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ABSTRACT 

 

High-valent non-heme metal intermediates have been invoked as key reactive 

species in various oxidative transformations. These intermediates perform crucial redox 

reactions which proceed via atom transfer or electron transfer or radical reaction 

pathways. The reactivity patterns of these intermediates have been studied extensively 

towards various organic substrates which are highly influenced by several factors such as 

primary and secondary coordination spheres and topology, ligand architecture, spin states 

of metals, solvents, pH and temperature. However, it remains a major challenge to design 

efficient synthetic biomimetic catalysts with high selectivity and reactivity due to the 

unattainability of physiological conditions. The ligand modification around the metal 

centre is one of the most important factors that provides stability to these metastable 

intermediates and hence hugely affects their reactivity. The factors that influence the 

reactivity profiles of these intermediates are often associated with their mechanistic 

pathways. Hence, to have a better understanding, it is important to investigate the 

mechanistic insight into various reactions performed by non-heme systems.  

In the present work, the reactivity studies towards aldehyde deformylation, S-

oxidation, C-H activation and oxidative dehalogenation reactions with manganese(III)-

peroxo, iron(IV)-oxo and iron(IV)-imido intermediates supported by penta-dentate ligand 

systems have been evaluated. These reactivity studies provide remarkable insights into 

the mechanistic pathways of these intermediates. 

The reactivities of two isomeric side-on manganese(III)-peroxo complexes with 

bispidine ligands have been investigated towards aldehyde deformylation reaction and 

was found that the reaction proceeds via an electrophilic hydrogen atom abstraction 

instead of the commonly proposed nucleophilic pathway. Comparative reactivity studies TH-3026_166122104
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have been performed between iron(IV)-oxo and iron(IV)-imido complexes toward S-

oxidation and C-H activation reactions. In both reactions, iron(IV)-imido complexes were 

found to be sluggish as compared to their oxo analogue. Finally, the reactivity of iron(IV)-

oxo complexes has been evaluated with a series of mono-, di- and tri-halophenols and has 

established a new mechanism for their oxidative dehalogenation.  
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bound adducts by addition of 100 equiv. of 2,4,6-

TFP-d1 to complex 4b in CH3CN at 25 °C. 

V/26 

 

Fig. 5.28. UV-Vis spectrum for the decay of substrate-bound 

adduct of 2,4,6-TBP and concomitant formation of 

the iron(II)-precursor at 450 nm in CH3CN at 25 °C.  

V/27 

Fig. 5.29. 

 

Activation parameters determined for the oxidation 

of 2,4,6-TFP (red line), 2,4,6-TCP (violet line) and 

2,4,6-TBP (blue line) by complex 4b in CH3CN at a 

temperature range of 253-283 K. The substrate 

solution (10 equiv.) was added to complex 4b 

solution and the absorption change measured. 

V/29 
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Fig. 5.30. Free energy landscape (G values at 298 K with 

zero-point energy, and thermal, solvent and entropic 

corrections included in kcal mol−1) for the reaction 

of 2,4,6-TFP activation by 4b. On the sides are 

shown the optimized geometries of the H-atom 

abstraction and OH rebound barriers with bond 

lengths in Armstrongs and the imaginary frequency 

in cm-1. 

V/31 
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ESI-MS Electrospray Ionization Mass Spectrometry 

UV/Vis Ultraviolet-Visible  

NMR Nuclear Magnetic Resonance 

GC Gas Chromatography 

LCMS Liquid Chromatography Mass Spectrometry 

UPLC Ultra Performance Liquid Chromatography 

EPR Electron Paramagnetic Resonance 

ROS Reactive Oxygen Species 

HRP Horseradish Peroxidase 

CYP Cytochrome P450 

NADPH Dihydronicotinamide Adenine Dinucleotide Phosphate 

SOR Superoxide Reductase 

SOD Superoxide Dismutase 

Cat Catalase 

RNR Ribonucleotide Reductase 

pdb Protein Data Bank 

His Histidine 

-KG -ketoglutarate 

TauD taurine/α-KG dioxygenase 

H2O2 Hydrogen Peroxide 

KO2 Potassium Superoxide 

TEA Triethylamine 
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OAT Oxygen Atom Transfer 
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TBC Tetrabenzylcyclam 

TMG3tren 1,1,1-tris{2-[N2-(1,1,3,3-
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TQA tris(2-quinolinylmethyl)amine 

TAML Tetraamidomacrocyclic ligand 
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N4Py N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl) 
methylamine 

XAS X-ray absorption spectroscopy 
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2,4,6-TCP 2,4,6-trichlorophenol 
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2,6-DFP 2,6-difluorophenol 

2,6-DCP 2,6-dichlorophenol 

2,6-DBP 2,6-dibromophenol 

4-FP 4-fluorophenol 
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4-BP 4-bromophenol 

DHA 9,10-Dihydroanthracene 

2-PPA 2-phenylpropionaldehyde 

CCA cyclohexanecarboxaldehye 

-[D1]-CCA -[D1]-cyclohexanecarboxaldehye 

1,2-[D2]-
CCA 

1,2-[D2]-cyclohexanecarboxaldehyde 

RT Room temperature 

m.p.  Melting point 

CHD 1,4-Cyclohexadiene 
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PTFE Polytetrafluoroethylene 

OTf triflate 
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Q-TOF Quadrupole Time of Flight 
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Synopsis 

 

The diversity of life on earth today is the result of continuous evolution and 

adaptation which developed some major modifications in molecular machines. Nature 

being the best architecture has designed specific tools and techniques for each biological 

function associated with life processes. Metalloenzymes play one of such vital roles and 

are responsible for a diverse range of specified catalytic transformations. Inspired by 

Nature, researchers have devoted themselves to synthesize non-heme model systems that 

react with several oxidants to generate high-valent reactive species and to understand their 

reactivity patterns with various substrates. The primary challenges associated with these 

processes involve the stabilization and characterization of the transient species and 

controlling the fast reaction kinetics. This thesis entitled “Investigation of Bioinspired 

Oxidation Mechanism by Non-Heme High-Valent Metal Intermediates” focuses on 

the synthesis of model systems, that could contain relevant metal ions like iron and 

manganese and the generation of reactive intermediates by the reaction with suitable 

oxidants, followed by their reaction kinetics with various organic substrates. Thus, 

different types of model reactions were carried out and mechanistic investigations have 

been established. 

Mononuclear non-heme metalloenzymes containing iron and manganese play a 

pivotal role in a diverse range of oxidative transformations in living beings. Transition 

metals in the active sites of such enzymes have evolved for the activation of molecular 

oxygen (O2). Depending upon the metal ion and coordination motif, a variety of high-

valent reactive intermediates have generated that act as potential catalysts for such 

transformations. These intermediates are usually metastable in nature and various factors 

like ligand architecture, coordination geometry, the spin state of metal ion, solvent, pH of 

the medium, temperature, etc. are known to influence their stability and reactivity either TH-3026_166122104
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actively or passively. These non-heme Fe or Mn-containing metal intermediates are 

shown in Fig. S1. Among these, some of the intermediates (viz. manganese-peroxo, iron-

oxo and iron-imido) have been studied in terms of their stability and reactivity. This thesis 

has been classified into five chapters. A short chapter-wise preview for each of those is 

given below. 

