presence of different concentrations of buffer anion display saturation behaviour catalytic 

current with enhanced WO rate constants compared to pH 7.2. This clearly elucidates the role 

of base anion in proton abstraction during the nucleophilic attack of H2O onto iron-oxo  

leading to the O ̶ O bond formation. For these base assisted processes, the plot of (icat/iwater)
2
 

as a function of buffer base concentration [B] was found to be linear and the rate contributed 
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from the buffer base (kb[B]) was determined from the slope. Using three different buffer base 

anions, a Brønsted relationship for base catalyzed WO having a slope of 0.34 (Figure 3A.11) 

was determined which indicates that the proton is “in flight” in the transition state. This value 

is very similar to that determined by Groves (0.38) for WO with Co-porphyrin complexes.
7c

 

Such an O-atom transfer coupled with a proton transfer to added acceptor base during WO 

for Fe-complexes in water is rare for electrocatalytic homogeneous WO by Fe-complexes. 

Finally, Fe-bTAML with varying electronic substitution showed different WO rates and onset 

overpotential. Fe-bTAML with varying electronic substitution showed different WO rates 

and onset overpotential. The most efficient catalyst should strike a balance between easily 

accessing the higher redox levels of the metal ion (electron-donating substituents) and the 

reactivity of the M(O) (electron withdrawing substituents). For chemical WO by Ru 

complexes, electron donating substituents on the ligand have been shown by Berlinguette to 

enhance the catalytic rates.
6s

 In these complexes, the rate determining step was proposed to 

be the O2 evolution from the [Ru
IV

 ̶ OO]
2+ 6s

 In contrast, for chemical WO by Fe-complexes 

the rates of WO enhanced with installation of electron withdrawing groups.
12a

 In this case, 

the rate determining step was proposed to be the O ̶ O bond formation. Hence understanding 

the effects of both electron withdrawing/donating groups on the catalyst for the O ̶ O bond 

formation step is very important. Such study of electronic effect on O ̶ O bond formation rate 

and overpotential by CV for Fe-based homogeneous electrocatalyst is rare. In this work, we 

demonstrate that both the WO rates and onset overpotential increased with the introduction of 

electron withdrawing substituents. This is reasonable since the electron withdrawing 

substituent on aromatic ring decreases the electron density on iron centre thereby increasing 

the electrophilicity of the O-atom in the Fe
V
(O). This would translate into faster reaction rate 

between the Fe
V
(O) and H2O in the rate determining O ̶ O bond formation step. On the other 

hand, increasing electron withdrawing groups would increase the E
0

 of the Fe
V
(O)/Fe

IV
(O) 

couple which would in turn increase the onset potential for WO. For a series of substituted 

Fe-bTAML, three folds higher O ̶ O bond forming rate for 1f compared to 1b was observed in 

expanse of three-fold increase in onset overpotential. However, when the overpotential 

contribution to the rate constant was substracted by applying TOF-ɳ equations (see Appendix 

B32  for details about equations and calculations of TOF
0
 at zero overpotential) as suggested 

recently by Saveant
25d

 and Llobet,
25g

 the catalyst having lower overpotential showed higher 

reactivity (Appendix B32). The onset potential of 170 mV for the most electron rich Fe-
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bTAML 1b in this work is similar to electron rich Cu-tertdentate amidate
11g

 ligand which is 

among the lowest for first row transition metal based electrocatalysts.  
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3B.1 Abstract 

Biuret-modified tetraamidomacrocyclic cobalt complex [Co
III

-bTAML]
-
 is shown to 

catalyze electrochemical water oxidation at basic pH leading to formation of O2. 

Electrochemical and spectroscopic studies indicate a high valent cobalt oxo 

intermediate isoelectronic to Co
V
(O) as the active oxidant. Kinetic isotope effect of 

8.63 indicates an atom proton transfer mechanism. 

 

 

 

 

3B.2 Introduction 

Practical large scale production of chemical fuels (O2 and H2) by water splitting necessitates 

the use of homogeneous or heterogeneous catalysts based on earth abundant transition 

metals.
1–3

 Among all first row transition metals, cobalt based systems,
4–6

 such as the widely 

studied heterogeneous cobalt phosphate based catalysts,
7
 have shown efficiencies that 

approach those of Mn based PSII enzymes. However, further design of more efficient cobalt-

based water oxidation (WO) catalysts requires a mechanistic understanding of their role in 

the catalytic cycle, which is very challenging for heterogeneous systems.
8–10

 For 

homogeneous systems, it has been well established that WO is mediated through high-valent 

metal oxo intermediates in most of the cases
11

 and the O–O bond formation step includes the 

nucleophilic attack of water on the [M=O]
n+ 

metal oxo site.
3
 Radical coupling of M–O 

species leading to O–O bond formation
12

 has been reported for some Ru based catalysts. A 

complete understanding of the key O–O bond formation step still remains elusive, especially 

for complexes of Co, Ni and Cu metals which fall on the right hand side of the ‘‘oxowall’’.
13
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The main challenge lies in the spectroscopic identification of the high valent metal–oxo 

species of these elements, which are ill-defined mostly due to the non-innocent nature of the 

 

Figure 3B.1 (Left) Pictorial representation of [Co
III

-TAML]
—

 (1) and (Middle) [Co
III

-

bTAML]
—

 (2) complexes. (Right) Molecular structure of anionic part of complex 2 with 

thermal ellipsoids at 50% probability level. Hydrogen atom and NEt4 cation are ommited for 

clarity. 

intermediate that can be described as an intermediate between [M
(n+1)+

–O
.
] and [M

(n+2)+
=O].

14
 

For cobalt complexes, Berlinguette et al. have indicated the involvement of a [Co
IV

]O]
2+

 

species as the key intermediate for the O–O bond formation during electrochemical WO 

using a mononuclear cobalt(II) pentapyridine complex under slightly basic conditions.
4,15

 For 

single site cobalt(III)hangman corrole an oxo cobalt(IV)corrole radical cation (H
+.

 
ßF

CX-

CO2HCo
IV

O)
8
 has been identified as the active intermediate by Cramer

16
 and Chen

17
 based 

on theoretical calculations. We focussed our attention on the cobalt(III) complex of bTAML 

(bTAML = biuret-modified tetraamidomacrocyclic) ligands, the first member of the fifth 

generation of TAML ligands
18

 containing a biuret moiety in the ligand framework.
19

 The 

highly electron donating N-donors are known to stabilize high valent metal oxidation states 

such as the elusive Fe
V
=O.

20
 We therefore explored if (i) the [Co

III
-bTAML]

-
 complex is 

competent to catalyse WO and (ii) spectroscopic evidence of high-valent oxocobalt species 

could be determined. A high valent square planar neutral [Co-TAML] complex (formally 

Co
IV

) was first reported by Collins and co-workers from 1b via both electrochemical and 

chemical oxidation routes (Fig. 1).
21

 Recently, high-valent Co
IV

(O) species has been reported 

by Ray and Nam.
14,22

 In this communication, we report the use of [Co
III

-bTAML]
-
 as a 

catalyst for the base assisted electrochemical WO. We show by using electrochemical and 

spectroscopic techniques that the key intermediate responsible for O–O bond formation is a 

high valent cobalt oxo complex which is isoelectronic to Co
V
(O). 
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3B.3 Physical measurements 

                 1H NMR was performed in Bruker 400 and was reported in δ(ppm) vs (CH3)4Si with 

the deuterated solvent (CD3CN) proton residuals as internal standard standards. The number of 

scans was kept 2000. HRMS (High Resolution Mass Spectroscopy) was done in Thermo 

Scientific Q-Exactive, using electron spray ionization source, Orbitrap as analyzer, connected 

with a C18 column (150 mm × 4.6 mm × 8 μm) and Maxis Impact (BRUKER) Sr 

no.282001.0008 respectively. Dissolved oxygen measurements during water oxidation (WO) 

were performed using a Clark type electrode (dissolved oxygen meter) from MicroSet (MS 

0257), India, working in the range of 0 to 45 ppm with resolution of 0.01 ppm. Dynamic Light 

Scattering (DLS) analyses were run in Zetasizer Nano series Nano ZS90. For each set, solution 

pH was measured with a pH meter (LABINDIA, PICO+) with calibrated electrode with accuracy 

of ±0.2 pH. SEM (Scanning Electron Microscopy) imaging and EDX (Energy Dispersive X-ray 

spectroscopy) was recorded in a FEI Tecnai TF-20 instrument.  

3B.3.1 Details of Dissolved Oxygen measurement during CPE by using a Clark type 

electrode  

                    In order to measure the evolved oxygen during CPE (controlled potential 

electrolysis) a Clark type electrode was used. The Clark electrode was previously calibrated 

before each experiment following a two point calibration 0% (zero solution) and 100% (air). 

CPE was performed in a four necked electrochemical cell. The electrochemical cell contained 

1mM [Co
III

-bTAML]
-
 dissolved in 0.1 M pH = 9.2 phosphate buffer. An ITO electrode (1 

cm
2
) along with Ag/AgCl (satd) as reference and platinum wire as counter electrode was used 

for electrolysis. The Clark electrode was also fitted in the cell for measuring the dissolved 

oxygen. A solution of 0.1M pH = 9.2 phosphate buffer was used as supporting electrolyte. 

Before applying potential, the dissolved O2 was completely removed from the buffer in the 

electrochemical cell by purging with high purity argon gas under slow stirring. Before 

applying potential the oxygen sensor displayed 0 ppm oxygen level. With the application of 

electrolysis potential (1.5V vs NHE), oxygen evolution was noted in the Clark electrode due 

to increase in ppm level of oxygen in the electrochemical cell. CPE was carried out for 3 

hours and oxygen evolution was monitored by Clark electrode. The results of the WO 

catalyzed by [Co
III

-bTAML]
- 

were compared with control experiment performed under the 

same conditions but in the absence of [Co
III

-bTAML]
-
. The Faradic efficiency was calculated 

according to the total charge passed (charge passed for control experiment was subtracted) 

during CPE and the total amount of evolved oxygen (considering WO as a 4 electron 

process).  
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3B.3.2 Sample preparation for SEM and EDX experiment  

                The surface of a clean ITO slide (five times cleaned with water after sonication) 

was imaged for SEM and EDX analysis. The same ITO electrode was used during CPE for 3 

hrs and then the ITO was rinsed carefully by Milli-pore water and then dried in high vacuum 

for 10-hrs. The dry surface was visualized under microscopy and the SEM image with its 

EDX report was compared with the results of clean ITO surface before CPE.  

3B.3.3 Details of Electrochemistry  

                 Cyclic voltammetry experiments were carried out on a CHI-660 potentiostat. 

Glassy Carbon (GC) (3 mm of diameter), Silver/Silver chloride (saturated KCl salt), and Pt 

wire was used as working electrode, as reference electrode (unless explicitly mentioned) and 

counter electrode respectively. Before each measurement pre-treatment of the working 

electrode was done by polishing with 0.05 μm alumina paste, rinsing thereafter with 

water/acetone and finally blow-drying. Pre-treatment of the ITO electrodes were done by 

sonication in acetone, ethanol and Milli-Q ultrapure water sequentially for 10 min. All redox 

potentials in the present work are reported versus NHE by adding 0.19 V to the measured 

potential. E1/2 values for the redox processes studied in this work are estimated from half of 

the sum of potential at the Imax of cathodic and anodic in CV measurements. IR compensation 

was done for the experiment where the buffer concentration was slowly increased in 

acetonitrile containing 2. All other kinds of measurements were done without IR 

compensation. When acetonitrile was used as organic solvent, 0.1M potassium 

hexafluorophosphate (KPF6) was added as a supporting electrolyte and Ag/AgNO3 (0.01M) 

was used as a non-aqueous reference electrode. All redox potentials (vs Ag/Ag+) were 

reported to the values versus NHE by adding 0.5 (unless explicitly mentioned).  

3B.3.4 Crystallographic Details  

                 For the single Crystal X-ray diffraction experiment, as synthesized crystals of the 

respective materials were taken out of the solution and coated with Paratone-N oil. It was 

then placed in a nylon cryoloop (Hampton research) and then mounted in the diffractometer. 

The data collection was done at 298 K. The crystals were mounted on a Super Nova Dual 

source X-ray Diffractometer system (Agilent Technologies) equipped with a CCD area 

detector and operated at 250 W power (50 kV, 0.8 mA) to generate Mo Kα radiation (λ = 

0.71073 Å) and Cu Kα radiation (λ = 1.54178 Å) at 298(2) K. Initial scans of each specimen 

were performed to obtain preliminary unit cell parameters and to assess the mosaicity 

(breadth of spots between frames) of the crystal to select the required frame width for data 
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collection. CrysAlisPro program software was used suite to carry out overlapping φ and ω 

scans at detector (2θ) settings (2θ = 28). Following data collection, reflections were sampled 

from all regions of the Ewald sphere to redetermine unit cell parameters for data integration. 

Following exhaustive review of collected frames, the resolution of the data set was judged. 

Data were integrated using CrysAlisPro software with a narrow frame algorithm. Data were 

subsequently corrected for absorption by the program SCALE3 ABSPACK scaling 

algorithm.  

These structures were solved by direct method and refined using the SHELXTL 972 software 

suite. Atoms were located from iterative examination of difference F-maps following least 

squares refinements of the earlier models. Final model was refined anisotropically (if the 

number of data permitted) until full convergence was achieved. Hydrogen atoms were placed 

in calculated positions (C-H = 0.93 Å) and included as riding atoms with isotropic 

displacement parameters 1.2-1.5 times Ueq of the attached C atoms. In some cases modeling 

of electron density within the voids of the frameworks did not lead to identification of 

recognizable solvent molecules in these structures, probably due to the highly disordered 

contents of the large pores in the frameworks. Highly porous crystals that contain solvent-

filled pores often yield raw data where observed strong (high intensity) scattering becomes 

limited to ~1.0 Å at best, with higher resolution data present at low intensity. Additionally, 

diffused scattering from the highly disordered solvent within the void spaces of the 

framework and from the capillary to mount the crystal contributes to the background and the 

‘washing out’ of the weaker data. Electron density within void spaces has not been assigned 

to any guest entity but has been modeled as isolated oxygen and/or carbon atoms. The 

foremost errors in all the models are thought to lie in the assignment of guest electron 

density. The structure was examined using the ADSYM subroutine of PLATON3 to assure 

that no additional symmetry could be applied to the models. The ellipsoids in ORTEP 

diagrams are displayed at the 50% probability level unless noted otherwise.  

3B.3.5 Materials  

                All the materials used in this study were purchased from various commercial 

sources (Sigma Aldrich, Fisher Scientific etc). N, N dichloroformylmethylamine was 

obtained from ChemCollect, Gmbh. LCMS grade acetonitrile from Fisher was used. High 

purity Milli-Q water was used in all electrochemical study. All the solvents for synthesis 

were dried and purified as described elsewhere.4 Indium tin oxide (ITO) electrode (8-10 

ohm/sq) was obtained from global nanotech, India.  
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3B.3.6 Synthesis of (Et4N)[ Co
III

-bTAML]  

 

                Synthesis of the ligand (L1) was carried out by following the previously reported 

methodology for related teraammido macrocyclic ligand.
57

 A solution containing compound 

L2 (X = H; 50 mg, 0.138 mmol) in 10 ml of dry terahydrofuran was deoxygenated. Then to 

this solution n-BuLi (0.4 ml of 1.4 M solution in hexane, 0.567 mmol, 4.1 equivalents) was 

added at 0
o
C under Argon atmosphere followed by addition of 1.2 equivalents solid 

anhydrous cobalt(II)chloride under positive argon flow. The reaction was allowed to proceed 

under Argon at room temperature for overnight after which it was opened to air and stirred 

for one more hour to yield a dark purple brown precipitate. The precipitate was filtered 

through a frit funnel and was dissolved in methanol to afford a purple brown solution. The 

solution (5 ml) containing the complex was then loaded onto a cationic ion-exchange resin 

(Amberlite-120; strong acid) column that had been pre-saturated with tetraethyl ammonium 

ion so as to exchange the lithium counter cation. The purple band was eluted with methanol 

and the solvent was removed under reduced pressure to yield a purple solid. Further 

purification was achieved by column chromatography using basic alumina with 

dichloromethane: methanol = 99:1 as the eluent. X-ray diffracting quality crystals were 

obtained by slow vapor diffusion of diethyl ether into the solution of the complex in 

acetonitrile.  

 
Scheme 3B.1: Synthesis scheme of complex 2-Li. Complex 2 was obtained as lithium 

counter cation.  

 

3B.3.7 Synthesis of [oxocobalt(IV)(bTAML)]
2-

  

3B.3.7.1 By controlled potential electrolysis in acetonitrile  

                    Complex 2 was dissolved in acetonitrile (0.1M KPF6 used as supporting 

electrolyte) and bulk electrolysis was performed at -15°C using 9 cm2 ITO electrode as the 

working electrode, platinum foil as counter electrode and Ag/AgNO3 as reference electrode. 

Low temperature UV-Vis spectra were recorded to detect the high valent cobalt oxo 

intermediates.  
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3B.3.7.2By using chemical oxidant (ceric ammonium nitrate) in acetonitrile and 

dichloromethane  

                 Complex 2(0.5mM) was dissolved in acetonitrile and dichloromethane. To it was 

added 100 μM (4 equivalents) of ceric ammonium nitrate (precooled at -40°C) and the UV-

Vis and HRMS was recorded immediately.  

3B.3.8 Kinetic Isotope Effect Analysis  

                 The KIE was studied in 0.1M deuterated buffer (pD = 9.2) and protonated buffer 

(pH = 9.2). The pH of the deuterated buffer was measured by pH meter to be 8.8. To obtain 

the exact pD value, 0.4 was added to the pH meter reading.6 The shift in the pKa of the 

protonable groups is about the same value, since the protonation level of these groups is 

almost the same as in H2O and D2O respectively, at the same pH meter reading.  

3B.3.9 Details of electrochemical Kinetics analysis  

                 Kinetic rate constants for diffusion limited WO were determined from the CV 

experiments. The catalytic current (icat) for a second-order reaction is given by eq. 1, where 

ncat, F, A, [Co], D, kcat are the number of electron transported during catalytic reaction (n = 

4 for water oxidation), the Faraday constant, electrode area, catalyst concentration, the 

diffusion coefficient, second-order rate constant respectively.  

icat = ncat FA[Co]D
1/2

kcat
1/2

[H2O]
1/2

= ncat FA[Co]D
1/2

kobs
1/2

 …………………(1)  

The second order rate constant kcat is correlated with the first order catalytic rate constant, 

kobs, by eq. 2 under pseudo first-order conditions.  

kobs = kcat[H2O] ……………… (2)  

The current at the anodic peak potential (Ep,a) is calculated from the Randles-Sevcik 

equation (eq. 3),where ncat, n, ν, R, T are the number of electron transferred during 

WO, scan rate of voltammetry, universal gas constant, and temperature respectively. 

Here n = 1, no of electron transfer per catalyst in redox wave (where catalysis is not 

involved) and ncat = 4, no of electron required to evolve one molecule of oxygen 

during WO.  

   

                                            (3) 

Dividing eq. 3 by eq. 1 provides eq. 4.  