 

 Fig. S1. Plausible high-valent iron and/or manganese containing metal intermediates. 

 

Chapter I. A General Overview of Dioxygen Activation by Heme and Non-Heme 

Metalloenzymes and their Synthetic Molecular Models. 

This chapter deals with the general literature survey on dioxygen activation by 

heme and non-heme metalloenzymes of Fe and Mn and their model systems. Also, recent 

advancements in the rich chemistry of manganese-peroxo, iron-imido and iron-oxo 

species have been discussed.  
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Chapter II. Synthesis and Characterization, Materials Employed and Methods 

Adapted. 

This chapter aims to thoroughly discuss the synthetic aspects of the ligands and 

metal complexes, their structural characterization and other factors. The usage of solvents 

and thoughtful employment and synthesis of specific substrates to ascertain the reactivity 

profiles of various intermediates have been discussed. The synthesis of all the ligands 

used in this thesis have been discussed in detail along with their spectroscopic 

characterization. Discussions on the synthesis of the metal complexes and usage of 

electrospray ionization mass spectrometry (ESI-MS), Ultra Violet-Visible (UV/Vis) 

spectroscopy and 1H-Nuclear Magnetic Resonance (NMR) spectroscopy have been done. 

Also, detailed procedures of the physical methods adapted and of the reaction kinetics 

have been depicted herewith.  

Chapter III. Hydrogen by Deuterium Substitution in an Aldehyde Tunes the 

Regioselectivity by a Non-Heme Manganese(III)-Peroxo Complex. 

 Manganese metal ions are present in the active site structure of numerous enzymes 

that utilize molecular oxygen, and are involved in harmful superoxide detoxification, 

decomposition of hydrogen peroxide, and water splitting. Most of these enzymes include 

either a manganese–oxo, manganese-superoxo or manganese-peroxo structure as an 

active intermediate in their catalytic cycle. Several biomimetic manganese(III)-peroxo 

complexes have been synthesized and characterized with spectroscopic methods. 

Furthermore, for some of those, the reactivity against substrates has been tested. In 

general, side-on manganese(III)-peroxo reacts via nucleophilic pathways, for instance, 

through deformylation of aldehydes. Side-on manganese(III)-peroxo complexes show a 

versatile reactivity pattern with a variety of substrates that are poorly understood, which 

encouraged us to look deeper into their reactivity with substrates. 

TH-3026_166122104



Synopsis/4 
 

In this work, we describe the synthesis and characterization of two side-on 

manganese(III)-peroxo complexes (Fig. S2) with pentadentate N5 bispidine ligand 

backbones, namely [MnIII(O2)(L1)]+ (1b) and [MnIII(O2)(L2)]+ (2b) with L1= dimethyl-

2,4-di(2-pyridyl)3-(pyridin-2-ylmethyl)-7-benzyl-3,7-diazabicyclo[3.3.1]nonan-9-one-

1,5-dicarboxylate and L2=dimethyl 2,4-di(2-pyridyl)-3-benzyl-7-(pyridin-2-ylmethyl)-

3,7-diazabicyclo[3.3.1]nonan-9-one-1,5-dicarboxylate. 

 

Fig. S2. Ligand frameworks and Manganese(III)-peroxo complexes investigated in this work. 

 

Treatment of a colour-less solution of the manganese(II) precursor with 10 

equivalents of H2O2 and triethylamine  (TEA; 2.5 equivalents) in CH3CN at 15 C results 

in the formation of a blue and brown intermediate for 1b and 2b, respectively. The identity 

of complexes 1b and 2b was confirmed by ultraviolet-visible absorption spectroscopy at 

wavelengths 605 nm and 450 nm, respectively (Fig. S3) and also characterized by 

electrospray ionization-mass spectrometry. 
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Fig. S3. UV/Vis spectra of the formation of [MnIII(O2)(L1)]+ (1b) and [MnIII(O2)(L2)]+ (2b) (2 mM) upon 
addition of [Mn(L)]2+ in the presence of TEA (5 mM) and H2O2 (20 mM) in CH3CN at 15 °C. 

Metal-peroxo oxidants have been reported that react via hydrogen-atom 

abstraction reactions, therefore, we decided to extend our work to other substrates to 

evaluate the factors responsible for such unique reaction pathways. As such we 

investigated the reactivity of complexes 1b and 2b with cyclohexane carboxaldehyde 

(CCA) as it is a classical substrate used in several reactivity studies by manganese(III)-

peroxo complexes and generally gives cyclohexanone as product. Upon the addition of 

40 equivalents of CCA to 1b in CH3CN at 15 C, the intermediate decayed immediately 

and led to cyclohexanone as a product (Fig. S4).  

 

Fig. S4. UV-Vis spectral changes of 1b (2 mM) upon addition of CCA (120 mM) in the presence of TEA 
(5 mM) and H2O2 (20 mM) in CH3CN at 15 °C. Inset shows the decay profile at 605 nm.  TH-3026_166122104



Synopsis/6 
 

The pseudo-first-order rate constant of the decay of 1b increased linearly with 

increasing CCA concentration, thus enabling us to determine the second-order rate 

constant of the reaction: k2= 0.064 M-1 s-1 (Fig. S5). In contrast, the second-order rate 

constant for the oxidation of CCA by 2b gave a rate constant k2 of 0.291 M-1 s-1 (Fig. S5). 

 

Fig. S5. Plot of kobs against the concentration of CCA: second-order rate constant for the reaction of 2 mM 
1b (blue •)  and 2b (red •) with various substrate concentrations in CH3CN at 15 °C. 

The second-order rate constant for the reactivity of -[D1]-CCA with 1b was 50 

times faster when compared with parent CCA and implicated an effective kinetic isotope 

effect (KIE) of 0.02. The product analysis by NMR spectroscopy revealed that the product 

for the reaction of -[D1]-CCA with 1b was cyclohexane carboxylic acid (Scheme S1.), 

rather than the expected cyclohexanone. 

Scheme S1. Products obtained for the reaction of 1b and 2b with substrates. 
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Thus, we have synthesized a couple of MnIII-peroxo complexes bearing 

pentadentate bispidine backbone and were characterized. Herein, we demonstrate for the 

first time that the MnIII-peroxo complex can perform electrophilic oxidation of substrates 

through the hydrogen-atom abstraction from the C-H bond of an aldehyde to give the 

corresponding acid as the product. 