 

……….(4) 

F D
0.446 F [Co]P

n
i = n A

RT





Chapter IIIB: Electrochemical Water Oxidation by High-valent Cobalt oxo Intermediate 

 

Ph.D Thesis AcSIR, November, 2017  110 
 

Background corrected ratio of icat and ip was plotted as a function of the inverse of the 

square root of scan rate. A linear fit (y = 3.41x) with zero intercept between icat/ ip and 

square root of scan rate results a slope (m = 3.41). From this slope rate constants for 

WO were obtained.  

3B. 4 Results and Discussion 

                  

              The complex (Et4N)[(Co
III

-bTAML)] 2 was synthesized by the addition of 

anhydrous cobalt(II)chloride onto deprotonated biuret-tetraamidomacrocyclic 

(bTAML) ligand L1 (Scheme 3B.1). The molecular structure of 2 was determined by 

X-ray crystallography (Figure 3B.1) which displayed a square planar geometry. The 

1
H-NMR spectrum of the complex 2 showed paramagnetically shifted signals of 

ligand indicating the paramagnetic nature of this complex (Appendix C1). The UV-Vis 

spectra of complex 2 display two bands at 485 and 618 nm which can be assigned to 

ligand to metal charge transfer transitions. The CV responses of 2 (0.5 mM) at room 

temperature in acetonitrile containing 0.1 M potassium hexafluoro phosphate (KPF6) 

as supporting electrolyte exhibit two redox waves (Figure 3B.2).  

 

 

Figure 3B.2: CVs of 0.5 mM 2 in acetonitrile (0.1 M potassium hexafluoro phosphate 

as the supporting electrolyte) at room temperature with varying scan rates. Inset shows 

Ip,a and Ip,c for two redox couple at different scan rates vs the square root of scan rate. 
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Figure 3B.3 (a) CVs of 0.25mM 2 in 0.1M phosphate buffer at pH = 9.2 (blue) and in pD = 

9.2 0.1M duetarated phoshate buffer (green) (scan rate 100 mV s
-1

). The red and black dotted 

line represents the CV in 0.1M phosphate buffer and 0.1M duetarated phoshate buffer 

respectively in absence of the catalyst. (b) Normalized CVs of 0.25 mM complex in 0.1 M 

phosphate buffer (pH = 9.2) at scan rates 600 mV/s (green), 400 mV/s (blue), 100 mV/s (red) 

and 80 mV/s (black) (c) CVs of different catalyst concentrations (0.084mM (red), 0.168 mM 

(blue), 0.34 mM (green), 0.5 mM (pink)) of 2 in 0.1M phosphate buffer at pH = 9.2. Inset 

shows variation of catalytic current with catalyst concentration. Black circles represent 

catalytic current and the red line represents the best fit line (y = 221x, R
2
 = 0.99) (d) A 

background corrected plot of icat/ip vs ν
-1/2

 has been represented for electrocatalytic WO by 2 

in 0.1M phosphate buffer at pH = 9.2 (red circle) and 0.1M duetarated phoshate buffer at pD 

= 9.2 (black circle). The red line represent the linear fit (y = 3.41x R
2
 = 0.99 for water and y = 

1.16x R
2
 = 0.98 for D2O) that was used for kinetic rate constant determination.  

 

The first reversible (Figure 3B.2) and 1e
—

 oxidation (ΔEp = 67 mV) wave at E1/2 = 1.09 V vs 

NHE is attributed to the oxidation of Co
3+

 to Co
4+

. A similar reversible 1e
—

 oxidation wave 

for complex 1a (Figure 3B.1) has been previously reported.
14

 On further scanning towards 
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more positive potential, a second reversible couple (Figure 3B.3 a inset & Figure 3B.2) with 

1e
—

 transfer wave at E1/2 = 1.5 V vs NHE was observed.  

 

Figure 3B.4: CVs of 0.5 mM (EtN4)[Co
III

(b-TAML)] (2) at 100mV/s scan rate in 

0.1M phosphate buffer at different pH (left). Plots of first (black circles) and second 

(red circles) anodic peak potential vs different pH. The red line indicates linear fit from 

pH 9 to pH 11with a slope of 118mV (right). 

 

The CV of 2 in aqueous solution (pH 7.4, 0.1 M phosphate buffer) displayed features which 

were different from the one observed in acetonitrile (Figure 3B.4). A first irreversible wave 

was observed at Ep,a = 1.1 V vs NHE and a second one at 1.5 V vs NHE which had an 

enhanced current above background indicating a catalytic process (Figure 3B.3 a, Figure 

3B.4). In order to assign the redox couple associated with both the waves, pH dependence of 

peak potential was examined in aqueous solution. On varying the pH from 7 to 11, Ep,a vs pH 

plot for the first electrochemical wave at Ep,a = 1.1 V showed an intial linear region from pH 

7 to 9 followed by a decrease having a slope of 118 mV per pH unit (Figure 3B.4). A 

decrease of 118 mV peak potential per pH change between pH 9 and 11 reflect either a step 

wise or concerted two proton and one elctron transfer process associated with the 

Co
IV

(O)/Co
III

 redox couple as has been shown in equation (III). 

In contrast, the irreversible peak at 1.5 V (Figure 3B.3 a) related to the catalytic 

process was found to be nearly pH independent over the complete pH range. This 

redox event can be assigned to the [Co
IV

(O)(bTAML)]
2—

/[Co(O)(bTAML)]
1—

 couple 

indicating formation of a high valent cobalt oxo species isoelectronic to Co
V
(O) 

(Equation (IV)). To have a better understanding of the redox processes, the CV of 2 
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was measured in 0.1 M phosphate buffer in both H2O and D2O (pH and pD of 9.2). In 

pH = 9.2 phosphate buffer CV responses of 2 (0.25 mM) displayed two irreversible 

oxidation waves first at Ep,a = 1.1 V and second at Ep,a = 1.5 V with an enhanced 

current above background indicating a catalytic process (Figure 3B.3 a, Figure 3B.4). 

At 0.1 M duetarated phosphate buffer of pD = 9.2, the first irreversible wave was 

shifted by 0.2V while the second wave remained constant. This indicates that the first 

irreversible wave is associated with a concerted proton-electron transfer (CPET)
23

 

process (Co
IV

(O)/Co
III

 redox couple) while the second wave is likely an pH 

independent electron transfer process.  

 

 

To find out if the irreversible oxidation wave at 1.5 V vs NHE is responsible for 

electrochemical WO, controlled potential electrolysis (CPE) experiment was carried 

out. CPE was carried out with 1 mM of 2 in 0.1 M phosphate buffer (pH = 9.2) at 1.5 

V vs NHE for three hours using 1cm
2
 Indium Tin Oxide (ITO) electrode as the 

working electrode to generate O2 which was subsequently detected and quantified 

using a Clark type oxygen sensor electrode. As a control, the same CPE experiment 

was carried out with 0.1 M phosphate buffer (pH = 9.2) in the absence of 2. During 

three hours of CPE, total 0.6 C charges was passed through the solution to yield 1.55 

μmol of dissolved oxygen (Appendix C2). Control experiments in absence of catalyst 

show production of 0.5 μmol oxygen due to 0.2 C charges. Based on the 4e
— 

process, 

the Faradaic efficiency was thus calculated to be 62%. We performed a number of 

controls to negate the possible formation of heterogeneous metal oxide films during 

CPE. The robustness of the molecular catalyst was strongly supported by the identical 

UV-Vis spectra (characteristic absorbance at 485nm and 618nm) before and after CPE 

(Appendix C3).  

 To verify the homogeneous nature of the catalyst consecutive scan cycles were 

carried out with the glassy carbon (GC) electrode when the current was found to 

decrease steadily and stabilize after twenty consecutive scan cycles (Figure 3B.5). 

This is in contrast to heterogeneous systems
24

 where the catalytic current increases 

constantly on repeated scanning.
 
Moreover, the GC electrode was taken out from the 

solution and washed carefully with only deionized water. On using washed GC  

(III) 

(IV) 
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Figure 3B.5: CVs (left, scan rate 100mV/s) were compared with the one recorded in the 

0.1M phosphate buffer (pH 9.2) without catalyst containing electrolyte with a polished glassy 

carbon electrode. The glassy carbon electrode was cycled forty times in 0.25 mM complex 2 

at pH 9.2.  It was gently rinsed off with deionised water, but was not polished, and then 

cycled in 0.1M phosphate buffer (pH = 9.2) without catalyst. Twenty continuous cycles in 

0.1M phosphate buffer (pH = 9.2) at 100mV/s scan rate (right). 

electrode (unpolished) in 0.1 M phosphate buffer no catalytic current was obtained 

which indicates the molecular nature of 2 during WO (Figure 3B.5).
25,26

 Thus, these 

experiments support that the homogeneous nature of 2 is retained in course of WO. 

Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy 

(EDX) of the working electrode before and after three hours of CPE were examined 

(Appendix C4 and C5). The inspection revealed identical surface morphology and 

composition of the ITO electrode ruling out the possibility of any heterogeneous 

cobalt oxide nanoparticles on the working electrode. In addition, examination of the 

aqueous solution after CPE by dynamic light scattering negate the formation of any 

cobalt oxide (CoOx) based nanoparticles. (Appendix C6) 

 CV responses of 2 was analyzed at different scan rates (ν) to understand the 

reactions involved in the catalytic process and determine the rate constants involved 

during O—O bond formation. The plot of normalized current [I/(ν)
1/2

] at 1.5 V vs 

potential display decrease in current with increasing scan rate indicated WO and the 

likelihood of O-O bond formation
9
 (Figure 3B.3 b). The catalytic current was found to 

be linearly dependent on the concentration of the catalyst (Figure 3B.3 c) indicating 2 
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to be a molecular catalyst with single site nature.
9
 The rate constant kobs (kobs = 

kcat[H2O]) for O2 formation was determined using the equation icat/ip = 

2.24n(RTkobs/Fν)
1/2

 where icat was determined from the current peak corresponding to 

[Co(O)bTAML]
—

/[Co(O)bTAML]
2—

 couple at 1.5 V, ip was estimated from the 

current at peak potential (Ep) for the [Co
IV

(O)bTAML]
2—

/[(Co
III

-bTAML)]
—

 wave, n 

= 4 (n is number of electrons for WO) and ν represents scan rate (see experimental 

section). The first-order rate constant (kobs = 5.68 s
-1

) was determined from the slope of 

the linear fit of icat/ip vs ν
-1/2

. To validate the involvement of atom proton transfer 

(APT)
27

 mechanism during WO, CV of 2 was performed in deuterated (D2O) 

phosphate buffer (pD = 9.2). A decrease in catalytic current in deuterated (D2O) 

phosphate buffer (pD = 9.2) compared to phosphate buffer (pH = 9.2) indicates the 

role of proton transfer in the mechanism of WO by 2 (Figure 3B.3 a). H/D kinetic 

isotope effect (KIE) of 8.63 determined from kobs-H2O/kobs-D2O indicates operation of the 

APT mechanism during WO (Figure 3B.3 d). Attempts were then made to obtain 

further insights into the intermediates involved in the catalytic cycle of WO. We first 

directed our efforts towards the spectroscopic characterization of the species generated 

during CV experiments after 1e
—

 and 2e
— 

oxidation of the parent [Co
III

-bTAML]. All 

our attempts to identify the nature of 1e
—

 oxidized species in phosphate buffer (pH = 

9.2, 0.1 M) by controlled potential electrolysis (CPE) of complex 2 at 1.2 V was 

unsuccessful probably due to instability of this cobalt(IV) complex in aqueous 

medium. We therefore decided to change the solvent to acetonitrile, a solvent known 

to be compatible with cobalt(IV) complexes reported earlier.
14

 Although the nature of 

the exact species (such as axial ligands etc.) might vary in both the solvents, 

identification of the nature of the high-valent cobalt-complex in acetonitrile can be 

used to improve our understanding about the key features of the catalytic cycle in 

water. In fact, the different CV responses in aqueous and non-aqueous solution can be 

correlated by recording CV reponses of 2 in acetonitrile with gradual addition of 

increasing amounts of phosphate buffer (10 µl; 0.1M pH = 9.2). It was observed that 

with increasing amounts of phosphate buffer the peak at 0.59 V vs Ag/AgNO3 for 

Co
3+

/Co
4+

 shifted towards more positive potential and at a 1.75% buffer concentration 

the peak approached 1 V vs NHE which was the E1/2 observed for 2 in pure pH = 9.2 

phosphate buffer (Appendix C7). The second redox couple at 1.5V vs NHE in 

acetonitrile remained unchanged upon addition of pH = 9.2 phosphate buffer 
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(Appendix C7, left). CPE of 2 at 1.2 V vs NHE in acetonitrile at -15
0
C displayed a 

change in color of the solution from purple to blue close to the surface of working 

electrode (ITO). 

 

 

 

Figure 3B.6: Absorption spectra of: (i) 0.1 mM complex 2 (black), (ii) [Co(O)bTAML]2-

synthesized chemically by addition of ceric ammonium nitrate to 2 (green) and (iii) , 

[Co(O)bTAML]
2-

 synthesized electrochemically by CPE at 1.2 V vs NHE (red). Inset shows 

HRMS of [(Zn)Co(O)bTAML]-[H]
+
 

UV-Vis spectral scan during CPE exhibited appearance of two new peaks at 600 and 

740 nm (shoulder peak) along with the parent cobalt(III) peak at 485 nm through a 

isosbestic point at 510 nm (Appendix C8). When this spectrum was deconvoluted the 

bands at 600 nm and 740 nm was clearly observed (Appendix C9). The deconvulated 

spectrum of this new species was very similar to the high-valent Co
IV

(O) species that 

was reported by Roy and Nam.
14

 Also, conversion of 2 to one electron oxidized 

species through isosbestic point indicates the associated equilibrium with this process 

(Figure 3B.6). When the oxidized blue species was taken out from the electrochemical 

cell, it immediately converted back to its more stable form 2 in absence of oxidation 

potential. It has been previously demonstrated that the binding of Lewis acid metal 

ions (M
n+

 = Sc
3+

, Y
3+

 Ce
3+

, Zn
2+

) to the cobalt oxo core shifted the redox 

tautomerisation equilibrium towards more stable [Co
IV

(O)(M
n+

)(TAML)] from 
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[Co
III

(O
•
)(TAML)]

2—
. To maximize the stability of more stable redox tautomer, CPE 

of 2 in acetonitrile was performed in presence of Lewis acid. In presence of zinc 

chloride (ZnCl2) at -15
0
C, 2 (0.1mM) converted completely to the blue color species 

with peaks at 600 nm and 740 nm (Figure 3B.6). Although the UV-Vis spectrum of 

this high-valent cobalt-oxo was identical in presence and absence of Lewis acid, its 

stability in presence of Lewis acid was significantly enhanced. An attempt to perform 

High Resolution Mass Spectrometry (HRMS) of this electrochemically generated 

species was unsuccessful probably due to interfering electrolytes. Interestingly, the 

same blue colored species having peaks at 600 nm and 740 nm in the UV-Vis could be 

generated by addition of the one electron oxidizing agent (ceric ammonium nitrate) to 

2 at -40
o
C in both dichloromethane and acetonitrile in presence of Lewis acid ZnCl2 

((Appendix C10). This chemically synthesized blue species in dichloromethane in 

presence of Lewis acid ZnCl2 revealed one high resolution ion peak at mass to charge 

(m/z) ratio of 497.026 in HRMS whose mass and isotope distribution patterns 

correspond to [Co
IV

(O)(Zn)(bTAML)(H
+
)] (Figure 3B.6 inset, Appendix C11). Thus 

this blue colored complex formed after 1e
—

 oxidation in acetonitrile can be assigned 

as [Co
IV

(O)(Zn)bTAML] and the first redox process at 1.09 V vs NHE can be assigned 

to [Co
IV

(O)(bTAML)]
2—

/[Co
III

(bTAML)]
1—

 couple. Interestingly, this Co
IV

(O)/Co
III

 

couple found in acetonitrile is also observed in aqueous phosphate buffer from pH 

dependent CV experiments. Although, we were unable to trap the 2e
—

 oxidized 

species, CV experiments in water indicate formation of a species which is 

isoelectronic to Co
V
(O). 

 We propose that during electrochemical WO at pH = 9.2, an 1e
—

 oxidation of the 

[Co
III

-bTAML]
—

 with the loss of two protons affords [Co
IV

(O)bTAML]
2—

. Further 

oxidation generates [Co(O)bTAML]
—

,which is isoelectronic to Co
V
(O) and stores two 

oxidation equivalents above cobalt(III). Due to the non-innocent nature of the bTAML 

ligand, we are unable to comment on the exact oxidation state of cobalt. We believe 

that it can be either Co
V
(O) or a Co

IV
(O)bTAML radical cation, similar to what has 

been proposed for porphyrins or corroles.  
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Scheme 3B.2: Atom proton transfer (APT) mechanism during O-O bond formation. B 

represents the base anion.  

This 2e
—

 oxidized species is likely the key intermediate responsible for O—O 

formation in the catalytic cycle during WO and is responsible for WO. Positive KIE 

values points out to a APT mechanism (Scheme 3B.2) involving base assisted 

nucleophilic addition of H2O to [Co(O)bTAML]
— 

to form the O–O bond. The 

formation of a highly unstable cobalt-hydroperoxo or peroxo species upon the attack 

of H2O to oxocobalt is subsequently oxidized to produce O2 resulting in a catalytic 

current. A large number of theoretical studies have also invoked a similar mechanism 

of O-O bond formation.
17 

 

 3B.5 Summary and Conclusions 

In summary, we report the synthesis of 2 which is capable of catalyzing 

electrochemical WO at pH = 9.2. The O—O bond formation step occurs due to the 

attack of H2O to a high valent intermediate (probably a [Co(O)bTAML]
—

. The O—O 

bond formation step is assisted by the presence of a base. We believe our study 

provides mechanistic insights which would help develop more active cobalt-based 

molecular electrocatalysts for WO. 
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4.1 Abstract  

High-valent iron(IV)-oxo porphyrin species have been implicated as key intermediates in the 

catalytic cycles of heme iron enzymes, such as cytochromes P450, peroxidases, and catalases. 

In these enzymes, proximal axial ligands are thought to play an important role in tuning the 

reactivities of iron(IV)-oxo porphyrin p-cation radicals, referred to as compound I (Cpd I).  

To understand the effect of axial ligand on several model complexes have been synthesized 

and changes in their reactivity were explored using experimental and theoretical analysis. 

However consequences of equatorial electronics on the oxygenation reaction by heme and 

non-heme high valent oxoiron complexes have not been reviewed in details probably due to 

the importance of a trans ligand on an Fe=O center in tuning the oxidative reactivity of 

various heme enzymes. Till date, there is no report reflecting the electronic effect on the HAT 

(Hydrogen atom transfer) and OAT (oxygen atom transfer) reaction by oxoiron(V) complex. 