 

Chapter IV. Sluggish Reactivity by a Non-Heme Iron(IV)-tosylimido Complex as 

Compared to its Oxo Analogue. 

 High-valent metal-oxo and metal-nitrido species are common intermediates in 

enzymes and are found in the catalytic cycles of several oxidases as well as in 

nitrogenases. Thus, in many of these oxygenases, the enzymes utilize molecular oxygen 

to create a high-valent non-heme iron(IV)-oxo or iron(IV)-oxo heme cation radical 

species as active oxidant. On the other hand, few enzymes use nitrogen to generate a high-

valent iron(IV)-nitrido or -imido active species. Nevertheless, the latter has been 

proposed as an intermediate in nitrogenase. 

There are still many gaps in the understanding of iron-imido, iron-nitrido and iron-

oxo oxidants. To gain insight into the properties and reactivities of these biomimetic 

species, we synthesized [FeIV(NTs)(Bntpen)]2+, [FeIV(O)(Bntpen)]2+, 

[FeIV(NTs)(N4Py)]2+ and [FeIV(O)(N4Py)]2+. The studies show differences in 

spectroscopic and electronic properties based on the pentadentate ligand, but also the 

differences between iron(IV)-oxo and iron(IV)-imido are explored. In order to find out TH-3026_166122104
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how the ligand framework affects the reactivity patterns of iron(IV)-tosylimido oxidants, 

we decided to do a comparative study between the [FeIV(O)(Bntpen)]2+ (3b) and 

[FeIV(NTs)(Bntpen)]2+ (3c) [FeIV(O)(N4Py)]2+ (4b), [FeIV(NTs)(N4Py)]2+ (4c). The work 

shows that the ligand framework affects the substrate approach as well as the redox 

properties of the oxidant. 

Complex 3c was synthesized using the nitrene transfer reagent PhINTs under an 

argon atmosphere. Similar to complex 4c, the formation of 3c was identified by an intense 

LMCT band at 460 nm ( = 4100 M-1 cm-1) and a weaker band at 650 nm ( = 330 M-1 

cm-1) due to ligand field transitions characteristic for S = 1 iron(IV) complexes, see Fig. 

S6a. Further characterization of the [FeIV(NTs)(Bntpen)]2+, (3c) was done by electrospray 

ionization (ESI)-mass spectrometry (MS) (Fig. S6b), proton NMR spectroscopy and 

Fourier transform infrared (FTIR) spectroscopy.  

 

Fig. S6. (a) UV/Vis spectra of 1 mM solutions of [FeIV(O)(Bntpen)]2+ (3b, blue line) and 
[FeIV(NTs)(Bntpen)]2+ (3c, red line) in CH3CN at 298 K. (b) ESI-MS spectra of 3c in CH3CN. 
Insets show the isotopic distribution patterns for the peaks at m/z 324.10 and 797.19. TH-3026_166122104
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To understand the oxidative properties of complex 3c, we decided to investigate 

its heteroatom transfer reactivity to thioanisole as the model substrate. Unlike N4Py, the 

NTs complex 3c reacts sluggishly with thioanisole with considerably lower rate constants 

than those seen for the corresponding oxo complex 3b.9 The second-order rate constant 

for the reaction of 3c with thioanisole was 5.4 x 10-2 M-1 s-1 at 298 K, whereas for the 

same reaction with 4c, a value of 26 x 10-2 M-1 s-1 was reported at 273 K.9 Thus the rate 

of the reaction for 3c is expected to be even slower at 273 K. The slower reaction rate of 

3c with thioanisole is, therefore, speculated to originate from a group transfer reaction 

instead of an electron transfer mechanism. In order to establish the mechanism with 

conviction, we repeated the reaction using various para-substituted thioanisole substrates 

at 298 K to obtain second-order rate constants (Fig. S7).  

 

Fig. S7. Decay profile for the 750 nm band due to addition of 150 equiv. of thioanisole to 3c in CH3CN at 
298 K. 

Then these second-order rate constants were plotted against the para-substituent 

constant (p
+) for each substrate to obtain a Hammett plot (Fig S8). Thus, a  value of –

2.55 was obtained with a better-fitting correlation to the experimental data. Complex 4c, 

in comparison, produced a negative slope of –1.92 when the rates were plotted against 

p
+. Nevertheless, these values from the Hammett plots for 3c are substantial evidence of 

an operating electron transfer mechanism in spite of slower reaction rates than the fellow 

tosylimido complex 4c. TH-3026_166122104
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Fig. S8. Hammett plot obtained by plotting the log (kX/kH) values against the p
+ Hammett values of para-

X-thioanisole (X = OMe, Me, H and Cl) substrates in their reaction with 3c in CH3CN at 298 K. 

We also tested the alcohol oxidation reactivity of 3c using benzyl alcohol as the 

model substrate and compared the results with the other oxidants. The second-order rate 

constants for the complexes 3b, 3c, 4b and 4c were found to be 115.61 x 10-2 M-1s-1, 0.39 

x 10-2 M-1s-1, 8.20 x 10-2 M-1s-1 and 1.48 x 10-2 M-1s-1, respectively. Thus, it clearly 

indicates the iron(IV)-tosylimido complex of Bntpen reacts slower with substrates than 

the other complexes. 

In this work, we present the synthesis and characterization of an iron(IV)-

tosylimido complex and compared its reactivities with iron(IV)-oxo complexes. 

Experimental studies revealed that the iron(IV)-tosylimido forms strong N–H bonds after 

hydrogen atom abstraction but has a larger redox potential and therefore reacts slower 

with substrates.  
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Chapter V. Mechanistic Insights into Dehalogenation Reaction by High-Valent Non-

Heme Iron(IV)-oxo Intermediates. 

 High-valent iron(IV)-oxo complexes have been invoked as the key reactive 

intermediate in the catalytic cycle of non-heme iron enzymes and their model systems. 

The non-heme iron(IV)-oxo species is reportedly the active oxidant involved in 

enzymatic and biomimetic reactions. These iron(IV)-oxo intermediates have been shown 

to catalyze a wide variety of biological oxidative transformations. These are versatile 

intermediates towards hydrogen atom transfer (HAT) and oxygen atom transfer (OAT) 

reactions. In addition, mononuclear high-valent iron(IV)-oxo complexes have been 

considered reactive intermediates for the degradation of toxic organic pollutants. Among 

these organic pollutants, halophenols are a major class of toxic organic pollutants that 

enter into the human body through the food chain causing serious health concerns as they 

are potentially carcinogenic. Therefore, it is necessary to implement different techniques 

that can help in the detoxification of these pollutants and convert them to non-hazardous 

chemicals. 

 A variety of techniques have been developed for the degradation of halophenols 

that include physical, chemical and biological processes. All of those are costly and 

energy-intensive. Moreover, many of these processes produce by-products or more toxic 

intermediates. On the other hand, bacterial degradation is one of the most efficient 

methods to detoxify halophenols. The dehalogenation mechanism of dehaloperoxidase 

(DHP) has been investigated by several groups but as yet remains unresolved. Enzymes 

such as DHP, Caldariomyces fumago chloroperoxidase (CCPO), horseradish peroxidase 

(HRP) and lignin peroxidases degrade halophenols. The proposed mechanism for the 

conversion of halophenols to quinones by these enzymes involves two successive one-

electron transfer steps mediated by iron(IV)-oxo intermediates and it is seen that the 

oxygen atom in the quinone product is derived from a solvent water molecule.  
TH-3026_166122104
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In this work, we have employed iron(IV)-oxo species (Fig. S9) supported by 

pentadentate ligands 2PyN2Q (1,1-di(pyridin-2yl)-N, N-bis(quinolin-2-

ylmethyl)methanamine) and N4Py (N, N-bis(2-pyridylmethyl)-N-bis(2-

pyridyl)methylamine) in an acetonitrile solvent, which degrade halophenols by an 

oxidative pathway. The proposed mechanism of oxidative dehalogenation of halophenols 

by these iron(IV)-oxo intermediates proceeds via an initial hydrogen atom abstraction 

from the phenolic O-H resulting in the formation of a new intermediate which leads to 

the formation of corresponding quinone products. 

 

Fig. S9. Ligand frameworks and iron(IV)-oxo complexes investigated in this work. 

We started our work by synthesizing [FeII(2PyN2Q)(OTf)2], 5a complex and 

generated [FeIV(O)(2PyN2Q)]2+, 5b by the addition of 1.5 equivalents of PhI(OAc)2 to 5a 

in CH3CN under ambient conditions, a pale green iron(IV)-oxo complex with distinctive 

absorption features in UV-Vis absorption (λmax = 770 nm, ε = 340 L M−1 cm−1, t1/2 = 50 

min at RT) and was also characterized by ESI-MS. TH-3026_166122104
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The electrophilic nature of [FeIV(O)(2PyN2Q)]2+, 5b was investigated by reacting 

it with a series of tri-, di- and mono-halophenols with various steric demands and different 

electronic impulses. At -40 ⁰C, the addition of tri-halophenols to 5b led to the gradual 

pseudo-first-order decay of the iron(IV)-oxo characteristic band at 770 nm in the UV-vis 

spectrum with concomitant formation of the corresponding iron(II) precursor with an 

isosbestic point at 620 nm as shown in Fig. S10a. The pseudo-first-order rate constants 

increased linearly with an increase in the concentration of the substrates enabling us to 

procure the second-order rate constants (k2). The second-order constants (k2) for 5b with 

different tri-halophenols were evaluated, as shown in Fig. S10b and the reactivity order 

was found to be 2,4,6-TBP > 2,4,6-TCP > 2,4,6-TFP.  

The reactivity of di- and mono-halophenols with 5b was studied and second-order 

rate constants were evaluated (Table S1.). The product analysis of the reaction mixture 

confirms the formation of quinones with p-quinone as the major product. When the 

reaction of p-halophenols with 5b was carried out at 0 ⁰C, a new intermediate was 

observed, however, the formation was slow. Thus, the reaction at room temperature 

resulted in a new absorption band at 614 nm, typical of the characteristic LMCT band 

usually seen for oxygen adducts of iron such as iron(III)-OOH and/or iron(III)-OOR.  

 

Fig. S10. (a) UV-vis spectral changes of 5b upon addition of 10 equiv. 2,4,6-TCP in CH3CN at -40 ⁰C. 
Inset shows the decay profile of the 770 nm band. (b) Second order rate constants determined 
for 5b (1mM) with (a) 2,4,6-TFP (◼), 2,4,6-TCP (⚫) and 2,4,6-TBP () at -40 ⁰C. TH-3026_166122104
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Table S1. Second-order rate constant (k2) and product distribution for 5b (1 mM in CH3CN solution) 

with mono-, di- and tri-halophenols.  

Substrate 10-1 x k2 (in M-1s-1) Temperature Product distribution 

% (ortho : para) 

quinone 

2,4,6-TFP 4.98  -40° C 35 : 21 

2,4,6-TCP 9.3  -40° C 30 : 15 

2,4,6-TBP 18.3 -40° C 50 : 10 

2,6-DFP 3.55  -40° C 30 : 0 

2,6-DCP 8.54  -40° C 33 : 0 

2,6-DBP 14.6 -40° C 21 : 0 

4-FP 20.8 0° C 30 : 25 

4-CP 19.8 0° C 40 : 31 

4-BP 16 0° C 38 : 10 

 

The formation of these intermediates was observed only in 2,4,6-TFP, 2,6-DFP and in all 

p-halophenols due to the steric hinderance between bulkier halogens and quinoline groups 

of 5b. This motivated us to choose a symmetric metal complex to observe the new 

intermediate formation with all the halophenols. We have employed an 

[FeIV(O)(N4Py)]2+, 4b complex supported by a symmetric N4Py ligand which detoxifies 

all these halophenols into their non-hazardous forms. Upon addition of 10 equiv. of tri-

halophenols to the complex 4b at ambient conditions in CH3CN solvent resulted in the 

immediate decay of the iron(iv)-oxo characteristics d-d- transition band at 695 nm and 

concomitant formation of the purple-coloured intermediates at a wavelength range of 

558-595 nm depending on the phenolic substrates used (Fig. S11). These new 

intermediates are the substrate-bound adducts coordinated to the ferrous species as 

evidenced by the shift in wavelengths in UV-Vis absorption. 

TH-3026_166122104



Synopsis/15 
 

 

Fig. S11. UV/Vis spectra for the formation of substrate-bound adducts by the addition of 10 equiv. of 2,4,6-
TFP (red line), 2,4,6-TCP (violet line) and 2,4,6-TBP  (blue line) to [FeIV(O)(N4Py)]2+ (4b) (black 
line) in CH3CN at 25 °C. 

In this work, we have employed iron(IV)-oxo complexes supported by both 

asymmetric 2PyN2Q and symmetric N4Py ligands which detoxify a series of halophenols 

into quinones. A combined experimental and theoretical studies revealed a unique 

reaction mechanism for the oxidative dehalogenation of these halophenols which 

proceeds via a Fe(II)-phenolate adduct formation. 
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1.1. Introduction 

The diversity of life on earth today is the result of continuous evolution and 

adaptation which developed some major modifications in molecular machines. Nature 

being the best architect has designed unique tools and techniques for all of the biological 

processes involved in life. One of those crucial roles is played by metalloenzymes, which 

carry out a variety of specific catalytic reactions. The majority of enzymes are 

metalloproteins that Nature has employed to its full advantage to minimize the issues 

brought on by various oxidation and reduction processes in mild and normal physiological 

conditions. These enzymes act as biocatalysts that use metal ions as cofactors to carry out 

numerous biochemical reactions. Metalloenzymes mainly use transition metals like Mn, 

Fe, Co, Ni, Cu and Zn due to their tendency to exhibit variable oxidation states and hence 

are involved in various redox processes. Enzymomimetics can be contemplated as a 

subclass of Biomimetics which deals with the synthesis of model systems and the 

generation of reactive intermediates that efficiently mimic the potential active sites of 

various metalloenzymes. This thesis mainly focuses on mechanistic insights into the 

reactivity patterns of synthetic enzymomimetic model systems toward the oxidation of 

various proficient organic substrates.  