In this chapter, we have synthesized a wide variety of oxoiron(III)bTAML complexes (1b-1f) 

having varying electron donating and withdrawing groups on the benzene ring of the head 

part of the complex. These complexes have been characterised by single crystal X-ray 

diffraction, HR-Ms, UV-Vis, electrochemistry and EPR spectroscopy. Then a series of 

oxoiron(V) complex (2b-2f) were synthesized by using the equimolar amount of aqueous 

sodium hypochlorite solution in acetonitrile at room temperature. All the oxoiron(V) species 

have been characterised by HR-Ms, UV-Vis, electrochemistry and EPR spectroscopy. The 

corresponding one electron reduced species (Fe
IV

O) of 2a-2f also have been synthesized at 

higher pH to calculate the pKa values of Fe
IV

(O-H) species. The iron(V)oxo complexes, 

containing an equatorial electron donating and withdrawing group have been used to 

understand the electronic effect on HAT and OAT reactions. The HAT rate for toluene 

increases linearly with increasing the redox potential of iron(V) oxo species. On the other 

hand, the elevated pKa of one electron reduced Fe
IV

(O-H) species is found to be responsible 

for the enhancement of HAT rate by electron rich oxoiron(V) species in line with the natural 

heme enzyme. The OAT rate enhancement for electron deficient oxoiron(V) is solely 

responsible for the increase in redox potential of the electron deficient metal oxo species. 

However, the increase in OAT rate for the electron rich oxoiron(V) species is a 

counterintuitive reactivity trend for an species which is considered to be essentially 

electrophilic.  
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4.2 Introduction 

            The selective transformation of the inert C−H bond to functional groups has far-

reaching practical implications and it has been studied for over several years.
1-7

 High-valent 

oxoiron(IV) and oxo iron(V) species have been implicated as the key intermediates in the 

catalytic cycles of heme and nonheme oxygen activating iron enzymes that selectively 

functionalize aliphatic C−H bonds.
8-9

 Significant progress in the understanding of the 

electronic and spectroscopic properties of these compounds, and how they react with C−H 

bonds in these enzymatic reactions has been done via both experimental and theoretical 

investigations.
10-12

 Several synthetic heme and nonheme high valent oxoiron(IV) 

intermediates has been synthesized to understand the intricate structural and spectroscopic 

properties of numerous  iron-containing enzymes.
13

 For both heme and nonheme oxoiron(IV) 

complexes effect of spin state, electronics, and sterics on the reactivity has been investigated 

in detail by analysing both the spectroscopic and theoretical results.
10-12

 The dramatic 

enhancement in hydrogen atom transfer (HAT) rate by electron donating axially ligated 

oxoiron(IV) complexes has been explained on the basis of two-state-reactivity (TSR).
14

 

According to TSR, the axial ligand helps to reduce the energy gap between the less reactive S 

= 1 and more reactive S = 2 spin states which is reflected in higher HAT reactivity. However 

consequences of equatorial electronics on the oxygenation reaction by heme and nonheme 

high valent oxoiron complexes have not been reviewed in detail probably due to the 

importance of a trans ligand on an Fe=O center in tuning the oxidative reactivity of various 

heme enzymes.
 
For non heme oxoiron(IV) complex contrasting effect of equatorial vs axial 

ligand in HAT reaction revealed that the equatorial ligand has minor effect on the reactivity. 

Further,  the effects of equatorial electronics on the oxoiron(IV) complexes generated from 

hypothetical model complexes (e.g [Fe
IV

(O)(CN)5]
3−

, [Fe
IV

(O)(NC)5]
3−

, and [Fe
IV

(O)(F)5]
3−

) 

for HAT reaction were explained by a new hybrid pathway (the Fe−O−H arrangement in this 

hybrid pathway is bent in sharp contrast to the collinear character as observed for the 

classical quintet σ-pathways before) that mixes features of the classical σ- and π-pathways in 

quintet surfaces.
15

 For compound I (oxoiron(IV)porphyrin radical cation) complexes 

equatorial electron donating and electron withdrawing substitutions at meso position of 

porphyrin ligand can alter the reaction rate of higher oxidised heme complexes. Earlier 

studies on equatorial substitutions (fluoro benzene) at meso position of porphyrin ligand 

framework indicated that the -electron donation substituents  increases the reactivity of cpd 
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I.
16a

 Recently, para- or meta trialkyl ammonium functional group substituted phenyl moiety at 

the meso position of porphyrin ligand significantly enhances the HAT reaction rates by cpd 

I.
16b

 However there is no report till date reflecting the electronic effect on the HAT and OAT 

(oxygen atom transfer) reaction by oxoiron(V) complex. Recently, a fully characterised 

nonheme [(bTAML)Fe
V
-O]

-
 (bTAML reperesent biuret modified tetraamido macrocyclic 

ligand) complex that is moderately stable at room temperature was shown to have great 

promise for the selective activation of strong C-H bond during organic transformation.
17

 

Previous DFT calculations suggests that the electronics of Fe=O bond can be manipulated by 

either an axial or equatorial substituent which will affect the energy of LUMO molecular 

orbital.
18

 Therefore, we assumed that the electron donating and withdrawing substituent on 

TAML ligand frame work will affect the redox potential of metal centre and pKa of the Fe=O 

moiety by altering the electronic structure of oxoiron complexes which will also reflect in 

their subsequent reactivity towards HAT and OAT. An highly electron rich oxoiron(V) 

complex increases the pKa of its one electron reduced species (oxoiron(IV)) to >12 which is 

very close to that of CytP450 enzyme. Therefore, an electron rich high valent oxoiron(V) will 

have a lower reduction potential and higher pKa of one electron reduced species which will 

help discriminate between a productive C-H oxidation over non-productive proton coupled 

electron transfer process, although the latter is more energetically favoured than the former 

process. Interestingly for an electron deficient oxoiron(V), the expected non-productive 

oxidation over productive oxidation due to its high reduction potential has not been observed 

in recent report. Therefore, it will be highly important to understand how electron donating 

and withdrawing substituent can alter the reactivity by manipulating the electronic structure 

which will help us to design complexes for complex organic transformations.  

In this chapter we showed the effect of electron donating as well as electron withdrawing 

substituent on the HAT and OAT reaction by oxoiron(IV) complexes. Effect of electronic 

substitution on the electronic structure and the reactivity pattern towards HAT and OAT 

reaction has been investigated in details.   

4.3 Experimental Section 

4.3.1 Materials  

          (Et4N)2[Fe
III

(Cl)(X-bTAML)] 1 was synthesized as described before.
19

 Aqueous 

sodium hypochlorite (reagent grade, Aldrich, available chlorine 4.00–4.99%) was used as 
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received and quantified by iodometry. Acetonitrile (LCMS grade, Aldrich) was used by 

passing through an activated neutral alumina column and then dried as described elsewhere.
20

 

All the substrate were purchased from sigma-aldrich as 99.8% pure and were passed through 

activated neutral alumina and distilled prior to use; its purity was checked by GC-MS. All 

reactions were carried out in argon environment, unless otherwise specified. Deionized water 

was used to make the sodium hypochlorite stock solutions for the reaction and kinetic runs. 

4.3.2 Instrumentation  

            UV-vis spectral studies were carried out using an Agilent diode array 8453 

spectrophotometers attached to a Peltier temperature controller. The X-band electron 

paramagnetic resonance (EPR) spectrum was recorded in a Bruker EMX X-band 

spectrometer operating at a field modulation of 100 kHz, modulation amplitude of 7 G and 

microwave radiation power of 10 mW at 90 K, unless otherwise specified. 

Gas chromatography (GC) was performed on a PerkinElmer Arnel Clarus 500 instrument 

equipped with a hydrogen flame ionization detector and HP-5 (30 m × 0.32 mm × 0.25 μm) 

column. Helium was used as carrier gas at a flow rate of 30 mL min
–1

. GC-MS analysis were 

performed on an Agilent 5977A mass-selective detector interfaced with an Agilent 7890B GC 

in similar conditions using a HP-5-Ms capillary column (30 m × 0.32 mm × 0.25 μm, J & W 

Scientific).  

4.3.3 Generation of [Fe
V
(O)]

–
 samples and kinetic study with various substarte 

               A 0.45 mM solution of [X-(bTAML)Fe
III

Cl]
2–

 (1) was converted to 3 by using 1.2 

equivalents of sodium hypochlorite (NaOCl) in acetonitrile.
19, 17

 In all cases, nearly 

quantitative conversion was confirmed by UV-Vis spectroscopy (Figure 2.2). After the 

formation of oxoiron(V) substrate was added by gas tight micro syringe under an argon 

atmosphere and the reaction was monitored by UV-kinetics. The kinetics for the oxidation of 

toluene and cyclooctene by oxoiron(V) were monitored in the kinetic mode of the 

spectrophotometer using 1-cm quartz cell at 395 nm at the isosbestic points of Fe
IV

 species 

and Fe
III

 at 30.0 ± 0.5 °C as well as other temperatures. All the kinetic experiments were 

carried out in a degassed acetonitrile solvent. The pseudo first-order rate constants kobs 

(calculated by monitoring changes at around 395 nm) were obtained from nonlinear curve 

fitting [(At = Aα – (Aα – Ao)e
(-k

obs
t)
]. Resulting kobs values correlated linearly with substrate 

concentration to afford the second order rate constant k2.
21,22
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4.4 Results and Discussion 

 4.4.1 Synthesis and Characterisations 

                 A series of electron withdrawing and donating group substituted biuret modified 

tetraamido iron(III) chloro complex ([(X-bTAML)Fe
III

-Cl]
2- 

; X represents the substitution in 

phenyl ring as depicted in figure 4.1) has been studied to understand the electronic effects 

during oxygenation reaction by their higher oxidized analogs. All the starting iron(III) 

complexes were characterized by XRD,
19c

 HRMS,
19c

 UV-Vis, Electrochemistry
19c

 and EPR 

spectroscopy (see appendix D1). When the equimolar amount of aqueous sodium 

hypochlorite was added into 1a-1f, initially a dark violet colored species (having a broad 

absorption around 890-950nm) was formed which subsequently decayed to a green colored 

species (nitro substituted complex shows amber color). UV-Vis spectral changes show that 

after addition of an equimolar amount of oxidant, it first formed a EPR silent dimeric μ-

oxodiiron(IV) species similar to the unsubstituted one.
17

 Then the dimeric iron complex 

decayed to a green colored oxoiron(V) species as has been observed from UV-Vis ( 

characteristic peak at 445nm and 610nm)
17

 and EPR (characteristic of published EPR of 1a).  

 

 

Figure 4.1: Schematic representation of biuret modified tetraamido macrocyclic iron(III)-

chloro complexes ([(X-bTAML)Fe
III

-Cl]; X- OMe, H, F, Cl, CN, and NO2) and ([(Y-

bTAML)Fe
V
-O]; Y- OMe, H, F, Cl, CN, and NO2 synthesised by previous published 

procedure.
17,18
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Figure 4.2: X-band EPR spectra of 2a, 2c, 2d and 2e complex (for details of EPR spectra see 

experimental section).   

The EPR spectroscopy for all substituted oxoiron(V)bTAML complex shows a gx, gy and gz 

tensor similar to that of S = ½ 1a
17, 22

 which indicates that 2b-2f are S = ½ oxoiron(V) species 

(Figure 4.2, EPR spectra of 2a and 2f published elewhere
17, 22

). The electronic effect on the 

iron center is reflected from the UV-Vis spectra; upon increasing electron density (from –

NO2 to -OMe substituted oxoiron(V)) absorption band at 600 nm shows a red shift (540 nm 

for –NO2 to 662 nm for –OMe, Figure 4.3, Table 4.1).   
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Figure 4.3: UV-Vis absorption spectra of oxoiron(V) for 2a-2f, synthesized by oxidizing 

their iron(III) analog with sodium hypochlorite in acetonitrile at room temperature.   

 

Table 4.1: Spectroscopic and kinetic properties of iron(III) and oxoiron(V) complexes.  

Complexes max (nm) of 

Fe(III) 

(, M
-1 

cm
-1

) 

max (nm) of [Fe
V
O]

-
 

(, M
-1 

cm
-1

) 

Decay rate 

of [Fe
V
O]

-
 

k5/4,3  s
-1

 

[(OMe-bTAML)Fe] 381(5500) 448(5300), 662(4800) 3.1 ×10
-4

 

[(H-bTAML)Fe]
17,22

 381, (3800) 441 (4350), 613 

(3420) 

4.45 ×10
-5

 

[(F-bTAML)Fe] 377, (4150) 435 (3858) 609(2900) 4.8 ×10
-4

 

[(Cl-bTAML)Fe] 372, (4400) 436(5000), 598(3920) 4.3 ×10
-4

 

[(NC-bTAML)Fe] 386, (6350) 433(6200), 532(5240) 4.1 ×10
-4

 

[(O2N-bTAML)Fe]
19b

 380(9000) 540(6500) 3.75 ×10
-4

 

Footnote: All the max values have been determined in acetonitrile solution at room 

temperature. The decay rate constants (k5/4,3 s
-1

) of all [Fe
V
O]

- 
experimentally determined 

similarly to the published literature.
17
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4.4.2 Electronic effect on HAT and OAT reactivity 

             To understand the electronic effects on the reactivity of hydrogen atom transfer 

(HAT) and oxygen atom transfer (OAT) by oxoiron(V), toluene and cyclooctene were chosen 

as a substrate respectively. Hydrogen atom abstraction rate by 2b-2f was measured under 

single TON condition under argon atmosphere following methods published by us earlier.
17

 

To measure KIE, the rate constant for hydrogen atom (kH) and the rate constant for deuterium 

(kD) was measured in the presence of toluene and toluene-d8 respectively at room 

temperature using substituted oxoiron(V). The non-classical KIE values for 2b-2f indicate 

that the rate determining step is hydrogen atom abstraction similar to 2a (Table 4.2). The 

HAT rate for electron withdrawing group increases linearly with the increasing electron 

deficiency on ironoxo center (Figure 4.4). Interestingly, with electron donating substituent the 

HAT rate was also increased (Figure 4.4). Increase in HAT rate for nitro substitution is twice 

than that of methoxy substitution compared to 2a.  

 

Table 4.2 The kinetic isotope effect (KIE) for C-H abstraction of toluene and toluene-d8 at 

room temperature by different substituted oxoiron.  

Complex 2b 2a 2c 2d 2e 2f 

kH/kD 5 8 12 26 39 46 

 

Further, OAT from 2a-2f to cyclooctene was studied to understand the effect of electron 

donating and withdrawing groups on the equatorial plane of ironoxo complex. The rate of 

OAT was measured according to the previously published method by us (see appendix D for 

details about kinetic study).
24

 The OAT rate increased with decreasing electron density on 

ironoxo center but surprisingly, the OAT rate for electron rich oxoiron center is also 

increased (Figure 4.6).   
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Figure 4.4: Plot of second order rate constants (k2) for C-H abstraction of Toluene by 2b 

(red), 2a (blue), 2c (green), 2d (black), 2e (brown), and 2f (pink) versus formal redox 

potential (E
0`

) of Fe
V/IV

.  

The increased reactivity of both HAT and OAT for electron deficient oxoiron(V) (2a to 2f) 

can be rationalized by considering the thermodynamic affinity (BDE of Fe
IV

O-H, Figure 4.5) 

of the metal oxo species.
25

 The Thermodynamic affinity (BDE Fe-OH) can be calculated 

form the figure shown below. 

 

Figure 4.5: The thermochemical cycle of C-H abstraction to calculate BDE(Fe
IV

O-H). 
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The increased rate of HAT for the electron deficient oxoiron(V) is predominantly controlled 

by the redox potential of Fe
V
(O)/Fe

IV
(O) couple which is similar to that observed in heme 

systems. According to BDE equation, the extent of HAT depends on both the redox potential 

of the Fe
V
(O)/Fe

IV
(O) couple and the pKa of Fe

IV
(O-H):  

 

It is worth noting that although the redox potential increases with decreasing the electron 

density on the central metal ion but the decreasing trend in pKa of the reduced metal will have 

opposite effect on the HAT rates. The BDE equation shows that changes in pKa effect 

reaction rates more significantly than changes in redox potentials (23 times). Therefore, the 

HAT rate in case of electron deficient oxoiron(V) species increased with increasing the redox 

potential of Fe
V
(O)/Fe

IV
(O) couple. Therefore, the experimentally calculated activation 

energy (ΔG
#
) for HAT linearly varies with electron affinity of metal oxo species and 

BDE(Fe
IV

-OH) (see appendix  D5 for plots). 

 

Figure 4.6: Plot of second order rate constants (k2) for epoxidation of cyclooctene by 2b 

(red), 2a (blue), 2c (green), 2d (black), 2e (brown), and 2f (pink) versus formal redox 

potential (E
0`

) of Fe
V/IV

.  
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On the other hand, the high HAT rate of electron rich oxoiron(V) ( 2b) can be explained on 

the basis of elevated pKa of Fe
IV

O-H (11.3, Table 4.3, for details of pKa calculations, see 

Appendix D) as has been observed for natural heme enzyme where the elevated pKa 

increased the HAT rate by suppressing the non-productive oxidation pathways.
26

 However, to 

obtain a better understanding as to how the frontier MO’s control the HAT reactivity by these 

electron rich oxoiron(V), DFT calculations are currently being carried out. 

For the OAT process, on the other hand, two electrons need to be transferred simultaneously 

to the antibonding orbitals of the M=O core and a similar ferryl basicity approach, as in the 

HAT process, will not be applicable. A detailed OAT mechanism for the reaction of 

electrophilic oxoiron(V) with electron rich olefins has been reported by us. Therefore, 

increasing the electrophilicity will enhance the OAT rate as has been demonstrated for most 

of the metal oxo mediated OAT process. A plot of second order rate of OAT vs redox 

potential of Fe
V
(O)/Fe

IV
(O) indicates that OAT rate increases with increasing the 

electrophilicity of ironoxo species (Figure 4.6, Table 4.3). However, for an electron rich 

oxoiron(V), increase in the HAT rates were observed. This is however counterintuitive when 

the reactivity trends essentially electrophilic species are discussed. Similarly, the increased 

OAT (e.g., the oxidation of sulfides and phosphines) rate for the axial ligand effect in heme 

enzyme is not clear because how increased ferryl basicity would account oxo-transfer 

reactions.  

Table 4.3: Summary of the effect of redox potential and pKa on the oxygenation reaction by 

various [(bTAML)Fe
V
O]

-
 complexes. 
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These questions are addressed by a combination of experimental and theoretical approaches 

in case of model Cpd I complexes. In heme analog, the DFT calculation showed that as the 

ligand becomes a better electron donor, the Fe=O bond becomes weaker thereby encouraging 

oxo-transfer reactivity.
27

 We believe that for electron rich systems, the weakening of the 

Fe=O bond occurs which thereby facilitates the ease of O atom transfer onto the olefin. 

However, detailed spectroscopic and theoretical studies are needed to support this hypothesis. 