1.2.  Dioxygen Activation 

 Nature has provided us with an atmosphere for living organisms to succeed with 

an abundant and renewable chemical oxidant; i.e. molecular oxygen. The evolution of 

humans and all other living things depend on the presence of molecular oxygen in the 

atmosphere.1,2 Dioxygen acts as an efficient oxidant and exists as a radical species 

because of its unique electronic configuration having two unpaired electrons. Thus, it 

undergoes a thermodynamically feasible reaction that requires an additional four 

electrons to create water, which is used as a universal solvent by all living organisms.1,2 
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Metalloenzymes play an important role in activating this molecular oxygen to perform an 

array of oxidative transformations. In the metal-binding mode, the reduction of dioxygen 

leads to the formation of different species like superoxide (O2
-), peroxide (O2

2-), oxide 

(O2-) or hydroxyl radical (OH•).3 These species are more reactive than the corresponding 

non-radical species and are considered reactive oxygen species (ROS).4 The production 

and removal of ROS species must be carefully controlled as these are toxic substances. 

An organism may suffer from oxidative damage such as Parkinson's disease, DNA 

damage, mutagenesis, etc. when the levels of ROS outweigh its defence mechanisms.5,6 

For instance, superoxides target certain substrates and are detrimental to an organism's 

health.5-7 Nature precisely utilizes various metalloenzymes to control the toxicity of these 

ROS species and consequently, it is imperative to investigate ROS. The non-heme iron 

enzymes in particular can function as a potential defensive mechanism to degrade these 

ROS.8   

 Despite making up less than 1% of the total protein weight in metalloenzymes, 

metal ions play a critical role in the catalytic activity to promote a diverse range of 

selective biochemical and biological reactions like oxygen activation.9 These metal ions 

are usually coordinated to heteroatoms such as N, O or S of various amino acids in the 

polypeptide linkages of the proteins. These donor groups are often provided with some 

side chains and can provide stability to numerous reactive species, which are essential in 

many metalloenzyme catalytic cycles. In actuality, the properties of the metal ions and 

their coordination units have a great influence on regulating the enzyme’s activities. The 

shape and structure of the active site of the metalloenzymes are determined by the 

coordination of the metal centre with the donor groups and their spatial orientation in 

three dimensions, which in turn regulates the approachability and trajectory of the 

substrates. The many processes that metalloenzymes carry out inside a live body are very 

synchronised with their surroundings, but it is challenging to model these systems while 
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maintaining the physical and chemical features of the enzymes. The majority of these 

reactions are multistep processes that occur consecutively within milliseconds while 

producing reactive intermediates. Thus, it becomes a fundamental obstacle for many 

researchers to characterize these intermediates. The characterization of these 

intermediates is achieved by freezing the reactions at lower temperatures, which confirms 

each step involved to mimic their reaction pathway. The selection of an appropriate non-

aqueous solvent system is required, as water is not a suitable solvent at lower 

temperatures. Also, the usage of organic solvents affects the native structure of proteins 

by disrupting the hydrogen bonds among the non-polar side chains thereby causing 

denaturation of the protein. Therefore, it has been a major challenge for researchers to 

overcome these limitations during the kinetics study of enzymatic reactions. Small 

synthetic molecules that accurately imitate the active site and the primary coordination 

sphere of the metalloenzymes were introduced as a partial solution to these restrictions.10 

Scientists have successfully imitated and simulated the reactions of the key 

metalloenzymes using these molecular models by using the appropriate solvents and 

regulating a range of temperatures.11  

1.3. Iron and Manganese-containing Heme and Non-Heme Metalloenzymes 

The fourth most common element in the crust of the earth is iron, which is one of 

the most crucial elements for life activities due to its propensity to exhibit a variety of 

oxidation states, such as Fe(I), Fe(II), Fe(III), Fe(IV), and Fe(V).11 Therefore, it acts as 

an active site in different types of enzymes like oxidases, horseradish peroxidase (HRP), 

hydrogenases, reductases, oxygenases and dehydrogenases and performs a wide range of 

biological transformations.12 Iron-sulfur proteins, heme and non-heme enzymes 

containing mononuclear and dinuclear metal centres utilize iron due to its redox 

efficiency. Heme and non-heme proteins are the two categories into which these enzymes 

are structurally divided. Again, these enzymes can be classified into two groups: 
TH-3026_166122104



 
I/4 

 

monooxygenase and dioxygenase. Enzymes are referred to as dioxygenases if they 

incorporate both oxygen atoms from dioxygen into the substrates, whereas 

monooxygenases only incorporate one oxygen atom. As seen in Fig. 1.1, the proto-heme 

IX prosthetic group makes up the majority of heme iron oxygenase. 

 

Fig. 1.1. Basic Proto-heme IX structure. 

The pivotal involvement of dioxygen in the operation of numerous 

metalloenzymes makes its activation essential. Numerous functionally and 

mechanistically varied enzymes use mononuclear non-heme metal centres that are crucial 

to biology to activate molecular oxygen and carry out a variety of challenging reactions, 

such as the highly selective oxidation of various substrates.13-16 The cytochrome P450 

(CYP) family of oxygen-activating metalloenzymes is one of the most well-known varied 

families.17 These superfamily of heme enzymes are versatile in nature that perform a 

variety of biological oxidation reactions such as alkane hydroxylation, olefin epoxidation, 

heteroatom oxidation, N-dealkylation, etc. The P450 superfamily's universally accepted 

mechanism of dioxygen activation has been shown in Fig. 1.2.18,19 In the resting state, the 

Fe(III) is coordinated to tetra-nitrogen donors present on the equatorial plane of the 

porphyrin ring, the fifth coordination site is linked to the protein residue via a thiolate 

linkage of cysteine and the sixth coordinated site is occupied with an H2O molecule trans 
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to the sulfur situated at the axial position. The labile coordination of water molecule to 

the iron(III) centre is disrupted during the substrate approach, resulting in the formation 

of the species [A]. After receiving an electron from NADPH, this Fe(III) species 

undergoes reduction to create the Fe(II) species [B], which activates molecular oxygen to 

create [C]. The species [C] is an end-on Fe(III)-superoxide intermediate that accepts 

another electron along with a proton to form an Fe(III)-hydroperoxo intermediate [D], 

which is considered as an active oxidant in numerous epoxidation reactions.20,21 An 

iron(IV)-oxo cation radical species [E] is produced as a result of the heterolytic cleavage 

of the O-O bond due to both the push effect from cysteine and the pull effect from the 

distal protein.22-24 This intermediate [E] is an active oxidant and is considered as 

compound I, which potentially abstracts an H-atom from various substrates leading to the 

formation of a radical in the substrate along with an Fe(IV)-OH intermediate [F], which 

is comparable to compound II in the catalytic activities of chloroperoxidase.25 Finally, 

rebounding of the hydroxyl group from the species [F] takes place to the substrate radical 

which results in substrate hydroxylation.13,26-30 Hence, compound I is found to be the 

active oxidant in the catalytic cycles of the dioxygen activation by Cytochrome P450. 

This species has been isolated and characterized by M. T. Green and co-workers,31 and 

several iron(IV)-oxo intermediates related to cytochrome C peroxidase have been 

characterized.32,33 These Cytochrome P450 enzymes utilize Fenton reagents and with an 

additional sophistication carry out highly regio- and chemo-selective reactions. However, 

enzymatic oxidation catalysis is different from the Fenton oxidation process. The striking 

difference between these two processes is: reduced forms of enzymes are involved in 

Fenton oxidation, whereas enzymatic oxidation catalysis utilizes molecular oxygen.34,35  
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Fig. 1.2. General dioxygen activation mechanism by cytochrome P450. The inset shows the molecular 
  oxygen bound in the active site of Cyt. P450cam (pdb code 1DZ9) and cysteine linkage with  
  the protein residue and the camphor substrate. 

Apart from iron, manganese metal also acts as an active site in various enzymes 

because like iron, manganese also exhibits multiple oxidation states and similar 

coordination geometries. Manganese-oxygen adducts like Mn(III)-superoxo and Mn(III)-

peroxo that are crucial in biological and synthetic model systems. The relevance of these 

species to synthetic models and a number of Mn-containing enzymes, including 

photosystem II, Mn-superoxide dismutase (Mn-SOD), Mn-catalase (Mn-Cat), Mn-

ribonucleotide reductase (Mn-RNR), and Mn-dependent catechol oxygenases (MndD). 

These adducts play a vital role in various functions such as detoxification of reactive 

oxygen species (ROS)36,37aromatic hydroxylation,38 transformation of ribo- to 

deoxyribonucleotides,39,40 and formation of oxygen from water.41  

Exquisite mononuclear transition metals (Fe, Mn, Ni, Co, etc.) in the active sites 

of various metalloenzymes have evolved for the activation of molecular oxygen (O2) to 
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generate metal-oxygen intermediates such as metal(III)–peroxo, metal(III)–hydroperoxo, 

metal(III)–superoxo and metal(IV)–oxo and are considered as reactive species in the 

oxidation of numerous organic substrates as well as in many biological processes.42-58 

Many non-heme enzymes containing  Fe/Mn metal perform metabolically important 

functions by catalyzing the activation of dioxygen (O2).59-64 The speculated intermediates 

involved in all those iron and manganese-catalyzed biotransformations are shown below 

(Fig. 1.3). 64,65 

 

Fig. 1.3.  Proposed intermediates of high-valent Iron and Manganese with Oxygen and Nitrogen. 

Mechanistic developments in enzymatic oxidation reactions help in the 

understanding of the activation of dioxygen and especially nature of the active oxidizing 

species involved in various catalytic cycles of enzymes and their model systems like 

oxygen atom transfer reaction by -KG-dependent oxygenases (TauD).66,67 For decades, 

numerous biological oxidation processes have been attributed to high-valent mononuclear 

non-heme iron(IV)-oxo intermediates as the important reactive species. Studies of 

numerous -ketoglutarate-dependent (-KG) oxygenases (TauD) that catalyze either the 
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hydroxylation or halogenation of organic substrates have led to the first direct 

characterisation of such reactive intermediates (see Fig. 1.4).68 A general mechanism of 

dioxygen activation by -KG-dependent enzymes using TauD as the active site is 

depicted in the catalytic cycle as in Fig. 1.4.66  

 

Fig. 1.4. General mechanism of dioxygen activation by TauD enzyme. Inset shows the active-site of TauD 
 enzyme as taken from the 1OS7 pdb file.68 

Upon the approach of -KG to the Fe(II) centre, two H2O molecules are released 

out of the primary coordination sphere, and then -KG coordinates with the iron centre 

in a bidentate manner. It also follows the removal of another H2O molecule during the 

substrate approach and creates space for the dioxygen which then binds to the iron centre 

to create the iron(III)-superoxide species in an end-on manner. Then the oxygen atom at 
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distal position binds the carbon atom of -KG, which then undergoes decarboxylation. 

Subsequently, the homolysis of the O-O linkage leads to the formation of the proposed 

high-valent iron(IV)-oxo intermediate,69-72 which mostly causes the hydroxylation of the 

C-H bonds. Rapid freeze-quench procedures can be used to capture the reactive 

intermediates in non-heme systems, unlike heme metalloenzymes.67 Prof. Que and 

colleagues reported the first crystal structure of non-heme iron(II) coupled to a -keto 

acid using benzoyl formate.69 

 A ‘rebound mechanism’ is used to carry out the hydroxylation of the substrates in 

heme (cytochrome P450) as well as non-heme systems (TauD). A hydrogen atom is 

abstracted from the substrate by the iron(IV)-oxo species, which is then reduced by one 

electron, thus forming an Fe(III)-hydroxo intermediate and a substrate radical. The 

hydroxylated product and reducing iron centre are formed when the -OH group from the 

iron(III)-hydroxo species bounces back to the substrate radical (see Scheme 1.1).73,74  

Scheme 1.1. Oxygen rebound mechanism of iron(IV)-oxo complex in substrate hydroxylation. 

 

 

1.4.  Enzymomimetic Models and Reactivity 

 Numerous non-heme metalloenzymes containing Fe and Mn metals that are 

significant in performing various functions in biological systems. From the literature 

survey, many such systems need synthetic models which can effectively imitate the active 
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site of enzymes and also biological reactions. Inspired by Nature, researchers have put 

their efforts to synthesize such model systems that are reacting with many oxidants to 

produce high-valent transient intermediates. These intermediates were reacted with 

various substrates to understand their reaction mechanisms.75,76 The difficulties 

encountered in these processes are: stabilization and characterization of these transient 

species and controlling the fast reaction kinetics. This thesis focuses on the synthesis of 

synthetic models, which may contain transition metal ions, such as iron and manganese, 

as well as the generation of reactive intermediates through reactions with appropriate 

oxidants and the kinetics of those reactions with diverse organic substrates. As a result, 

many model reactions were performed, and mechanistic studies were established. 