4.5 Summary and Conclusions 

In summary, we have synthesized a wide variety of oxoiron(III)bTAML complexes (1b-1f) 

having electron donating and electron withdrawing groups on the benzene ring of the head 

part of the complex. These complexes have been characterised by single crystal X-ray 

diffraction, HR-Ms, UV-Vis, electrochemistry and EPR spectroscopy. Then a series of 

oxoiron(V) complex (2b-2f) have been synthesize by using the equimolar amount of aqueous 

sodium hypochlorite solution in acetonitrile at room temperature. All the oxoiron(V) species 

have been characterised by HR-Ms, UV-Vis, electrochemistry and EPR spectroscopy. One 

electron reduced species (Fe
IV

O) of 2a-2f also have been synthesized at higher pH to 

calculate the pKa values of Fe
IV

(O-H) species. The iron(V)oxo complexes, containing an 

equatorial electron donating and withdrawing group have been used to understand the 

electronic effect on HAT and OAT reactions. The HAT rate for toluene increases linearly 

with increasing the redox potential of iron(V) oxo species. On the other hand, the elevated 

pKa of one electron reduced Fe
IV

(O-H) species is found to be responsible for the enhancement 

of HAT rate by electron rich oxoiron(V) species in line with the natural heme enzyme. The 

OAT rate enhancement for electron deficient oxoiron(V) is solely responsible for the increase 

in redox potential of the electron deficient metal oxo species. However, the increase in OAT 

rate for electron rich oxoiron(V) species is a counterintuitive reactivity trend for an 

essentially electrophilic species.  
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5.1 Abstract 

A major research effort has evolved which focuses on biologically inspired metal complexes 

mimicking the structures and function of H2O2 or oxygen (O2) activating metalloenzymes. In 

recent years various metal complexes have been investigated, each employing a myriad of 

donor ligands to effectively catalyse either O2 or peroxide-dependent oxidation reactions. The 

major challenge in the design of peroxide-activating catalysts is selecting a suitable metal 

ligand which can stabilize high-valent metal oxidation states while simultaneously remaining 

resistant to self-oxidation. Recently, a highly stable oxoiron(V) in bTAML ligand framework 

indicates that the highly electron rich deprotonated amide plays a key role in formation and 

stabilization of such reactive species. We hypothesize that a π electron cloud around the 

metal center along with the deprotonated amide would drastically affect the formation and 

stability of high-valent species. This work presents the synthesis and spectroscopic 

characterizations of a [Fe
III

-Cl(tTAML)](PPh4)2 complex of a tetrauret modified tetraamido 

macrocyclic ligand.  The complex was characterized primarily by means of EPR and single 

crystal X-ray diffraction. The EPR spectroscopy of [Fe
III

-Cl(tTAML)](PPh4)2 complex  

shows signals consistent with S = 3/2 intermediate-spin ferric-iron. Besides EPR, HR-MS and 

UV/vis spectroscopy were used to further characterize it. 

 

5.2 Introduction 

One of the most significant challenges in the field of synthetic organic chemistry has been the 

development of methodology which allows synthesis of complex natural molecules by 

selective oxidation of C–H bonds under mild conditions.
1-15

 An approach pursued by many 

chemists to achieve this goal has been to mimic enzymes that function as oxidation catalysts. 

Several efforts have been made to develop catalyst systems that can catalyze this 

transformation, especially with cheap and available metals like iron.
16-18

 Both heme
19-21

 and 

its related systems (e.g. Corroles and Phthalocyanines)
22-26

 as well as non-heme iron 

complexes
21, 27-37

 have been studied in detail. Designing metal complexes that activate H2O2 

or O2 but are themselves inert to oxidation is the key to the synthesis of efficient transition 

metal oxidation catalysts. 
38

 Nature has evolved enzymes that are very efficient as oxidation 

catalysts. These include cytochrome P450 and peroxidases; enzymes that use an iron(IV) 

oxoporphyrin radical cation intermediate to catalyze the oxidation of various organic 

substrates selectively and efficiently.
39,40

 Major research efforts have been directed towards 
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the synthesis of biologically inspired metal complexes that mimic the structure and function 

of these oxidases.
41-50

 Among these, non-heme iron complexes bearing tetradentate N-donor 

ligands have shown great potential as catalysts for effective C–H  bond oxidations with high 

levels of regio and chemo-selectivity. The first non-heme iron complex reported to catalyse 

oxidation of alkanes using H2O2 as the oxidant was high valent Fe-TPA complex.
33, 51-58

 

However, the discovery of PDP,
17, 59-62

 BPMEN
63-70

 and 
Me,H/Me

PyTACN
34, 62

 ligand based 

iron complex allowed oxidation of unactivated C–H  bonds in aliphatic compounds with 

predictable selectivity, even in complex molecular scaffolds in  a catalytic manner.  

In the last few years, significant developments have been made in characterizing the non-

heme iron(IV)–oxo species intermediates and understanding their reactivity in a variety of 

oxygenation reactions. In contrast, although non-heme iron(V)–oxo intermediate was 

discovered in 2007,
71

 Fe-bTAML represents the only system till date in which the Fe
V
(O) is 

fully characterized by Mössbauer, EPR, XAFS, HR-MS and Resonance Raman.
71, 72

 The 

inability of the Fe
V
(O)(TAML) to oxidize unactivated C-H bonds is due to its instability 

above -40 °C. Hence, if a robust ligand system can be developed that stabilizes Fe(V)-oxo 

between 0 °C and RT, we believe it would be very reactive towards unactivated C-H bonds.  

The biuret modified Fe-bTAML reported previously, forms the corresponding Fe
V
(O) 

quantitatively using mCPBA or NaOCl at room temperature.
73,74

 It has been shown to 

catalyze the hydroxylation of unactivated C–H  bonds,
73, 74 

epoxidation of electron 

rich/deficient C=C bonds
75

 and oxidation of alcohols to aldehydes/ketones
76

 under single 

turnover conditions. For epoxidation reactions, Fe-bTAML catalyzed epoxidation of alkenes 

with NaOCl as the oxidant gives modest turnover numbers.
75

  

The intriguing stability of oxoiron(V) in bTAML ligand framework indicates that the highly 

electron rich deprotonated amide plays a key role in formation and stabilization of such 

reactive species. We hypothesize that a π electron cloud around the metal center along with 

the deprotonated amide would drastically affect the formation and stability of high-valent 

species. Therefore, we designed a tetrauret modified tetraamido macrocyclic ligand (tTAML) 

according to figure 5.1. 
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 Figure 5.1:  Proposed tetrauret modified tetraamido macrocyclic iron complex 

[Fe
III

(tTAML)]
2-

 complex. 

 

5.3 Experimental section 

5.3.1General Methods 

All the chemicals and solvents were obtained either from Aldrich Chemical Co. USA 

or Fisher Scientific Company, USA and used as obtained without further purifications unless 

otherwise stated. Tetrahydrofuran (THF) was purified using sodium and benzoephenone. 
1
H-

NMR spectra were obtained using a 600 MHz Brüker Avance instrument equipped with a 5 

mm triple resonance inverse probe. Infrared (IR) spectra were obtained using a Nicolet 

Magna IR 500 spectrometer. Electrospray ionization mass spectra (ESI-MS) were obtained 

using an Applied Biosystem API-4000 spectrometer or using an Agilent 100 series MSD VL 

spectrometer. Electrochemical studies were performed using a Pine Instrument Company 

Biopotentiostat (model No. AFCBP1). When acetonitrile was used as organic solvent, 

tetrabutylammonium hexafluorophosphate ([NBu4]PF6) was added in a concentration of 0.1M 

to act as supporting electrolyte. 

5.3.2 Electron paramagnetic resonance (EPR) spectroscopy 

X-band (9 GHz) EPR spectra were recorded on a Bruker EMX Plus spectrometer equipped 

with a bimodal resonator (Bruker model 4116DM). Low-temperature measurements were 

made using an Oxford ESR900 cryostat and an Oxford ITC 503 tempera- ture controller. A 

modulation frequency of 100 kHz was used for EPR spectra. 

 

5.3.3 Crystallographic Details  

            For the single Crystal X-ray diffraction experiment, as synthesized crystals of the 

respective materials were taken out of the solution and coated with Paratone-N oil. It was 

then placed in a nylon cryoloop (Hampton research) and then mounted in the diffractometer. 
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The data collection was done at 298 K. The crystals were mounted on a Super Nova Dual 

source X-ray Diffractometer system (Agilent Technologies) equipped with a CCD area 

detector and operated at 250 W power (50 kV, 0.8 mA) to generate Mo Kα radiation (λ = 

0.71073 Å) and Cu Kα radiation (λ = 1.54178 Å) at 298(2) K. Initial scans of each specimen 

were performed to obtain preliminary unit cell parameters and to assess the mosaicity 

(breadth of spots between frames) of the crystal to select the required frame width for data 

collection. CrysAlisPro program software was used suite to carry out overlapping φ and ω 

scans at detector (2θ) settings (2θ = 28). Following data collection, reflections were sampled 

from all regions of the Ewald sphere to redetermine unit cell parameters for data integration. 

Following exhaustive review of collected frames, the resolution of the data set was judged. 

Data were integrated using CrysAlisPro software with a narrow frame algorithm. Data were 

subsequently corrected for absorption by the program SCALE3 ABSPACK1 scaling 

algorithm. These structures were solved by direct method and refined using the SHELXTL 

972 software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final model was refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C-H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. In 

some cases modelling of electron density within the voids of the frameworks did not lead to 

identification of recognizable solvent molecules in these structures, probably due to the 

highly disordered contents of the large pores in the frameworks. Highly porous crystals that 

contain solvent-filled pores often yield raw data where observed strong (high intensity) 

scattering becomes limited to ~1.0 Å at best, with higher resolution data present at low 

intensity. Additionally, diffused scattering from the highly disordered solvent within the void 

spaces of the framework and from the capillary to mount the crystal contributes to the 

background and the ‘washing out’ of the weaker data. Electron density within void spaces has 

not been assigned to any guest entity but has been modeled as isolated oxygen and/or carbon 

atoms. The foremost errors in all the models are thought to lie in the assignment of guest 

electron density. The structure was examined using the ADSYM subroutine of PLATON
3
 to 

assure that no additional symmetry could be applied to the models. The ellipsoids in ORTEP 

diagrams are displayed at the 50% probability level unless noted otherwise.  

 

5.3.4 Synthesis of the complex 
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Scheme 5.1: The general scheme for the synthesis of ligand (L4) and its iron (III) 

complex (1) 

 

Synthesis of (2-Amino-phenyl)-carbamic acid tert-butyl ester (3) 

O-phenylenediamine (3 gm, 27.8 mmol) and triethylamine (27.8 mmol, 3.8 mL) were dissolved 

in 47 mL of dry THF (dried over sodium and benzophenone). Di-tert-

butyl-carbonate (6.05 gm, 27.8 mmol) was dissolved in 50 mL of 

THF. Both the solutions were combined in two gas tight syringes 

separately and added in a three neck round bottom flask containing 50 mL THF via a syringe 

pump at 0 ºC. The addition was completed within 16 h. The reaction mixture was then further 

stirred at room temperature for another 4 h. After the reaction, solvent was removed using a 

rotoevaporator. The residue was dissolved in 200 mL dichloromethane and washed with 5% 

Na2CO3 (3 x 100 mL). The organic layer was collected and dried using anhydrous sodium 

sulphate. After filtration, the organic layer was concentrated using a rotary evaporator to yield 

the slightly yellow product L1. The compound was further purified by recrystallizing from 

benzene. Yield (4.68, 81%). 
1
H-NMR δH (DMSO-d6, 200MHz): 1.48 (s, 9H for k), 4.84 (s, 2H 

for a), 6.55 (m, broad, 1H for e), 6.59 (m, 1H for c), 6.72 (m, 1H for d), 7.20 (d, 1H for f). 
13

C-

NMR δc (CDCl3, 200MHz): 28.29(k), 80.15(j), 117.58(c), 119.60(e), 124.37(d), 126.12(f), 
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139.90(b), 153.82(i); IR (solution,  max/cm
-1

), N-H 3443 and 3476 (CONH), 1681 (C=O, 

carbonate),  1683, (CONH). 

 

Synthesis of (L2) 

L1 (2.08 gm, 10 mmol,) was dissolved in 50 mL dry THF. To this solution was added 

triethylamine (1.4 mL, 10 mmol). The mixture was 

transferred to a 100 mL two neck round bottom flask and 

cooled to 0 ºC. N-Me acid chloride (1.45 mL, 11 mmol) 

dissolved in 50 mL dry THF was added into a dropping 

funnel and the solution was combined slowly for 60 min to 

the other solution drop-wise under nitrogen atmosphere. 

During the addition, a white precipitate was noted to be 

formed. After addition of N-Me acid chloride, the reaction 

mixture was brought to room temperature and stirred overnight under inert atmosphere. After 

the reaction the solution was filtered to remove insoluble and filtrate was collected. The 

residue was dissolved in 200 mL dichloromethane and washed with 5% Na2CO3 (3 x 100 

mL). The organic layer was collected and dried using anhydrous sodium sulphate. After 

filtration the organic layer was concentrated using a rotary evaporator to yield an off-white 

crude product, L2. Following evaporation of the solvent, the product was washed with 

diethyl ether and dried in vacuum. The compound L2 was further purified by recrystallizing 

from benzene. Yield (4.09 g, 80%). 
1
H-NMR (DMSO-d6, 200MHz): 1.41 (s, 18H for m, m΄), 

3.38(s, 3H for a), 7.16 (m, 4H for f, f΄, g, g΄), 7.41 (m, 2H for h, h΄), 7.66 (m, 2H for e, e΄), 

8.78 (s, 2NH for c, c΄), 10.17 (s, 2NH for j, j΄). 
13

C-NMR δc(DMSO-d6, 200MHz): 27.85(m, 

m΄), 79.10(k, k΄), 124.49(f, f΄, g, g΄), 130.73(e, e΄, h, h΄), 131.45(i, i΄), 153.56(k, k΄), 

154.14(b, b΄). IR (KBr, max/cm
-1

), 3498 and 3524 (CONH), 1742 (C=O, carbonate) 1631 

(C=O, amide), 1200 (C-O, ester), 1295 (C-N, amide). 
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Synthesis of (L3)  

L2 (1.5 gm, 3.18 mmol) was dissolved in 10 mL dichloromethane and cooled to 0 ºC. To this 

solution was added a mixture of trifluoroacetic acid (10 

mL) and dichloromethane (20 mL) drop-wise over a 

period of 30 min under inert atmosphere. After the 

addition, the reaction mixture was brought to room 

temperature and stirred for another 2 h. The reaction 

mixture then was concentrated using a rota evaporator to 

obtain a slightly yellow viscous liquid. This solution was 

diluted with 75 mL of water and the pH was adjusted with enough 1 M sodium hydroxide 

solution to bring the pH of the solution to 10 and then extracted with 20mL of 

dichloromethane (3 x 20mL). The organic layer was dried using anhydrous sodium sulphate. 

After filtration the organic layer was concentrated using rotary evaporator to yield the white 

product. Yield (0.72 g, 79%). 
1
H-NMR (DMSO-d6, 200MHz), 3.93 (s, 3H for a), 4.90 (br, 4H 

for i, i΄), 6.75 (m, 2H for e, e΄), 6.79 (m, 2H for g, g΄), 6.96 (m, 2H for f, f΄), 7.22 (dd, 2H for 

d, d΄), 7.79 (s, 2H for j, j΄). 
13

C-NMR δc(DMSO-d6, 200MHz): 31.86(a), 117.18(g, g΄), 

119.60(d, d΄), 124.37(e, e΄), 126.12(c, c΄), 139.90(h, h΄), 153.82(b, b΄). IR (KBr,  max/cm
-1

), 

3263 (N-H, amine), 1642 (C=O, amide), 1320 (C-N, amide). 

 

Synthesis of (L4) 

L3 (0.408 g, 1.31 mmol) was dissolved in 30 mL dry THF and to the solution was added 

triethylamine (0.38 mL). The solution was collected in a gas tight 

syringe. N-Me acid chloride (0.11 mL, 1.31 mmol) was dissolved 

in 30 mL dry THF and collected in another gas tight syringe. 

Both solutions were added drop-wise via syringe pump, into a 

round bottom flask containing 30 mL dry THF that had been 

cooled to 0 ºC and maintained under inert atmosphere. The 

addition was completed in 16 h. The mixture was allowed to continue stirring for an additional 

4 h at room temperature. Precipitate from the reaction mixture was collected by filtration and 

washed with copious amount of distilled water. The resulting product was transferred to a 

round bottom flask and 200mL of diethyl ether added.  The mixture was sonicated for 15 
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minutes and then filtered.  The precipitate was collected and rinsed with additional ether to 

further purify the material.  The resulting product was dried for 12 h under vacuum at 80 ºC to 

yield the desired macrocyclic ligand (L4). Yield (0.36 g, 72%). 
1
H-NMR (d

6
-DMSO, 

200MHz), 3.26 (s, 6H fo a, a΄), 7.14 (dd, 4H for c, c΄, e, e΄), 7.59 (dd, 4H for d, d΄, f, f΄), 10.13 

(s, 4H for b, b΄, g, g΄); ESI-MS (negative ion mode): m/z, 381.139(M-H
+
, 100%). IR (KBr,  

max/cm
-1

), 1642, 1663, 1602 (C=O, amide), 1298 (C-N, amide).  

 

Synthesis of 1 (with Li
+
 as counter cation of the Fe-complex) 

L4 (200 mg, 0.52 mmol) was dissolved in 30 mL dry THF in a 100 mL Schlenk flask 

containing a magnetic stir bar and fitted with an N2 gas line. The mixture was cooled to 0 ºC 

using an ice bath. To this mixture was added n-butyllithium (2.56 mmol, 1 mL) and the 

reaction mixture was stirred for 15 min. After stirring for an additional 15 min at room 

temperature, ferrous chloride (72.6 mg, 0.57 mmol), was added and the solution was allowed to 

stir overnight under N2 atmosphere. During the reaction the mixture turned deep brown. The 

solution was opened to air and the red precipitate was collected by filtration and washed with 

dichloromethane for several times.  Yield (0.19 g, 79%). HR-MS (negative ion mode): m/z, 

434.0420 (434.0420 calculated for C18H14FeN6O4 (without axial Cl ligand), 100%). IR (KBr, 

max cm
-1

), 1640 (C=O amide), 1300 (C-N amide).  

Synthesis of [PPh4]2 ((with PPh4
+
 as counter cation of the Fe-complex) 

Lithium salt of 1 (0.4 g, 0.87 mmol) was dissolved in deionized water (3 mL) and the solution 

was filtered. A solution of [PPh4]Cl (2.1 g, 5.6 mmol) in water (5 

mL) was added drop-wise to the solution of 2 on stirring. A light 

red precipitate formed was collected and dried in vacuum. Yield 

(0.48 g, 72%). X-ray diffraction quality crystal was obtained by 

vapour diffusion method. 
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5.4 Results and discussion 

The complex (PPh4)2[Fe
III

(tTAML)] (1; Figure 5.1) was obtained by the base-assisted 

insertion of FeCl2 into the tetrauret tetraamido macrocyclic ligand (tTAML) L4 which gets  

 

 

 

Figure 5.2: UV-Vis of 5 x 10
-4

 mM of (PPh4)2[Fe
III

(tTAML)] in acetonitrile (left). X-band 

(operating at a field modulation of 100 kHz, modulation amplitude of 10 G and microwave 

radiation power of 10 mW at 90K) EPR spectra of (PPh4)2[Fe
III

(tTAML)] in acetonitrile.  

oxidized to corresponding Fe(III) complex only after exposure to air during the synthesis. 

The X-band EPR spectroscopy at 90K temperature shows g values at 5.4, 4.2 and 2.1.  This g 

values indicate that in (PPh4)2[Fe
III

(tTAML)] complex central metal ion spin state is S = 3/2. 

The UV-Vis of (PPh4)2[Fe
III

(tTAML)] in acetonitrile shows very weak absorbance at 472 nm. 

But in case of (PPh4)2[Fe
III

(bTAML)]  complex this value is at 380 nm. The complex 

crystallizes in tetragonal crystal system (space group, I 2/a). The crystal structure shows that 

the complex is highly puckered. The phenyl ring goes out of the molecular plane which 

results in butterfly kind of geometry. This puckered geometry is probably due contraction in 

metal binding pocket compared to the bTAML iron complex. 
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Figure 5.3: ORTEP diagram of (PPh4)2[Fe
III

(tTAML)] complex. 