 Various reactive intermediates such as iron(IV)-oxo, iron(IV)-tosylimido, and 

Mn(III)-peroxo were effectively produced and characterized while working on the 

aforementioned processes. Depending on the stability of these intermediates and their 

reaction kinetics, the mechanistic details for different reactions have been investigated at 

suitable temperatures. 

1.4.1. Non-Heme Manganese(III)-Peroxo Mimics  

Manganese-containing enzymes react with an oxygen molecule in its different 

reduced forms and are particularly essential in biology for specific functions like 

detoxification superoxide and H2O2 and the biodegradation of pollutants.36, 77-79 There are 

numerous synthetic Mn(III)-peroxo intermediates that have been synthesized by 

oxidizing Mn(II)-Precursors with either hydrogen peroxide (H2O2) in basic condition or 

potassium superoxide (KO2).80-86 However, the utilization of dioxygen as an oxidant has 

been reported to generate a high-spin (S = 2) Mn(III)-peroxo intermediate.87 These 

intermediates are thermally unstable and are highly reactive, often requiring low 

temperatures for their kinetic studies. These are found to react with aldehydes.87 X-ray 
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crystal structure of such complexes reveals an O-O bond lengths of 1.40-1.43 Å, 

confirming the Mn(III)-peroxo moieties.81, 83, 85 Nam and co-workers have used a 

tetradentate N4 macrocyclic ligand (TMC) and have generated a mononuclear Mn(III)-

peroxo species, [MnIII(TMC)(O2)]+, ( TMC = 1,4,8,11-tetramethyl-1,4,8,11-

tetraazacyclotetradecane) by reacting hydrogen peroxide (5 equiv.)  with a 

[Mn(TMC)(CF3SO3)2] solution in the presence of base triethylamine (2.5 equiv.) in 

acetonitrile at ambient conditions.83 Unlike the other peroxo complexes, this complex has 

a high degree of stability and is presumably caused by steric bulk around the peroxo unit 

from N-methyl substituents in the TMC macrocyclic ligand. Borovik group have reported 

the formation of peroxomanaganese(III) complexs with [MnIIH2bupa]- ([H2bupa]3-, 

bis[(N'-t-butylurealy)-N-ethyl](6-pivalamido-. 2-pyridylmethyl)-aminato) ligand system 

and O2 at ambient conditions.87 A number of manganese(III)-peroxo complexes bearing 

aminopyridyl ligand systems has been generated either with hydrogen peroxide in the 

presence of triethylamine or with KO2 in CH3CN at -40 C.86 Jackson and co-workers 

have demonstrated the electrochemical synthesis of such manganese(III)-peroxo 

complexes with pentadentate amino pyridine and imidazole ligands.88 These 

manganese(III)-peroxo intermediates perform aldehyde deformylation reactions and it 

has been found that the reaction mechanism for the same proceeds via a nucleophilic 

pathway for most of these complexes.89-94 The rate of aldehyde deformylation reaction 

has been monitored by tuning the axial ligands by introducing a variety of ligands (X) 

such as CN-, NCS-, CF3CO2
-, and N3

- in [MnIII(O2)(13-TMC)(X)]+.95 Aldehyde 

deformylation reaction is a characteristic reaction of aldehydes to ketone, as observed in 

[MnIII(O2)(TMC)]+ and [MnIII(O2)(H3bupa)]- intermediates.83, 87 

1.4.2. Non-Heme Iron(IV)-Oxo Mimics 

Several non-heme iron enzymatic catalytic cycles have been hypothesised to 

include high-valent iron(IV)-oxo species as an active oxidant. The -keto acid-dependent 
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TauD enzyme is the only mononuclear non-heme enzyme to include such species.68,96 As 

a consequence, many iron(IV)-oxo species involved in model systems were 

characterized.97-101 The synthesis of such iron(IV)-oxo intermediates was carried out by 

treating the iron(II)-precursors with suitable oxidants such as PhIO, peracetic acid or 

H2O2.102 These intermediates are potential oxidants in performing various oxidative 

transformations.103 In 1979, for the first time, Groves and group reported the catalytic 

hydroxylation of alkanes by a mononuclear iron(III) species bearing a 5,10,15,20-

tetrakis(phenyl)porphyrin system using PhIO as oxidant.104 It has been found that the 

stability of the catalysts is enhanced under oxidizing conditions due to the incorporation 

of bulkier arenes with different substituents at the meso positions along with the electron-

withdrawing groups at -position of the pyrrole rings.105 Thus, it clearly indicates that the 

catalytic performance depends on the kind of ligands as well as oxidants. In 1990, Que 

and colleagues demonstrated the synthesis of iron intermediates such as 

[FeIII(TPA)Cl2](ClO4) and [FeIII(TPA)Br2](ClO4) and studied their catalytic activity with 

cyclohexane.106,107 Thereafter, a series of -oxo bridged diiron complexes with TPA 

derivatives were studied, that showed significant turnovers in the catalytic process using 

cyclohexane as a substrate and by the addition of tert-butyl hydroperoxide 

(tBuOOH).108,109 Upon introduction of three electron-withdrawing nitro groups in the 

TPA ligand system, the catalytic activity was found to be decreased with lower yield and 

also selective oxidation of cyclohexane as observed by Hitomi and co-workers.110,111 Not 

only the ligand system but also the solvent has a significant role in the catalytic cycles as 

evident from TPA and N3Py-based intermediates, where there was greater selective 

oxidation of cyclohexane as well as cis-1,2-dimethylcyclohexane in acetonitrile solvent 

rather than in acetone.112,113 In 2000, Weighardt and group synthesized the first non-heme 

iron(IV)-oxo complex bearing a cyclam-acetate ligand framework.114  This complex was 

synthesized by the ozonolysis of [FeIII(cyclam-acetate)(CF3SO3)]+ at a lower temperature 

(-40°C or -80°C) in a mixture solvent of water and acetone, and a green-coloured species TH-3026_166122104
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was generated and characterized by Ultaviolet-visible spectroscopy (λmax = 676 nm) 

having a stability of less than an hour. The formation of this iron(IV)-oxo complex was 

confirmed from the  Mössbauer data with  (δ = 0.01 mm/s and ΔEQ = 1.37 mm/s) that 

were relatable with heme iron(IV)-oxo complexes. Que and Nam demonstrated a non-

heme iron(IV)-oxo species, [FeIV(O)(TMC)(CH3CN)]2+ supported by a macrocyclic 

TMC ligand by reacting the corresponding iron(II) complex with any one of the oxidants 

such as PhIO or H2O2 in acetonitrile at a lower temperature (-40 °C), hence resulting in 

the formation of a green-coloured solution with an absorption band at max 820 nm (ε = 