The X-ray crystal structure of (PPh4)2[Fe
III

(tTAML)] indicates a square-pyramidal Fe(III) 

with an axial Cl atom (Figure 5.3). There are two type of Fe-N bond in this molecule. The 

one Fe–N bond length is 1.88(2) Å and the other one is 1.90 Å. The Fe(III) lies 0.248 Å 

above the plane formed by the four donor nitrogens (NA, NB, NC, ND). The N5 atom of the 

Me-biuret ring is 3.09 Å away from the Fe(III) indicating that this N-atom is not involved in 

bonding with the Fe(III) center. The Me-biuret ring is close to planarity and the torsion angle 

between the C(N-Me) –N(N-Me) and C(nearest C of amide) -N planes is around −175.13°. 

Therefore the N5 atom in the six-membered ring is strictly sp
2
 hybridized and the nitrogen 

lone pair, residing in the p orbital of N5 atom, is conjugated extensively to the carbonyl C-

atom on both sides.  

5.5 Summary and Conclusions 

              The (PPh4)2[Fe
III

(tTAML)] complex has been synthesised and characterised by 

various spectroscopic technique. The stability and reactivity will be studied separately. 
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6.1 Conclusions 

The selective oxidation of water and C–H bonds, which are ubiquitous, represent the most 

challenging chemical transformation. Nature performs this selective functionalization very 

efficiently and selectively with different enzymes including the Fe-containing CytP450 and 

methane monooxygenase. In photosystem II (PS II), a manganese oxo complex has been 

proposed to be an active intermediate for O-O bond formation step which is a crucial step 

during oxygen evolution. Detailed study of the natural enzymes and synthetic mimics of 

natural enzyme demonstrate that the high valent iron-oxo is the reactive intermediate during 

the enzymatic oxidations. Several efforts have been directed towards the synthesis of 

biologically inspired metal complexes that mimic the structure and function of these 

oxidases. For monomeric non-heme iron-catalysed oxidations, Fe
IV

(O) active intermediates 

have been isolated and structurally characterized and their reactivity toward C–H bond 

hydroxylation studied in detail. Functional models of both heme and non-heme iron-

dependent monooxygenase enzymes results in formation of weakly reactive Fe
IV

(O). To 

achieve higher reactivity, the one electron oxidised Fe
V
(O) have been synthesised by Collins 

et al. by the oxidation of Fe
III

-TAML complex at −40 °C using meta-chloroperbenzoic acid 

(mCPBA). Study of the reactivity of the Fe
V
(O) towards strong C–H bonds could not be 

performed convincingly due to the instability of this species at elevated temperatures. 

Recently a biuret modified TAML (bTAML) iron complex have been synthesised at room 

temperature with a half-life of 4hrs. These complexes can react with unactivated C-H bonds 

and olefins to afford oxidized products but their reactivity has not been correlated to their 

spectroscopic properties.  

Further, the proximal axial ligand in natural enzymes are thought to play an important 

role in tuning the reactivity of the iron(IV)-oxo porphyrin p-cation radicals (compound I; Cpd 

I). Interestingly, in the case of thiolate-ligated enzymes (CytP450), it has been observed that 

the electron donation from the axial ligand to the iron center increases the basicity of the iron-

oxo group, thereby allowing a hydrogen atom to be abstracted from C-H bonds by Cpd I 

under mild conditions. In case of synthetic iron porphyrin complex, the axial electron 

donating ligand increases the basicity of ferryl species thereby increase the hydrogen atom 

abstraction rate. For epoxidation reaction, the higher rate has been explained on the basis of 

ease of oxo transfer from the iron oxo species to olefins. Significant progress in 

understanding of the electronic and spectroscopic properties of these compounds, and how 
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they react with C−H bonds in these enzymatic reactions has been performed via both 

experimental and theoretical investigations.  

The thesis describes the comparison of the geometric and electronic structures and 

reactivities of [Fe
V
(O)]

−
 and [Fe

IV
(O)]

2–
 species supported by the same ancillary nonheme 

biuret tetraamido macrocyclic ligand (bTAML). The reactivity difference for HAT from 

benzyl alcohol by [Fe
V
(O)]

−
 and [Fe

IV
(O)]

2–
 species has been explained with the help of 

resonance Raman, EXAFS, electrochemistry, thermodynamic parameter analysis and DFT 

analysis. We have also studied the detailed mechanism of O-O bond formation reaction 

which is a crucial step in water oxidation. Electrochemical kinetics analysis and 

spectroelectrochemical study were performed to understand the active species responsible for 

O-O bond formation reaction. We also showed the effect of ligand electronics on hydrogen 

atom transfer (HAT) and oxygen atom transfer (OAT). It was found out that electron rich 

oxoiron(V) show higher reactivity towards HAT in comparison to some of electron deficient 

intermediates. Finally, a new iron complex has been synthesized and characterized. The 

reactivity of this complex will be reported in a separate study. 

The key achievement of this thesis work entitled “Spectroscopic and Electrochemical Studies 

Towards Understanding the Activation of C-H and O-H Bonds by High-valent Metal Oxo 

Intermediates” can be summarized as follows: 

Chapter I: 

  This chapter presents an overview of the existing literature on the importance of 

high-valent Fe-oxo intermediate in bio-inspired oxygenation and water oxidation 

reaction 

  It describes the mechanism of various metal catalyzed C-H bond hydroxylation and 

C=C bond epoxidation reaction 

 A provides a brief outline of synthetic heme and non-heme ligand systems which 

form both Fe
IV

(O) and Fe
V
(O) complexes. DFT studies were performed to understand 

the difference in their reactivity 

 This chapter explained the effect of axial and equatorial ligand on oxygenation 

reaction by heme and non-heme analog 
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Chapter II: 

 This chapter demonstrates the comparison of the geometric and electronic structures 

and reactivities of [Fe
V
(O)]

−
 and [Fe

IV
(O)]

2–
 species supported by the same ancillary 

nonheme ligand framework 

 It demonstrates that significant strengthening and shortening of the Fe=O bond upon 

oxidation from Fe
IV

 to Fe
V
 occurs due to an increase in π bond order and this 

phenomenon is well supported by resonance Raman, DFT and EXAFS analysis 

 It illustrates that structural change translates into a significant difference in redox 

potential between Fe
IV

(O) and Fe
V
(O)  and a 2500-fold greater reactivity of Fe

V
(O)  

over its one-electron analogue Fe
IV

(O) towards oxidation of benzyl alcohol. DFT 

calculations provide a computational basis for rationalizing the observed differences 

in properties 

 

Chapter III:  

 In this chapter, we demonstrate that [Fe
III

-bTAML]
1-

 catalyst can act as a 

homogeneous electrocatalyst for WO. A CPET process was assigned for Fe
IV

(O) 

formation from Fe
III

-OH2 and the further oxidation results into Fe
V
(O), which is 

responsible for WO 

 This chapter provides a spectroscopic characterization of the Fe
V
(O) synthesised by 

CPE, indicates that oxoiron(V) is solely responsible for WO. KIE of 3.2 and effect of 

buffer base suggest the APT(Atom Proton Transfer) mechanism. Water oxidation rate 

is first order with respect to both water and catalyst 

 Here, FOWA analysis was used to get a 1.2 M
-1

s
-1

 second order rate constant for 

water oxidation 

 This chapter also showed synthesis, characterization, and electrochemical properties 

of a square planer cobalt complex, capable of catalyzing electrochemical WO at pH = 

9.2 

  Here, we demonstrate that the O–O bond formation step occurs due to the attack of 

H2O on a high valent intermediate (probably [Co(O)bTAML
]−

) 

 

Chapter IV: 
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 This chapter illustrates the synthesis and characterization of series of 

Oxoiron(V) complex having electron rich and electron deficient iron metal 

 Here we showed the enhanced HAT and OAT reactivity for electron deficient 

oxoiron(V) due to increase in redox potential of the oxidizing metal ion 

 This chapter also demonstrates that the higher HAT rate for electron-rich 

oxoiron(V) is due to the high basicity of ferryl species as has been observed 

for CytP450. However, the OAT rate enhancement is probably due to the 

weakening of metal oxo bond due to equatorial donation 

 

Chapter V:    

 This chapter shows the synthesis and characterization of a new generation iron 

complex based on a tetrauret modified tetraamido macrocyclic ligand 

(PPh4)[(tTAML)Fe
III

(Cl)]. This [(tTAML)Fe
III

Cl]
2-

 complex was characterized by 

UV-Vis, HR-MS, EPR and single crystal X-ray diffraction. 

 

6.2 Future Direction 

This thesis investigates the reasons underlying the higher reactivity of high valent 

oxoiron(V) towards C-H abstraction reaction in comparison to its one electron 

reduced species oxoiron(IV). These oxoiron species is very good hydroxylating 

intermediate due to fast rebound of ferryl species into carbon-based radical. Recently, 

carbon-halogen bond formation reactions by several mononuclear non-heme iron 

enzyme draw the attention of several bioinorganic chemists. In nature, selective arene 

halogenation is catalyzed by flavin-dependent halogenases,
1
 which employ halide 

salts and air as the halogen source terminal oxidant respectively to form a high spin 

halo ferric hydroxo intermediate. The very efficient halogenation of C-H bonds by 

mononuclear nonheme iron (NHFe) enzymes
2
 wonder chemists that how it controls 

the rebound selectivity between hydroxo and chloro group. There has been some 

effort to obtain synthetic models for the oxoiron(IV)–halide intermediates of the 

halogenases, but all the synthetic models show very low selectivity towards 

halogenation over hydroxylation probably due to fast rebound of hydroxo group.
3
 

The mechanism of halogenation reaction by non-heme halogenase enzyme indicates 

the necessity of a TBP geometry with cis vacant position (Figure 6.1). After careful 

observation of the halogenation mechanism, we designed a mimic of this halogenase 
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for carbon-halogen bond formation. The design scheme is depicted in below scheme 

(Scheme 6.1). 

 

Figure 6.1: Proposed mechanism of halogenation of organic substrate by the SyrB2 

halogenase
4
 enzyme. This figure has been adapted with permission from ref 5.  

 

Scheme 6.1: Synthesis route for the acyclic iron complex 
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Appendix A 

 

 

Appendix A1. pKa determination of 2 in water. The pKa was determined by monitoring the 

increase in absorbance at 920 nm due to the formation of µ-O-Fe
IV

2 upon addition of acid. 

The following equilibrium takes place: 

 

 

 Appendix A2. CVs of 2 mM of [(bTAML)Fe
III

(Cl)]
2-

 (scan rate 100 mV/s, 0.1 M KNO3 as 

supporting electrolyte) in between pH 11.7 and 12.4. Scan window of 0.2 to 0.9 V. 
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Appendix A3. Gas chromatography traces for the reaction of benzyl alcohol with [Fe
IV

(O)]
2-

. 

Chromatogram at 5.24 min and 6.04 min retention time correspond to benzaldehyde and 

benzyl alcohol respectively. 

 

 

 Appendix A4. Mass spectra for benzaldehyde from the reaction of benzyl alcohol with 

[Fe
IV

(O)]
2-
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Appendix A5.  Fit Parameters of unfiltered XAS data for 1 from k = 2 – 15 Å
-1

. Fit 8 is the 

most reasonable fit. 

 

 

 

 

 

Appendix A6.  Fit Parameters of unfiltered XAS data for 2 from k = 2 – 15 Å
-1

 

 Fe-N Fe-Cl Fe•••C  GOF 

Fit N R(Å) σ
2
(10

-3
) N R(Å) σ

2
(10

-3
) N R(Å) σ

2
(10

-3
) Eo F F’ 

1 6 1.86 3.17       -1.36 1722 675 

2 5 1.86 2.31       -0.95 1579 647 

3 4 1.87 1.43       -0.10 1516 633 

4 3 1.87 0.46       0.63 1566 644 

5 4 1.87 1.45 1 2.38 3.54    -0.62 1224 569 

6 4 1.87 1.34 1 2.37 3.10 6 2.83 1.00 -0.03 761 449 

7 4 1.87 1.26 1 2.37 3.00 6 2.83 1.21 0.11 620 405 

       4 3.99 0.00    

8 4 1.87 1.29 1 2.37 3.06 6 2.83 1.15 0.06 641 411 

       5 3.99 1.19    

9 4 1.87 1.32 1 2.37 3.07 6 2.83 1.02 1.69 673 422 

       6 3.83 1.44    

 Fe-N Fe-O Fe•••C  GOF 

Fit N R(Å) σ
2
(10

-3
) N R(Å) σ

2
(10

-3
) N R(Å) σ

2
(10

-3
) Eo F F’ 

1 6 1.86 6.04       5.00 1051 702 

2 5 1.86 4.48       5.38 903 650 

3 4 1.87 3.15       6.70 795 610 

4 3 1.87 1.87       8.01 768 599 

Scale Factor S0
2=0.9.  GOF= Goodness-of-fit calculated as   

2

exp

6

calckF   

  
2

exp

62

exp

6 /'  kkF calc  

Fit 8 gives the most reasonable fit of the experimental data 
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Appendix A7.  Fit Parameters of unfiltered XAS data for 3 from k = 2 – 15 Å
-1

.  

 

 

 

 

 

5 4 1.87 3.06    6 2.83 2.78 5.77 519 493 

6 4 1.86 2.69 1 1.64 6.19 6 2.82 2.66 3.39 409 437 

7 4 1.86 2.67 1 1.64 5.95 6 2.82 2.67 3.22 345 402 

       5 4.01 5.14    

 Fe-N Fe-O Fe•••C  GOF 

Fit N R(Å) σ
2
(10

-3
) N R(Å) σ

2
(10

-3
) N R(Å) σ

2
(10

-3
) Eo F F’ 

1 6 1.87 4.85       0.31 1796 853 

2 5 1.87 3.06       0.56 1457 769 

3 4 1.87 1.82       1.61 1163 687 

4 3 1.87 0.58       2.64 957 623 

5 4 1.86 2.11 1 1.59 1.56    -0.40 677 524 

6 5 1.86 3.41 1 1.60 0.93    -0.95 789 565 

7 4 1.86 2.19 1 1.59 1.34 6 2.82 2.18 -1.63 295 346 

8 4 1.86 2.17 1 1.59 1.33 5 2.82 1.42 -1.52 291 343 

9 4 1.86 2.15 1 1.59 1.32 4 2.83 0.66 -1.25 298 347 

Scale Factor S0
2=0.9.  GOF= Goodness-of-fit calculated as   

2

exp

6

calckF   

  
2

exp

62

exp

6 /'  kkF calc  

Fit 7 gives the most reasonable fit of the experimental data 

Scale Factor S0
2=0.9.  GOF= Goodness-of-fit calculated as   

2

exp

6

calckF   

  
2

exp

62

exp

6 /'  kkF calc  

Fit 7 gives the most reasonable fit of the experimental data 
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XYZ Coordinates for the optimized geometries in Gas Phase 

FeV(O)_(S = ½) (BP86) 

Fe                 0.03811100    0.07370500   -0.00044800 

 O                 -0.00935100   -0.00176800    3.97117600 

 O                  4.04984600    0.14101500    0.71339300 

 O                  2.05855000    1.39252600   -3.20596200 

 O                 -3.00301000    1.60191000   -2.14596600 

 N                 -0.60797300    0.25567000    1.73388300 

 N                  1.73443500    0.27503400    0.81852100 

 N                  0.52352100    1.00968800   -1.51227100 

 N                 -1.71383900    0.67542400   -0.43369100 

 C                 -2.00427400    0.39776700    1.86927600 

 C                  0.29181600    0.08415900    2.77019800 

 C                  1.74867200   -0.02902800    2.26994200 

 C                  2.93549900    0.33514400    0.17879400 

 C                  1.80937100    1.04831000   -2.03084300 

 C                 -0.59035200    1.30433700   -2.46880400 

 C                 -1.91930300    1.21409500   -1.67371500 

 C                 -2.64001000    0.63693600    0.61330300 

 C                 -4.03227100    0.84630800    0.54990600 

 H                 -4.48885900    1.04701800   -0.42110600 

 C                 -4.78108300    0.80126100    1.73717900 

 H                 -5.86658200    0.95453100    1.69304000 

 C                 -4.15585900    0.55930000    2.97402500 

 H                 -4.75429800    0.52053000    3.89257600 

 C                 -2.76671400    0.36231500    3.05402600 

 H                 -2.26060500    0.18046300    4.00311500 

 C                  2.58453300    0.97989400    3.09214700 

 H                  3.65467300    0.84979300    2.87869200 

 H                  2.37766600    0.81643400    4.16381400 

 H                  2.29251500    2.01433400    2.83531400 

 C                  2.20810500   -1.48619300    2.53034800 

 H                  3.26981400   -1.58561000    2.25509100 
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 H                  1.60877500   -2.17744800    1.91203600 

 H                  2.06505800   -1.73894800    3.59585000 

 C                  4.19357300    0.73047500   -1.90188300 

 H                  4.39732300    1.75359200   -2.26242800 

 H                  4.18777300    0.06031700   -2.77788800 

 H                  4.95235000    0.41985800   -1.17227700 

 C                 -0.66557000    0.23227000   -3.58373400 

 H                  0.21240600    0.30882700   -4.24335500 

 H                 -1.59218200    0.38239100   -4.16555200 

 H                 -0.69260600   -0.77329100   -3.12717500 

 C                 -0.51046800    2.73346500   -3.04834600 

 H                  0.32368400    2.81621800   -3.75850900 

 H                 -0.36177800    3.46512900   -2.23368700 

 H                 -1.47174100    2.95797700   -3.54174200 

 O                 -0.01536700   -1.47477800   -0.37488700 

 N                  2.89705800    0.67660300   -1.21375900 

 

FeV(O) (S = 3/2) (BP86) 

Fe                 0.09085700    0.23822200    0.02084100 

 O                 -0.01233600   -0.06292300    4.02006300 

 O                  4.04445900    0.22336700    0.71805600 

 O                  2.10163000    1.30066800   -3.28059700 

 O                 -3.00606000    1.63046800   -2.11710800 

 N                 -0.63169800    0.14389600    1.77430100 

 N                  1.73939500    0.41573400    0.88070100 

 N                  0.53720400    1.09421400   -1.57521500 

 N                 -1.69151200    0.74268400   -0.39789500 

 C                 -2.01441600    0.32786100    1.89547200 

 C                  0.26971700    0.02346700    2.81340600 

 C                  1.74738300    0.03229800    2.32024100 

 C                  2.92365300    0.37892500    0.18687400 

 C                  1.80170000    1.00158900   -2.10480900 

 C                 -0.60324800    1.35065500   -2.49804000 

 C                 -1.91313400    1.25570000   -1.66108200 
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 C                 -2.62530600    0.67373900    0.64298900 

 C                 -4.01439600    0.91359500    0.57556600 

 H                 -4.45339900    1.19003000   -0.38468900 

 C                 -4.78199300    0.79986900    1.74428800 

 H                 -5.86265200    0.98240900    1.69597500 

 C                 -4.18219700    0.45995900    2.97413000 

 H                 -4.79841700    0.37916700    3.87814800 

 C                 -2.80164900    0.22654100    3.06236400 

 H                 -2.31296800   -0.02280600    4.00590100 

 C                  2.52280200    1.05171900    3.18102100 

 H                  3.59431700    1.00634600    2.93644000 

 H                  2.35636900    0.81964600    4.24689900 

 H                  2.15402300    2.07477400    2.98546600 

 C                  2.28786800   -1.40787500    2.51454200 

 H                  3.35851800   -1.44159500    2.26115200 

 H                  1.73743000   -2.09571100    1.84886000 

 H                  2.13712800   -1.71904500    3.56311200 

 C                  4.16349300    0.52431900   -1.91624900 

 H                  4.55655800    1.53602600   -2.12916500 

 H                  4.03806500    0.00325300   -2.87700200 

 H                  4.85907700   -0.00302000   -1.25163100 

 C                 -0.69573000    0.25653600   -3.59285900 

 H                  0.17376200    0.32771400   -4.26424100 

 H                 -1.62951200    0.38815100   -4.16719400 

 H                 -0.70133200   -0.73793800   -3.11318100 

 C                 -0.53415900    2.76438500   -3.11203100 

 H                  0.32860600    2.83046000   -3.79141600 

 H                 -0.42162000    3.52154900   -2.31526700 

 H                 -1.47382000    2.96634400   -3.65412400 

 O                  0.28503700   -1.30854000   -0.50167400 

 N                  2.86353600    0.59112700   -1.23372300 

FeIV(O)_(S = 1) (BP86) 

Fe                 0.06225900    0.24826400    0.03785000 

 O                  0.03211900   -0.04473700    4.05282400 



Appendix A 

 

Ph.D Thesis AcSIR November 2017 166 
 

 O                  4.07726200    0.24381200    0.72601700 

 O                  2.13182600    1.35498400   -3.28427600 

 O                 -3.00162700    1.65514300   -2.16221700 

 N                 -0.62073700    0.23291400    1.81486900 

 N                  1.75686200    0.41587800    0.86182000 

 N                  0.55974200    1.09142700   -1.57411100 

 N                 -1.69711500    0.83510800   -0.39004000 

 C                 -2.00812800    0.40035800    1.91687000 

 C                  0.27502300    0.05982500    2.82588000 

 C                  1.74605900   -0.03043400    2.28385500 

 C                  2.94588700    0.45534400    0.20696600 

 C                  1.81697900    1.09250400   -2.09109400 

 C                 -0.58955500    1.28700100   -2.50022800 

 C                 -1.91332900    1.28686300   -1.65715700 

 C                 -2.62259700    0.74397600    0.65785400 

 C                 -4.01350300    0.97345000    0.59913800 

 H                 -4.44597900    1.24684000   -0.36692000 

 C                 -4.79195000    0.85880400    1.76796000 

 H                 -5.87629900    1.03489700    1.71396800 

 C                 -4.19297900    0.52369900    2.99556100 

 H                 -4.80816500    0.43719500    3.90320500 

 C                 -2.80459200    0.29725100    3.07695600 

 H                 -2.30737100    0.05040000    4.01871000 

 C                  2.62355700    0.84902200    3.20166100 

 H                  3.68759600    0.70099400    2.96478400 

 H                  2.40418900    0.59031700    4.25320700 

 H                  2.37382800    1.91627300    3.04929100 

 C                  2.15150500   -1.52395500    2.37425200 

 H                  3.21165600   -1.63568400    2.08965400 

 H                  1.51975000   -2.08977200    1.66610900 

 H                  1.99075900   -1.90197100    3.40178900 

 C                  4.21284000    0.87069700   -1.85861500 

 H                  4.38552500    1.87566500   -2.28807900 

 H                  4.26916300    0.14929700   -2.69501000 
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 H                  4.96432900    0.63799900   -1.09096800 

 C                 -0.68981700    0.08944700   -3.47994300 

 H                  0.18125300    0.09784900   -4.15730300 

 H                 -1.62798200    0.14812600   -4.06408100 

 H                 -0.68049900   -0.84033600   -2.88308900 

 C                 -0.52805000    2.63019600   -3.25977400 

 H                  0.31456700    2.62168400   -3.96736900 

 H                 -0.37898500    3.46054600   -2.54363900 

 H                 -1.49069900    2.79008700   -3.77806500 

 O                 -0.00255300   -1.34302100   -0.36381700 

 N                  2.90901100    0.80372800   -1.19763900 

FeIV(O)_(S = 2) (BP86) 

Fe                 0.06761200   -0.17136700   -0.09604900 

 O                 -0.01010600   -0.01384000    3.99242200 

 O                  4.07696300    0.36610600    0.70509300 

 O                  2.15972400    1.21949100   -3.33985600 

 O                 -2.92475100    1.86103900   -2.07461400 

 N                 -0.64032900   -0.17941100    1.74091700 

 N                  1.74255700    0.23434900    0.80571100 

 N                  0.57761800    0.83119800   -1.67050900 

 N                 -1.63101200    1.01900400   -0.30144800 

 C                 -2.01537300    0.10906500    1.85079400 

 C                  0.25111400   -0.05329600    2.76673900 

 C                  1.73619200    0.07012800    2.27872000 

 C                  2.93553000    0.36825000    0.16650300 

 C                  1.83424500    0.87594400   -2.17100800 

 C                 -0.56827000    1.31823700   -2.47952900 

 C                 -1.85563300    1.43061900   -1.56843700 

 C                 -2.56704800    0.77400400    0.69051400 

 C                 -3.94089800    1.11496600    0.68483900 

 H                 -4.33524000    1.60490400   -0.20999300 

 C                 -4.74464200    0.83128000    1.80406900 

 H                 -5.81024300    1.10548200    1.78715000 

 C                 -4.19766600    0.21051700    2.94145200 

 H                 -4.82910500    0.00439800    3.81787400 

 C                 -2.83543300   -0.15143200    2.96468100 

 H                 -2.38107200   -0.61446300    3.84451800 

 C                  2.34314100    1.29874700    2.99796600 

 H                  3.41498300    1.37355800    2.75500000 

 H                  2.18740100    1.20092500    4.08671200 

 H                  1.83418700    2.21801100    2.65452400 

 C                  2.47167100   -1.22444200    2.71089800 

 H                  3.53949200   -1.14816900    2.44889000 

 H                  2.03358300   -2.09345600    2.18554500 

 H                  2.34646300   -1.37353200    3.79962400 

 C                  4.23693500    0.46045000   -1.87710100 

 H                  4.82063300    1.37466000   -1.64458100 

 H                  4.09423200    0.39455300   -2.96484300 

 H                  4.80769300   -0.39837900   -1.48560900 

 C                 -0.89324100    0.30024500   -3.59904900 

 H                 -0.05373000    0.26417700   -4.31550200 

 H                 -1.82685800    0.58864200   -4.11611700 

 H                 -1.02348900   -0.69041600   -3.12781100 

 C                 -0.32216000    2.73105800   -3.05832100 

 H                  0.47340100    2.70564800   -3.81850300 

 H                 -0.01513500    3.42046500   -2.24910400 
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 H                 -1.27287600    3.09701500   -3.48552300 

 O                 -0.68612100   -1.50223900   -0.74887500 

 N                  2.90609200    0.48526200   -1.27115700 

 

FeV(O)_(S = ½) (B3LYP) 

Fe                 0.02380000   -0.06578700   -0.01563400          

 O                  0.00800400    0.20511000    3.92521500 

 O                  4.03573500   -0.07048900    0.71407700 

 O                  2.04556000    1.40262200   -3.15583400 

 O                 -2.99619700    1.42523400   -2.17741000 

 N                 -0.59046600    0.25387100    1.70106200 

 N                  1.75635900    0.09501000    0.79222400 

 N                  0.51459600    0.79470500   -1.58748900 

 N                 -1.70931900    0.57586400   -0.45930300 

 C                 -1.98578100    0.38511100    1.83712800 

 C                  0.30633100    0.16996900    2.74087000 

 C                  1.75555100    0.01106900    2.26834800 

 C                  2.94234700    0.03833200    0.14872300 

 C                  2.92900000    0.05821800   -1.39853000 

 C                  1.79252300    0.83948900   -2.09294100 

 C                 -0.59805600    1.26445400   -2.46667700 

 C                 -1.92061000    1.08334300   -1.69903700 

 C                 -2.62737900    0.55781700    0.58837300 

 C                 -4.01295700    0.73275000    0.52434800 

 H                 -4.48046000    0.88030100   -0.43841100 

 C                 -4.74996500    0.72188900    1.70728800 

 H                 -5.82802700    0.84974200    1.66330700 

 C                 -4.11872000    0.54690800    2.93871700 

 H                 -4.70479200    0.53703800    3.85337500 

 C                 -2.73586300    0.38289800    3.01747600 

 H                 -2.23513900    0.25743600    3.96514400 

 C                  2.56203200    1.15277100    2.92025900 

 H                  3.62083600    1.03618800    2.70414600 

 H                  2.39245100    1.14196300    3.99880300 

 H                  2.22933000    2.11882000    2.52922500 

 C                  2.24600300   -1.36727200    2.76063200 

 H                  3.29722700   -1.49266300    2.50689500 

 H                  1.66982400   -2.16351500    2.28187700 

 H                  2.11321400   -1.44359900    3.84223000 

 C                  4.27228600    0.63020000   -1.88522600 

 H                  4.38065000    1.67997300   -1.60166500 

 H                  4.33480300    0.57072400   -2.97104000 

 H                  5.08997700    0.07503700   -1.42935300 

 C                  2.82063900   -1.41718100   -1.87426100 

 H                  1.89648500   -1.88825500   -1.53955300 

 H                  3.66307900   -1.98573600   -1.47184600 

 H                  2.86348600   -1.46118700   -2.96630600 

 C                 -0.68717000    0.43042000   -3.75750300 

 H                  0.17278000    0.61794100   -4.39782300 

 H                 -1.60500200    0.69379600   -4.28737200 

 H                 -0.72471500   -0.63530300   -3.51508400 

 C                 -0.49076000    2.77224400   -2.77394200 

 H                  0.36163200    2.97230300   -3.41765800 

 H                 -0.36990900    3.33659400   -1.84479600 

 H                 -1.41440500    3.09974800   -3.25521900 

 O                 -0.11401200   -1.60857900   -0.28057500 

 

FeV(O) (S = 3/2) (B3LYP) 

Fe                 0.08621500    0.20425900    0.01281100 

 O                  0.00310800    0.08648000    4.00150300 

 O                  4.02303600    0.19883000    0.68083900 

 O                  2.09620300    1.26813400   -3.26693000 

 O                 -2.95750900    1.74076000   -2.06134400 

 N                 -0.62156300    0.18517500    1.77531700 

 N                  1.74253400    0.41932600    0.85806200 

 N                  0.55572500    1.08560400   -1.57031000 

 N                 -1.67929100    0.77728200   -0.38988800 

 C                 -2.01719400    0.30638800    1.88122000 
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 C                  0.27787700    0.12482000    2.80245100 

 C                  1.74694600    0.10164500    2.30988900 

 C                  2.91290000    0.35156800    0.15775700 

 C                  1.80791200    0.96660100   -2.10278000 

 C                 -0.58658700    1.39925200   -2.46824600 

 C                 -1.88305500    1.33141600   -1.62251200 

 C                 -2.62185300    0.64516100    0.64334600 

 C                 -4.00714900    0.82431100    0.56110600 

 H                 -4.44807700    1.09645700   -0.38853000 

 C                 -4.78039700    0.66194300    1.71464300 

 H                 -5.85792100    0.79923700    1.65532900 

 C                 -4.18493000    0.32822600    2.93370700 

 H                 -4.79888900    0.20567000    3.82335100 

 C                 -2.80159500    0.14872100    3.02913300 

 H                 -2.32060000   -0.09555800    3.96682700 

 C                  2.53053300    1.15490700    3.11226300 

 H                  3.59294400    1.09559900    2.87259700 

 H                  2.36929500    0.97885700    4.18005000 

 H                  2.16796900    2.16048600    2.87008800 

 C                  2.27605700   -1.32581900    2.57546800 

 H                  3.33544100   -1.38655400    2.32082200 

 H                  1.72020900   -2.04334600    1.96186700 

 H                  2.13044600   -1.57554300    3.63161000 

 C                  4.14659500    0.36210500   -1.93303100 

 H                  4.67682300    1.32098100   -1.98959200 

 H                  3.97038500    0.00695500   -2.94696000 

 H                  4.75514000   -0.33889700   -1.36564000 

 C                 -0.73635900    0.34185700   -3.58502200 

 H                  0.11625100    0.39035200   -4.26446500 

 H                 -1.66433100    0.52627000   -4.13631900 

 H                 -0.78135300   -0.65804600   -3.13961000 

 C                 -0.47118500    2.82093600   -3.04479000 

 H                  0.37379600    2.87917000   -3.73203900 

 H                 -0.32105400    3.54491800   -2.23572700 

 H                 -1.40255300    3.07076800   -3.56179600 

 O                  0.18746300   -1.34253600   -0.46279200 

 N                  2.85267600    0.50282800   -1.25612000 

FeIV(O)_(S = 1) (B3LYP) 

Fe                 0.05803100    0.20579800    0.02887600 

 O                  0.03488700   -0.03150600    4.02844500 

 O                  4.05569200    0.24155400    0.71536900 

 O                  2.12593200    1.33352900   -3.26474300 

 O                 -2.97566900    1.66465100   -2.14490000 

 N                 -0.62080400    0.22337700    1.81049600 

 N                  1.75649400    0.39316800    0.85470900 

 N                  0.56200000    1.06756100   -1.57904800 

 N                 -1.69521700    0.82516600   -0.39205700 

 C                 -2.00500600    0.38609200    1.90627300 

 C                  0.27175200    0.06485200    2.81114300 

 C                  1.74192300   -0.01530400    2.28096300 

 C                  2.93258300    0.43515000    0.19927300 

 C                  1.81157900    1.06429100   -2.08490300 

 C                 -0.58494100    1.29713400   -2.48930200 

 C                 -1.90127100    1.28753400   -1.64440700 

 C                 -2.61560900    0.72831300    0.65429200 

 C                 -3.99818700    0.94949400    0.59539100 

 H                 -4.43284800    1.22022300   -0.35922700 

 C                 -4.77435100    0.83054600    1.75647600 

 H                 -5.84979100    1.00204800    1.70118500 

 C                 -4.17998200    0.49730300    2.97534300 

 H                 -4.78983800    0.40771300    3.87484300 

 C                 -2.79808600    0.27673900    3.05647000 

 H                 -2.31142900    0.03084800    3.99254300 

 C                  2.59514100    0.90577100    3.17450500 

 H                  3.65316300    0.78866600    2.93670700 

 H                  2.39975800    0.66544800    4.22492500 

 H                  2.31350000    1.95327400    3.00517300 

 C                  2.17525300   -1.49240700    2.42335300 
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 H                  3.22849900   -1.59608500    2.14758600 

 H                  1.56411000   -2.09630100    1.74377300 

 H                  2.02201300   -1.83467500    3.45453500 

 C                  4.19583700    0.79625300   -1.87076500 

 H                  4.40035000    1.79786100   -2.26971100 

 H                  4.21655200    0.10381200   -2.71975400 

 H                  4.94671700    0.52280900   -1.13274000 

 C                 -0.70753300    0.13939400   -3.50675300 

 H                  0.15309800    0.15131800   -4.18160600 

 H                 -1.63701600    0.23555200   -4.08207000 

 H                 -0.71734200   -0.80606100   -2.95357100 

 C                 -0.51119100    2.66005000   -3.20402700 

 H                  0.33032500    2.67362700   -3.89812900 

 H                 -0.36814700    3.46031500   -2.46627000 

 H                 -1.45573200    2.84287400   -3.72733500 

 O                 -0.00167500   -1.36391500   -0.37035700 

 N                  2.89750900    0.75410500   -1.20335300  

     

 

 

 

 

 

FeIV(O)_(S = 2) (B3LYP) 

 Fe                 0.05413700   -0.19599800   -0.10599900 

 O                  0.00447700   -0.02011900    3.97960400 

 O                  4.05869600    0.37820200    0.68652300 

 O                  2.16308400    1.23357700   -3.30857500 

 O                 -2.91040100    1.85480000   -2.06360200 

 N                 -0.64540600   -0.16633100    1.75257100 

 N                  1.74994500    0.19988600    0.80393600 

 N                  0.57529300    0.83713400   -1.67199300 

 N                 -1.65141100    0.94126900   -0.32731700 

 C                 -2.01583300    0.11690100    1.85553700 

 C                  0.24869800   -0.05800700    2.76083500 

 C                  1.73292400    0.06435000    2.27377300 

 C                  2.92515100    0.35299200    0.15996500 

 C                  1.82623600    0.87189200   -2.16134200 

 C                 -0.56726700    1.33285400   -2.46998500 

 C                 -1.85811800    1.40226500   -1.56961300 

 C                 -2.57547000    0.73253700    0.68188400 

 C                 -3.94044500    1.06705400    0.67128300 

 H                 -4.34134600    1.52782400   -0.22396900 

 C                 -4.73543500    0.81697300    1.79588900 

 H                 -5.79254900    1.08538200    1.77425100 

 C                 -4.18541900    0.23592500    2.94069300 

 H                 -4.80753100    0.05350600    3.81737300 

 C                 -2.82850400   -0.11481200    2.97056400 

 H                 -2.37573400   -0.54525600    3.85587500 

 C                  2.32209700    1.30954300    2.97099000 

 H                  3.38272400    1.40132700    2.72735800 

 H                  2.17713800    1.22942900    4.05294800 

 H                  1.80150300    2.20881800    2.61949400 

 C                  2.47443400   -1.21095200    2.73369400 

 H                  3.53566700   -1.13500400    2.48426900 

 H                  2.05359100   -2.08684000    2.22411400 

 H                  2.34455600   -1.34345100    3.81448500 

 C                  4.20472900    0.40479600   -1.89782200 

 H                  4.74020200    1.36293200   -1.81834900 

 H                  4.07277700    0.17423100   -2.95409300 

 H                  4.80949300   -0.35274800   -1.39654600 

 C                 -0.87186600    0.35787300   -3.62714800 

 H                 -0.03197400    0.34861600   -4.32920000 

 H                 -1.79151800    0.65677000   -4.14352500 

 H                 -1.00263500   -0.64557900   -3.20758900 

 C                 -0.32881200    2.76377100   -2.99458000 

 H                  0.47747000    2.77364000   -3.72981600 
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 H                 -0.05071400    3.42298500   -2.16217200 

 H                 -1.26129500    3.13601600   -3.43148800 

 O                 -0.53951900   -1.58321000   -0.73036400 

 N                  2.88520900    0.45019400   -1.27520700 
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Appendix B1: High resolution mass spectrum of 1b in CH3CN (m/z 443.0887). Inset shows 

comparison of simulated (red bars) and observed (black bars) isotopic distribution pattern for 

ion of interest (“3.2862 ppm” represents resolution and the number refers to the error 

associated with the experiment). The axial ligand was not observed as this ligand is labile and 

gets dissociated under the conditions of the mass spectrometry experiment. (B) Thermal 

ellipsoid (50%) structure of 1b(counter cations and other solvent molecules are omitted for 

clarity). 
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Appendix B2: (A) High resolution mass spectrum of 1cin CH3CN (m/z 431.0687). Inset 

shows comparison of simulated (red bars) and observed (black bars) isotopic distribution 

pattern for ion of interest (“2.9472 ppm” represents resolution and the number refers to the 

error associated with the experiment). The axial ligand was not observed as this ligand is 

labile and gets dissociated under the conditions of the mass spectrometry experiment. (B) 

Thermal ellipsoid structure of 1cwith disorder (counter cations and other solvent molecules 

omitted for clarity). The chemical occupancy of the substituent (-F) in each of the positions 

was 50%, indicating the equal probability of finding the substituent on both the positions, and 

the overall chemical composition is one per macrocycle.  
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Appendix B3: (A) High resolution mass spectrum of 1ein CH3CN (m/z 438.0733). Inset 

shows comparison of simulated (red bars) and observed (black bars) isotopic distribution 

pattern for ion of interest (“4.0807 ppm” represents resolution and the number refers to the 

error associated with the experiment). The axial ligand was not observed as this ligand is 

labile and gets dissociated under the conditions of the mass spectrometry experiment. (B) 

Thermal ellipsoid structure of 1e with disorder (counter cations and other solvent molecules 

omitted for clarity).The chemical occupancy of the substituent (-CN) in each of the positions 

was 50%, indicating the equal probability of finding the substituent on both the positions, and 

the overall chemical composition is one per macrocycle. 
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Appendix B4: High resolution mass spectrum of 1din CH3CN (m/z 447.0391). Inset shows 

comparison of simulated (red bars) and observed (black bars) isotopic distribution pattern for 

ion of interest (“4.2284 ppm” represents resolution and the number refers to the error 

associated with the experiment). The axial ligand was not observed as this ligand is labile and 

gets dissociated under the conditions of the mass spectrometry experiment. (B) Thermal 

ellipsoid structure of 1d with disorder (counter cations and other solvent molecules omitted 

for clarity). The chemical occupancy of the substituent (-Cl) in each of the positions was 

50%, indicating the equal probability of finding the substituent on both the positions, and the 

overall chemical composition is one per macrocycle. 
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Appendix B5a: Thermal ellipsoid structure of 1f with disorder (counter cations omitted for 

clarity). The chemical occupancy of the substituent (-NO2) in each of the positions was 50%, 

indicating the equal probability of finding the substituent on both the positions, and the 

overall chemical composition is one per macrocycle. 

 

 

 

Appendix B5b: Thermal ellipsoid structure of 1a-H2Owith disorder (counter cations omitted 

for clarity).  
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Appendix B6: Crystal data and structure refinement for1b. 

Identification code OMe-Fe(III)-bTAML(1b) 

Empirical formula C34 H59 Cl Fe N7 O6 

Formula weight 753.18 

Temperature/K 298 

Crystal system monoclinic 

Space group P21/c 

a/Å 13.229(2) 

b/Å 15.5311(15) 

c/Å 22.979(4) 

α/° 90.00 

β/° 123.558(12) 

γ/° 90.00 

Volume/Å
3
 3934.4(10) 

Z 4 

ρcalcmg/mm
3
 1.272 

m/mm
-1

 0.501 

F(000) 1612 

Crystal size/mm
3
 0.5 × 0.2 × 0.2 

2Θ range for data collection 5.94 to 58.36° 

Index ranges -18 ≤ h ≤ 16, -19 ≤ k ≤ 19, -28 ≤ l ≤ 30 

Reflections collected 19907 

Independent reflections 9134[R(int) = 0.2636] 

Data/restraints/parameters 9134/0/452 

Goodness-of-fit on F
2
 0.915 

Final R indexes [I>=2σ (I)] R1 = 0.1493, wR2 = 0.3352 

Final R indexes [all data] R1 = 0.3448, wR2 = 0.4560 

Largest diff. peak/hole / e Å
-3

 0.69/-0.70 
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Appendix B7:Crystal data and structure refinement for 1c 

Identification code F-Fe(III)-bTAML (1c) 

Empirical formula C66H70Cl2F2Fe2N14O10 

Formula weight 1438.34 

Temperature/K 298 

Crystal system tetragonal 

Space group P42/mbc 

a/Å 22.1471(6) 

b/Å 22.1471(6) 

c/Å 15.1435(7) 

α/° 90.00 

β/° 90.00 

γ/° 90.00 

Volume/Å
3
 7427.8(5) 

Z 4 

ρcalcmg/mm
3
 1.288 

m/mm
-1

 0.530 

F(000) 2992 

Crystal size/mm
3
 0.5 × 0.2 × 0.2 

2Θ range for data collection 5.82 to 58.32° 

Index ranges -29 ≤ h ≤ 27, -26 ≤ k ≤ 24, -20 ≤ l ≤ 14 

Reflections collected 23756 

Independent reflections 4755[R(int) = 0.0397] 

Data/restraints/parameters 4755/0/275 

Goodness-of-fit on F
2
 1.059 

Final R indexes [I>=2σ (I)] R1 = 0.0611, wR2 = 0.1682 

Final R indexes [all data] R1 = 0.0844, wR2 = 0.1888 

Largest diff. peak/hole / e Å
-3

 0.73/-0.44 
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Appendix B8:Crystal data and structure refinement for 1d 

Identification code Cl-Fe(III)-bTAML(1d) 

Empirical formula C64 H60 Cl4 Fe2 N14 O10 

Formula weight 1438.76 

Temperature/K 298 

Crystal system tetragonal 

Space group P42/mbc 

a/Å 22.3720(5) 

b/Å 22.3720(5) 

c/Å 15.1613(5) 

α/° 90.00 

β/° 90.00 

γ/° 90.00 

Volume/Å
3
 7588.3(3) 

Z 4 

ρcalcmg/mm
3
 1.259 

m/mm
-1

 0.583 

F(000) 2968.0 

Crystal size/mm
3
 0.5 × 0.2 × 0.2 

2Θ range for data collection 5.8 to 58.1° 

Index ranges -25 ≤ h ≤ 26, -17 ≤ k ≤ 30, -11 ≤ l ≤ 20 

Reflections collected 23535 

Independent reflections 4695[R(int) = 0.0531] 

Data/restraints/parameters 4695/0/268 

Goodness-of-fit on F
2
 1.036 

Final R indexes [I>=2σ (I)] R1 = 0.0713, wR2 = 0.2087 

Final R indexes [all data] R1 = 0.0917, wR2 = 0.2309 

Largest diff. peak/hole / e Å
-3

 0.76/-0.47 
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Appendix B9:Crystal data and structure refinement for 1e 

Identification code CN-Fe(III)-bTAML(1e) 

Empirical formula C68 H69 Cl2 Fe2 N16 O9 

Formula weight 1436.99 

Temperature/K 298 

Crystal system tetragonal 

Space group P42/mbc 

a/Å 22.5907(5) 

b/Å 22.5907(5) 

c/Å 15.1389(5) 

α/° 90.00 

β/° 90.00 

γ/° 90.00 

Volume/Å
3
 7726.0(3) 

Z 4 

ρcalcmg/mm
3
 1.235 

m/mm
-1

 0.506 

F(000) 2988 

Crystal size/mm
3
 0.5 × 0.2 × 0.2 

2Θ range for data collection 6.3 to 58.02° 

Index ranges -30 ≤ h ≤ 19, -26 ≤ k ≤ 13, -19 ≤ l ≤ 11 

Reflections collected 18513 

Independent reflections 4815[R(int) = 0.0477] 

Data/restraints/parameters 4815/0/271 

Goodness-of-fit on F
2
 1.052 

Final R indexes [I>=2σ (I)] R1 = 0.0969, wR2 = 0.2767 

Final R indexes [all data] R1 = 0.1343, wR2 = 0.3139 

Largest diff. peak/hole / e Å
-3

 0.91/-0.45 
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Appendix B10:Crystal data and structure refinement for 1f 

Identification code NO2-Fe(III)-bTAML(1f) 

Empirical formula C67 H66 Cl2 Fe2 N18 O12 

Formula weight 1497.98 

Temperature/K 298 

Crystal system tetragonal 

Space group P42/mbc 

a/Å 22.3478(4) 

b/Å 22.3478(4) 

c/Å 15.1619(4) 

α/° 90.00 

β/° 90.00 

γ/° 90.00 

Volume/Å
3
 7572.2(3) 

Z 4 

ρcalcmg/mm
3
 1.314 

m/mm
-1

 0.522 

F(000) 3104.0 

Crystal size/mm
3
 0.5 × 0.2 × 0.2 

2Θ range for data collection 5.96 to 58.32° 

Index ranges -15 ≤ h ≤ 29, -28 ≤ k ≤ 30, -20 ≤ l ≤ 19 

Reflections collected 22792 

Independent reflections 4825[R(int) = 0.0748] 

Data/restraints/parameters 4825/0/274 

Goodness-of-fit on F
2
 1.066 

Final R indexes [I>=2σ (I)] R1 = 0.1002, wR2 = 0.2942 

Final R indexes [all data] R1 = 0.1331, wR2 = 0.3180 

Largest diff. peak/hole / e Å
-3

 2.15/-0.65 
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Appendix B11:Crystal data and structure refinement for 2a 

Empirical formula C41H51FeN5O10P 

Formula weight 860.69 

Temperature/K 298 

Crystal system triclinic 

Space group P-1 

a/Å 13.0126(10) 

b/Å 13.0978(6) 

c/Å 14.5680(10) 

α/° 66.670(6) 

β/° 68.921(7) 

γ/° 83.126(5) 

Volume/Å
3
 2126.6(2) 

Z 2 

ρcalcmg/mm
3
 1.344 

m/mm
-1

 0.454 

F(000) 906.0 

Crystal size/mm
3
 0.5 × 0.5 × 0.2 

2Θ range for data collection 5.8 to 58.36° 

Index ranges -17 ≤ h ≤ 17, -15 ≤ k ≤ 17, -19 ≤ l ≤ 18 

Reflections collected 16562 

Independent reflections 9555[R(int) = 0.0445] 

Data/restraints/parameters 9555/0/540 

Goodness-of-fit on F
2
 1.074 

Final R indexes [I>=2σ (I)] R1 = 0.0727, wR2 = 0.2023 

Final R indexes [all data] R1 = 0.1082, wR2 = 0.2740 

Largest diff. peak/hole / e Å
-3

 0.90/-0.95 

 

Appendix B12:Details of synthesis and Characterisations  of complex 1b-e 

 

Synthesis scheme for 1a-1e 
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Synthesis of Diamines (L1):         L1 were synthesised according to published method.
8
 In a  

typical reaction, to a dry tetrahydrofuran (THF) solution containing 1gm of 4-substituted 

benzene-1,2-diamine and 2.05eq (14.62mmol, 2.04mL)  dry triethylamine under inert 

atmosphere, a dry  THF solution containing 3.73gm (2.05eq, 14.73mmol) of 2-(1,3-

dioxoisoindolin-2-yl)-2-methylpropanoyl chloride under inert atmosphere was added 

dropwise at 0ºC for 2hrs. Reaction was monitored by thin layer chromatography. THF was 

evaporated by rotary evaporator and dichloromethane was added to the crude product. Excess 

propanoyl chloride was removed by three times bicarbonate wash then dichloromethane was 

evaporated. Phthalimide protected crude product was refluxed with excess amount of 60% 

aqueous hydrazine hydrate in ethanol for 8hrs. A white precipitate of dihydrophthalazine was 

filtered off and diamine (L1) was isolated from basic solution of water by work up with 

dichloromethane. For L1e having nitrile group in aromatic head part, base workup was done 

using ice cold aqueous sodium hydroxide (2M) solution during diamine synthesis. Diamine 

was obtained by crystallization from hot ethyl acetate. 

NMR and Mass Spectroscopic characterisation of related compounds 

Methoxy Diamine (L1b): 1.74gm(5.51mmol, 84.6% yield) 
1
H NMR δH(200 MHz; DMSO-

d6): 1.29 (d, 12 H, J=3.66Hz, for b, p΄), 3.37 (s, 3H, OMe, for i), 3.43 

(b,  4H, 2NH2, for a), 6.69 (dd, 1 H, Jd= 4.49Hz, Jdd= 2.91Hz, Ph, for 

j), 7.26 (d, 1 H, J=8.84, Ph, for g), 7.48 (d, 1 H, J=2.91Hz, Ph, for k). 

13
C NMR; δC(400 MHz; DMSO-d6): 176.37(d), 176.23(n΄), 

157.00(h), 133.54(f), 126.71(l), 122.36(k), 109.55(j), 107.55(g), 

55.32(i), 55.08(o΄), 54.85(c), 28.68(p΄), and 28.75(b). ESI-MS 

(positive ion mode): m/z 309.19 (M+H
+
, 100%) 
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Fluoro Diamine(L1c):1.64gm (5.53mmol, 77.6% yield)  
1
H NMR 

δH(200 MHz; DMSO-d6): 1.28(s, 6H, CH3,for b), 1.30(s, 6H, CH3,for 

p΄), 4.71(b, 4H, 2NH2,for a), 6.96(td, 1H, Jt= 9.18Hz, Jdt= 8.80Hz, Ph, 

for g), 7.39(dd, 1H, Jd = 10.26Hz, Jdd = 2.93Hz, Ph, for g), 7.72(dd, 

1H, Ph, for k). 
13

C NMR; δC(400 MHz; DMSO-d6); 28.60(b), 

28.70(p΄), 54.93(c), 55.12(o΄),  108.69(d, J = 26.20Hz, for g), 

110.48(d, J = 22.35Hz, for j), 125.62(for k), 127.62(d, J = 10.02Hz, for l), 133.55(d, J = 

12.33Hz, for f), 176.87(d), 177.41(n΄); 

DEPT δC(400 MHz; DMSO-d6): 28.47, 28.59, 108.57(d, J = 26.20Hz, for g), 110.38(d, J = 

22.35Hz, for j), 127.14(d, J = 9.25Hz, for k);ESI-MS(positive ion mode): m/z 297.17 (M+H
+
, 

100%). 

Chloro Diamine(L1d):1.76gm (5.63mmol, 89% yield)  
1
H NMR δH(200 MHz; DMSO-d6): 

1.297(s, 6H, CH3, for b), 1.299(s, 6H, CH3, for p΄), 7.19(dd, 1H, Jd= 

8.65Hz, Jdd= 2.40Hz, Ph, for j), 7.55(d, 1H, Jd= 8.59Hz, Ph, for k), 

7.79(d, 1H, Jd= 2.53Hz, Ph, for g);
13

C NMR; δC(200 MHz; DMSO-d6): 

28.59(b), 28.65(p΄), 54.98(c), 55.06(o΄), 122.79(for j), 124.28(for k), 

126.05(for g), 128.77(for h), 129.36(for l), 132.88(for f), 177.01(for d), 

and 177.13(for n΄); DEPT δC(400 MHz; DMSO-d6): 28.50, 28.55, 

122.70, 124.20, and 125.97; ESI-MS(positive ion mode): m/z 313.14 (M+H
+
, 100%). 

Cyano Diamine(L1e):1.2gm (3.96mmol, 58.5% yield)  
1
H NMR δH(200 MHz; DMSO-d6): 

1.29(s, 6H, CH3, for b), 1.31(s, 6H, CH3, for p΄),), 4.97(s, 4H, NH2, 

for a),), 7.62(dd, 1H, Jd= 8.63Hz, Jdd= 1.89Hz, Ph, for j), 7.92(d, 1H, 

Jd= 1.89Hz, Ph, for k), 8.03(d, 1H, Jd= 8.46Hz, Ph, for g); 
13

C NMR; 

δC(200 MHz; DMSO-d6): 28.52(for b), 28.60(for p΄), 55.18(for c), 

55.41(for o΄), 79.26(for i), 106.11(for h), 123.07(for k), 128.63(for 
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g), 129.60(for j), 130.61(for f), 136.94(for l), 177.66(for d), and 177.26(for n΄);  DEPT 

δC(400 MHz; DMSO-d6): 28.29(for b), 28.37(for p΄),  122.83 (for k), 128.40(for g) and 

129.36 (for j); ESI-MS (positive ion mode): m/z 304.17 (M+H
+
, 100%). 

Synthesis of Ligands (L2): All the ligands (L2) were synthesised according to previous 

report.
8
 In an oven dried two-neck round bottom flask, 500mg of L1 was taken and dried 

under high vacuum for 2-hrs and backfill several times with nitrogen gas in schlenk line. 

Then 50 mL dry dichloromethane was added to L2 under nitrogen atmosphere followed by 

addition of dry trimethylamine (two equivalents). This solution was transferred into an 

addition funnel under inert atmosphere. N,N-dichloroformylmethylamine (one equivalent) 

was diluted with 50 mL dry dichloromethane and was also transferred into another addition 

funnel. Both the solution was added dropwise over a period of 3-hrs in to a 500 mL two neck 

round bottom flask containing 300 mL dry dichloromethane under inert atmosphere at ice 

bath. After completion of addition reaction mixture was warmed to room temperature and 

stirred for overnight. Then the reaction mixture was dried by rotary evaporator and purified 

by column chromatography using (8:2) ethyl acetate/petroleum ether as an eluent. Isolated 

yield was measured and L2 of different substitution were characterised by NMR and ESI-MS 

spectroscopy. 

Methoxy Ligand (L2b):1.86gm (0.5mmol, 44% yield)  
1
H NMR δH(200 MHz; DMSO-d6): 

1.48(s, 6H, CH3, for c), 1.52(s, 6H, CH3, for n), 2.97(s, 3H, 

OMe, for i), 3.37(s, 3H, NMe, for a), 6.75(dd, 1H, Jd= 

4.41Hz, Jdd= 2.91Hz, for j), 7.29(d, 1H, Jd= 8.68Hz, for g), 

7.42(d, 1H, Jd= 2.85, for k), 7.73(s, 1H, NH, for r), 8.18(s, 

1H, NH, for q), 8.91(s, 1H, NH, for t), 9.08(s, 1H, NH, for s).
13

C NMR; δC(400 MHz; 

DMSO-d6): 25.13(for o), 25.81(for c), 31.62(for a), 55.40(for i), 58.71(for n), 59.12(for d), 

108.65(for g), 110.14(for j), 121.79(for l), 128.21(for k), 133.38(for f), 155.71(for h), 
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157.16(for m), 157.31(for e), 173.57(for p), 173.70(for b); DEPT δC(400 MHz; DMSO-d6): 

25.49(for o), 26.17(for c), 31.99(for a), 55.75(for i), 109.02(for g), 110.50(for j), 128.57(for 

k);ESI-MS (negative ion mode): m/z 390.17 (M-H+, 100%). 

Fluoro Ligand(L2c):210mg (0.55mmol, 49% yield)  
1
H NMR δH(200 MHz; DMSO-d6): 

1.49(s, 6H, CH3, for c), 1.52(s, 6H, CH3, for o), 2.97(s, 3H, NMe, for a), 7.03(dt, 1H, Jd= 

2.93Hz, Jt= 8.64Hz, for j), 7.42(dd, 1H, Jd= 9.18Hz, Jdd= 

8.80Hz, for g), 7.64(dd, 1H, Jd= 10.26Hz, Jdd= 2.93Hz, for 

k), 7.79(s, 1H, NH, for r), 8.17(s, 1H, NH, for q), 9.05(s, 

1H, NH, for t), 9.19(s, 1H, NH, for s);
13

C NMR; δC(200 

MHz; DMSO-d6):  25.09(for c), 25.74(for o), 31.64(for a), 

58.72(for d), 59.10(for n), 110.14(d, Jd= 26.20Hz, for g), 111.44(d, Jd= 22.35Hz, for j), 

125.31(d, Jd= 2.31Hz, for l), 128.78(d, Jd= 10.02Hz, for k), 133.71(d, Jd= 12.33Hz, for f), 

155.76(for p), 157.28(for b),159.48(d, J = 241.98Hz, for h), 173.72(for m), 173.78(for e); 

DEPT δC(400 MHz; DMSO-d6): 25.47(for c), 26.12(for o), 32.02(for a), 110.52(d, J = 

26.20Hz, for g), 111.82(d, J = 22.35Hz, for j), 129.17(d, J = 9.25Hz, for k);ESI-MS (negative 

ion mode): m/z 364.14 (M-H+, 100%). 

Chloro Ligand (L2d): 220mg (0.55mmol, 52% yield)
1
H NMR δH (200 MHz; DMSO-d6): 

1.50(s,6H, CH3, for c), 1.51(s,6H, CH3, for o), 2.97(s, 3H, 

NCH3, for a), 7.26(dd, 1H, Jd= 4.65Hz, Jdd= 2.40Hz, for j), 

7.56(d, 1H, Jd= 8.59Hz, for k), 7.73(d, 1H, Jd= 2.40Hz, for 

g), 7.91(s, 1H, NH, for r), 8.03(s, 1H, NH, for q), 9.14(s, 

1H, NH, for e), 9.16(s, 1H, NH, for m). 
13

C NMR; δC(500 MHz; DMSO-d6): 25.37(for c), 

25.57(for o), 31.75(for a), 58.95(for d), 59.06(for n), 124.38(for j), 125.24(for k), 127.55(for 

l), 129.18(for h), 129.46(for l), 132.53(for f), 156.39(for b), 156.87(for p), 173.83(for e), 

173.92(for m); DEPT δC(500 MHz; DMSO-d6): 25.11(for c), 25.31(for o), 31.50(for a), 
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124.13(for j), 124.98(for k), 127.29(for l).ESI-MS (negative ion mode): m/z 394.13 (M-H+, 

100%). 

Cyano Ligand(L2e):172mg(0.44mmol, 40% yield)
1
H NMR δH(500 MHz; DMSO-d6): 

1.49(s, 6H, CH3, for c), 1.51(s, 6H, CH3, for o), 2.96(s, 3H, 

NCH3, for a), 7.69(d, 1H, Jd= 8.54Hz, for j), 7.89(s, 2H, for g, 

k), 7.95(1H, NH, for r), 8.16(s, 1H, NH, for q), 9.23(s, 1H, 

NH, for s), 9.40(s, 1H, NH, for t); 
13

C NMR; δC(500 MHz; 

DMSO-d6): 25.17(for c), 25.69(for o), 31.08(for a), 58.85(for d), 59.25(for n), 107.06 (for h), 

118.54(for i), 124.49(for k), 129.94(for g), 130.28(for j), 130.81(for f), 136.68(for l), 

155.93(for b), 157.30(for p), 173.96(for e), 174.05(for m);DEPT δC(500 MHz; DMSO-d6): 

24.91, 25.44, 31.55, 124.22, 130.03, 130.56.ESI-MS (negative ion mode): m/z 385.16 (M-H+, 

100%). 
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1
H NMR Spectra of methoxy Diamine (L1b) in DMSO-d6. 

 

13
C NMR (insetDEPT of L1b) Spectra of methoxy diamine (L1b) in DMSO-d6. 
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1
H NMR of methoxy ligand (L2b) in DMSO-d6. 

 

13
C NMR (inset DEPT of the L2b) of methoxy ligand (L2b) in DMSO-d6. 
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1
H NMR of fluoro diamine (L1c) in DMSO-d6. 

 

13
C NMR (inset DEPT of L1c) of fluoro diamine (L1c) in DMSO-d6. 
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1
H NMR of fluoro ligand (L2c) in DMSO-d6. 

 

 

 

 

13
C NMR (inset DEPT of L2c) of fluoro ligand (L2c) in DMSO-d6. 
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1
H NMR spectra of chloro diamine (L1d) in DMSO-d6. 

 

13
C NMR spectra (inset DEPT of L1d) of chloro diamine (L1d) in DMSO-d6. 
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1
H NMR spectra of chloro ligand (L2d) in DMSO-d6. 

 

13
C NMR spectroscopy  (inset DEPT of L2d) of chloro ligand (L2d) in DMSO-d6. 
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1
H NMR spectra of cyano ligand (L1e) in DMSO-d6. 

 

 

 

13
C NMR spectra (inset DEPT of L1e) of cyano diamine (L1e) in DMSO-d6. 
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1
H NMR spectra of Cyano ligand (L2e) in DMSO-d6. 

 

 

 

 

13
C NMR spectra (inset DEPT of L2e) of cyano ligand (L2e) in DMSO-d6. 
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Appendix B13: (a) UV-Vis spectra of 0.2 mM of 1b (violet), 1c (black), 1d (red), and 0.12 

mM of 1e (green) in water. (b) CVs of 5 ×10
-4 

M 1a (black) in water and 1a-H2O(red) in 2% 

CH3CN-98% water (glassy carbon as working and platinum wire used as counter electrode, 

scan rate 100 mVs
-1

, 0.1 M NaNO3 as electrolyte); inset UV-Vis of 1a-H2O in 2% CH3CN-

98% water.  

 

Appendix B14:Characteristic charge transfer band for (Et4N)2[Fe
III

(bTAML)(Cl)] (1a-f) in 

water and (PPh4)[Fe
III

(bTAML)(OH2)] (1a-H2O) 

Catalyst Substituent λmax/ nm, ɛ / M
-1

cm
-

1
 

1b -OMe 352, 5500 

1a -H 356, 3990
5
 

1c -F 350, 4300 

1d -Cl 351, 4450 

1e -CN 350,6500 

1f -NO2 356, 9028
5
 

1a-H2O -H 356 

 

a b 
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Appendix B15:CVs (red) and SQWV (black) of 1a(0.3mM) in pH 7.2, 15 mM phosphate 

buffer; (inset) forward, backward and difference SQWVs (glassy carbon as working and 

platinum wire used as counter electrode, scan rate 100 mVs
-1

, 0.1 M NaNO3 as electrolyte). 
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Appendix B16: CVs of 0.5 mM 1b(black-3A), 0.5 mM 1c(black-3B), 0.5 mM 1d(black-3C) 

and (B) 0.5 mM 1e(black-3D), 0.2 mM 1f (black-3E) and SQWV’s of 0.3 mM 1b(black-3A), 

0.5 mM 1c(black-3B), 0.5 mM 1d(black-3C) and (B) 0.5 mM 1e(black-3D), 0.2 mM 1f 

(black-3E) in pH 7.2 phosphate buffer (glassy carbon as working and platinum wire used as 

counter electrode, scan rate 100mVs
-1

, I = 0.1M NaNO3). The pink trace represents blank 

scan. 

(E) 
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Appendix B17: UV-Vis spectra of [Fe
IV

(O)]
2-

 in pH 12, 10 mM phosphate buffer in 

presences of 0.1M NaNO3 as supporting electrolyte. 

 

Appendix B18: CV of 0.3 mM 1a in 90% CH3CN:H2O (glassy carbon as working and 

platinum wire used as counter electrode: scan window 0.1 to 1.6 V, scan rate 100 mVs
-1

, 0.1 

M KPF6 as electrolyte); (inset) CV of ferrocene under similar condition. 

 

Appendix B19: (a) UV-Visible spectra of 1a in water (0.1M NaNO3) before (black) and after 

(red) 2 hrs of CPE. (b) The pH maintaining during WO by addition of NaOH solution after 

every 300 sec interval. 

 

a b 
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Appendix B20: CV of 1a in presence of Chelex 100 sodium form resin in pH 7.2 phosphate 

buffer (15 mM). 

 

Appendix B21: CVs of 1a in presence of disodium EDTA salt at 15 mM phosphate buffer 

(pH=7.2, I= 0.1 MNaNO3). 

 

Appendix B22a:. SEM images of the platinum foil working electrode before (left) and after 

(right) 2 hrsof CPE. 
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Appendix B22b:EDX analysis of the Platinum foil working electrode before (left) and after 

(right)2hrs CPE (inset: atomic % by element of platinum). 

 

Appendix B23:CV of 1a(0.5 mM) in 15 mM phosphate buffer (pH=7.2, I= 0.1 MNaNO3) at 

different scan rates on a glassy carbon working electrode. 

 

 

Appendix B24:A plot of rate constant (kcat) versus scan rates (V/s)for electrocatalytic WO by 

1a in water showing scan rates independence of the rate constant. 
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Appendix B25:CVs of 1a in 15 mM phosphate (pH=7.2, I= 0.1 MNaNO3) with increasing 

concentration of 1a at a scan rate of 100 mV/s. 

 

Appendix B26:Plot of catalytic current at 1250 mV as a function of disodium phenyl 

phosphate buffer anion concentration (pH 7.2). 

 

Appendix B27: Plot of catalytic current at 1250 mV as a function of disodium phosphate 

buffer anion concentration (pH 7.2) 
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Appendix B28:Plot of catalytic current at 1250 mV as a function of bicarbonate buffer anion 

concentration (pH 7.2). Please note that the pH if slightly inaccurate due to coupled 

equilibrium for the decomposition of carbonic acid to dissolved CO2. 

 

 

 

Appendix B29: (A) CVs at different scan rates of 1a(1mM) in water (0.5 M NaNO3 used as 

supporting electrolyte, glassy carbon used as working electrode). (B) The linear portion of 

icat/i
0

pvs 1/(1+exp(F/RT(E
0'
-E)) plot for 1a in water at different scan rates (black- 40 mV/s, 

red- 60 mV/s, 80 mV/s green- 90 mV/s) use to obtain rate constant (kobs) (inset) Plot of scan 

rates vskobsto obtain scan rate independent kobsvalue of 18.9 ± 3 s
-1

. 
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Appendix B30: Hammett plot for catalyst 1a-f with formal potential of Fe
V/IV

 and Fe
IV/III

 

redox couples. 

 

Appendix B31: Plots of icat/i
0

p as a function of 1/(1+exp(F/RT(E
0
'-E)) for various Fe

III
-

bTAML complex used in this study 1b(turquoise dottedline, solid line indicate y = mx fit at 

linear ic/i
0
p), 1a (blue dotted line, solid line indicate y = mx fit at linear ic/i

0
p), 1c (black 

dotted line, solid line indicate y = mx fit at linear ic/i
0

p), 1d (pink dotted line, solid line 

indicate y = mx fit at linear ic/i
0
p), 1e (red dotted line, solid line indicatey = mx fit at linear 

ic/i
0

p) and 1f(yellow green dotted line,solid line indicate y = mx fit at linear ic/i
0
p). The kcat 

values were determined from the initial linear portion of ic/i
0

p (solid lines indicate linear fit 

with intercept close to zero). icat/i
0
pfor various catalyst were obtained for CVs of 400 mV/s 

scan rates. 
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Appendix B32:Calculations of O-O bond formation Rate Constant at zero over potential 

Catalytic Tafel plot based on foot-of-the-wave analysis i.e. Turnover frequency-overpotential 

(TOF-ɳ )relationship for homogeneous water oxidation catalyst has been used to obtain the 

O-O bond formation rate constant (TOF
0
) at zero over potential during water oxidation by 

[Fe
III

-bTAML] complex. Following equations (equation I-III) has been used to calculate the 

TOF
0
 as follows. 

 

 

 

Using equation III TOF
0
 for all catalyst (1a-f) was determined and compared with Hammett 

parameter (see below figure).  

 

Plot of rate constants at zero overpotential (TOF) vs Hammett parameter (m+p) of substituted 

group on catalyst (1b-red, 1a-blue, 1c-cayan, 1d-black, 1e-green and 1f-pink).  
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Appendix C1: 
1
H NMR of (Et4N)[Co

III
(biuret-modified-TAML)] complex (2) in CD3CN 

(400MHz, 25
0
C). 
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Appendix C2: (a) Current obtained and (b) charge passed in 3 h with (red line) and without the 

catalyst (black line) during CPE at 1.5 V (vs NHE) of 1 mM 2 in pH 9.2 phosphate buffer (0.1 

M) for 3 h on 1 cm
2
 clean ITO surface (condition: platinum wire as counter electrode and 

Ag/AgCl (satured KCl) as reference electrode). 

 

 
 

Appendix C3: The UV-Visible spectra of 2 in water (0.1M pH 9.2 phosphate buffer) before 

(black) and after (red) 3 hrs of CPE. 
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Appendix C4: Scanning electron microscopy (SEM) images of a ITO working electrode before 

(A) and after (B) 3 hrs of CPE at pH 9.2 phosphate buffer. 
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Appendix C5a: Energy dispersive X-ray analysis (EDX) of a clean ITO electrode before CPE 

(the above table indicates the composition ITO electrode surface). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spectrum: S-1 

 

El AN  Series  unn. C norm. C Atom. C Error 

[wt.%]  [wt.%]  [at.%]   [%] 

------------------------------------------- 

O  8  K-series  22.52   30.77   57.90   3.7 

In 49 L-series  22.15   30.26    7.93   1.9 

Si 14 K-series  16.92   23.12   24.79   0.9 

Ca 20 K-series   3.78    5.17    3.88   1.1 

Sn 50 L-series   3.68    5.03    1.28   0.6 

Au 79 M-series   1.98    2.71    0.41   0.1 

Na 11 K-series   1.65    2.26    2.96   0.1 

Mg 12 K-series   0.50    0.68    0.84   0.1 

------------------------------------------- 

Total:  73.20  100.00  100.00 
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Appendix C5b: Energy dispersive X-ray analysis (EDX) of an ITO electrode after CPE (the 

above table indicates the composition ITO electrode surface). 

 

 
Appendix C6: Report of dynamic light scattering (DLS) spectroscopy for catalyst 2 in 0.1M 

phosphate buffer (pH = 9.2) after 3 hours of CPE. 

 

 

 

 

 

 

Spectrum: S-2 

 

El AN  Series  unn. C norm. C Atom. C Error 

[wt.%]  [wt.%]  [at.%]   [%] 

------------------------------------------- 

In 49 L-series  23.41   32.35    8.76   2.0 

O  8  K-series  20.70   28.60   55.58   3.6 

Si 14 K-series  17.11   23.65   26.17   1.0 

Ca 20 K-series   4.08    5.64    4.37   1.2 

Sn 50 L-series   3.59    4.95    1.30   0.6 

Au 79 M-series   1.57    2.17    0.34   0.1 

Na 11 K-series   1.35    1.86    2.52   0.1 

Mg 12 K-series   0.40    0.56    0.72   0.1 

Al 13 K-series   0.15    0.21    0.25   0.0 

 

Total:  72.36  100.00  100.00 
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Appendix C7: CVs (left) of 2(0.5mM) in (black) acetonitrile, 0.4 % pH 9.2 (0.4 mM phosphate 

buffer) in acetonitrile (blue) and 0.5 % pH =9.2 0.5mM buffer in acetonitrile (green). CVs (right) 

of 2 in acetonitrile (black), 1.75 % pH 9.2 (0.1M phosphate buffer) acetonitrile (red).Conditions: 

Scan rate 50mVs
-1

, Glassy carbon as working electrode, platinum wire as counter electrode, 

Ag/AgNO3 as reference electrode and 0.1 M potassium hexafluoro phosphate as supporting 

electrolyte. 

 

 
Appendix C8: UV-Vis spectrum (left) of mixture of [Co

IV
(O)bTAML] and (Co

III
-bTAML) 

generated by controlled potential electrolysis (1.2V vs NHE) in acetonitrile at -15
0
C. Conversion 

of 2 to one electrons higher oxidized species [Co
IV

(O)bTAML] through isosbestic point at 

510nm by CPE at -15
0
C (right). Condition: 9 cm

2
 clean ITO as working, platinum foil as 

counter, Ag/AgNO3 as reference electrode and 0.1 M potassium hexafluoro phosphate as 

supporting electrolyte.   
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Appendix C9: Absorption spectra of (a) [Co
III

-bTAML], (b) mixture of [Co
IV

(O)bTAML] and 

(Co
III

-bTAML), (c) [Co
IV

(O)bTAML]. The spectra in (a) to (c) have been fitted to sums of 

Gaussian functions, and the component bands are assigned as i , ii, iii, iv. 

 

 

 

 

 
     

Appendix C10: UV-Vis spectra of complex [Co
IV

(O)bTAML] in (a) acetonitrile and (b) 

dichloromethane generated from 2 by addition of chemical oxidant (ceric ammonium nitrate) at -

40
0
C. 
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Appendix C11: Comparison of simulated (black bars) and observed (red bars) isotopic 

distribution pattern of [Co(O)(Zn)(bTAML)]
-
[H]

+ 
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Appendix D 
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Appendix D1. X-band EPR spectra of S = 3/2 [(X-bTAML)Fe

III
(Cl)]

2-
 complex in acetonitrile at 

90K (X = F, black; Cl, violet; CN, green, OMe, red). 

 
Appendix D2. Kinetic traces for cyclooctene oxidation by 2b (left). Calculation of first order 

rate constant for cyclooctene (0.0008 M) oxidation; inset: second order rate constant calculation 

from different cyclooctene concentration (right).   
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Appendix D3. Kinetic traces for toluene oxidation by 2b; inset: second order rate constant 

calculation from different toluene concentration (left). Calculation of first order rate constants for 

tolene (0.04 M) oxidation (right).   

 

 
 

Appendix D3. Spectral change upon addition of equimolar aqueous sodium hypochlorite 

solution to [Fe(III)(X-bTAML)] solution in acetonitrile at room temperature. 

 

 

 

 

Fe
II

I

 

Fe
I

V

 

Fe
V

 

957 

nm  Fe
I

V

 

Fe
V

 

613 

nm  

60
0 

100
0 



Appendix D 

 

Ph.D Thesis AcSIR, November, 2017 216 
 

 
Appendix D4.  pKa determination of Fe

IV
(O). 

The pKa was determined by monitoring the increase in absorbance at 920 nm due to the 

formation of µ-O-Fe
IV

2upon addition of acid. For all catalyst the pKa of FeIV(O) was detrmined 

using same method. 

The following equilibrium takes place: 

 
 

 

 
 

 

Appendix D5: Correlation of free energy of activation with BDE(Fe
IV

-OH) (left) and The 

electron affinity of oxoiron(V).  
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Appendix E1. 
1
H –NMR of L1 in DMSO-d6  

10 Jun 2011
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Appendix E2. 
13

C –NMR of L1 in CDCl3  
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Appendix E3. 
1
H –NMR of L2 in DMSO-d6  
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Appendix E4. 
13

C –NMR of L2 in DMSO-d6  
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Appendix E5. 
1
H –NMR of L3 in DMSO-d6  
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Appendix E6. 
13

C –NMR of L3 in DMSO-d6  
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Appendix E7. 
1
H –NMR of L4 in DMSO-d6  

S2-FE #96 RT: 0.43 AV: 1 SB: 66 0.26-0.39 , 0.25-0.40 NL: 1.59E7
T: FTMS - p ESI Full ms [100.00-1500.00]
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Appendix E8. HR-Ms of 1a (isotope pattern matches perfectly with theoretical pattern) 
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