400 M-1 cm-1). Mössbauer data with δ = 0.17 mm/s and ΔEQ = 1.24 mm/s are in great 

agreement with the generation of this iron(IV)-oxo species.98 The tuning of axial ligand 

effect in the same TMC framework has been studied by Sastri and co-workers with the 

introduction of axial groups like CH3CN, CF3COO-, and N3
- and electron-donating ability 

of these groups led to interesting results in the hydrogen atom abstraction (HAA) from 

hydrocarbons and phenolic substrates and also in oxygen atom transfer (OAT) to the 

substrate PPh3.115 Further, the ring strain in the ligand framework also has a huge role in 

the reactivity of iron(IV)-oxo complexes as observed by the Nam group. The TBC ligand 

was synthesized by introducing four benzyl groups in place of the methyl groups in TMC, 

which resulted in a greater strain in the cyclam ring and steric hindrance among the 

groups.116 A comparative reactivity of the iron(IV)-oxo complexes generated using TBC 

and TMC ligands showed that despite the ring strain, [FeIV(O)(TBC)(CH3CN)]2+ shows 

>102 folds greater reactivity than [FeIV(O)(TMC)(CH3CN)]2+ in HAA as well as OAT 

reactions.116 Que and co-workers employed a tetradentate ligand TPA and generated its 

iron(IV)-oxo complex, [FeIV(O)(TPA)(CH3CN)]2+ at -40 °C in CH3CN. The synthesis of 

this complex was evident from a low-intensity near-IR band at 724 nm (ε = 300 M-1 cm-

1), that also confirmed by Mössbauer and ESI-MS analysis.117  
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There are many non-heme mononuclear iron(IV)-oxo complexes that have been 

generated and studied using a variety of spectroscopic techniques, although the majority 

of them are produced in non-aqueous solvents and include low-spin S = 1 iron 

centre.100,101,118-121 An exceptional iron(IV)-oxo intermediate [FeIV(O)(OH2)5]2+ with 

high-spin S=2 was synthesized in an aqueous solvent by Bakac and group.122-124 In 

addition, one more example of a high-spin iron(IV)-oxo intermediate, 

[FeIV(O)(TMG3tren)](CF3SO3)2 was synthesized by Que et al. using TMG3tren system,   

which is quite stable with a t1/2 of 4.3 h at -30 °C and about 30 sec at room temperature.125 

Thereafter, Nam and group employed an iron(IV)-oxo intermediate that has shown 

greater reactivity as compared to the cytochrome P450 model compound I. By 

substituting three N-methylbenzimidazole groups for the pyridine rings, the reactivity 

patterns of this iron(IV)-oxo complex was increased towards oxidative reactions.126 

However, greater reactivity of an iron(IV)-oxo intermediate does not necessarily depend 

on its high-spin character.127 In addition, another high-spin iron(IV)-oxo intermediate, 

[FeIV(O)(TQA)]2+  was generated by Que and group by the substitution of bulky 

quinolines in place of pyridine groups in TPA. The steric crowding in the ligand 

framework prevented the development of shorter Fe-N bonds that are needed for the 

formation of a low-spin complex and hence led to the formation of an iron-oxo complex 

with high-spin S= 2.128 There are a few iron(IV)-oxo intermediates with a high-spin 

character have been synthesized and they all have a trigonal bipyramidal geometry that 

forces the oxo moiety to be properly buried in a sterically inhibited cavity.129-131 Iron 

exists in +4 oxidation state in all the above-discussed iron-oxo complexes, but Collins 

and co-workers have successfully generated an iron(V)-oxo complex by using the TAML 

framework (TAML = tetra-amido macrocyclic ligand).132,133 The electron-rich TAML 

ligand acquires almost a square planer geometry that stabilizes the oxo complex with S = 

½. The reactivity of all these iron(IV)-oxo complexes is influenced by various factors like 

ligand topology,100,126,134 axial ligations,115,135 metal spin state127 and coordination of TH-3026_166122104
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various metals and protons136-139 to the iron-oxo group that have been thoroughly 

investigated for last few decades. 

 
 

Fig. 1.5. Ligand systems discussed that can stabilize various high-valent iron-oxo complexes. 

 

Synthetic mononuclear non-heme iron(IV)-oxo complexes are potential oxidants 

that perform a diverse family of reactivities like sulfoxidation, phosphorous oxidation, 

alcohol oxidation, epoxidation, hydroxylation, halide oxidation, N-dealkylation, C-H 

activation, electron transfer, hydride transfer, ligand and water exchange reactions, etc. 

(see Fig. 1.6). 
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Fig. 1.6. Diversity of oxidative transformations by non-heme iron(IV)-oxo complexes. 

 

1.4.3. Non-Heme iron isolobal intermediates 

 Though there is an extensive study on high-valent iron-oxygen intermediates, 

limited reports are there on their ioslobal analogues. Iron complexes with terminal nitrido 

or imido are a few such systems that are well-studied. The iron metal in these complexes 

exists in higher oxidation states like +4, +5 and +6.140-142 In 2000, Weighart and co-

workers demonstrated the first high-valent iron(V)-nitrido intermediate in a non-heme 

system by the photolysis of a ferric-azide cyclam-acetate complex.114,141 Characterization 

of this complex confirmed that the spin state of the iron is S = 1/2 in its ground state with 

a shorter Fe-N bond length of 1.61 Å. Furthermore, the same group has also reported an 

iron(VI)-nitrido species supported by a trimethyl cyclam-acetate ligand framework by 

treating laser radiation to the electrochemical generation of an iron(IV)-azide complex TH-3026_166122104
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followed by its photo-oxidation.142 In non-heme iron(IV) category, isolobal iron(IV)-

nitrido complexes were synthesized using tris-(phosphino)borate ligand systems.140,143 

These complexes were generated in two steps. The first step involves the treatment of an 

iron(I) complex using a nitrene transfer oxidant Li(dbabh) to produce iron(III)-imide 

species, then in the next step, a high-valent iron(IV)-nitrido intermediate was generated 

by slowing heating the pre-synthesized iron-imide with a release of anthracene 

molecule.140,143 The iron metal in these complexes was found to be in low spin S = 0 in 

the ground state. XAS studies of these complexes revealed a shorter Fe-N bond length of 

1.51-1.55 Å, which is in great agreement with the formation of a triple bond between Fe 

and N atoms as observed in earlier reported iron-nitrides.143 

 In 2000, the first iron(IV)-imido species, [Fe4(μ3-NtBu)4] was reported by Lee and 

co-workers.144 Its structure is similar to a cubane, with the iron(IV) centre located in one 

of its corners. The complex was formed by a self-assembly process with a poor yield of 

just 2% or less, in which three bridging Fe centres were bonded to a terminal Cl- anion 

and then another Fe centre was coordinated to a terminal t-butylimide. The iron oxidation 

state in this iron(IV)-imido complex was confirmed by Mössbauer analysis whereas the 

single crystal X-ray data are consistent with the iron-nitrogen bond distances of 1.635(4) 

Å and a linear Fe-N-C bond angle of about 178.6(3)°.144 Later, iron(IV)-imido complexes 

were reported in high yield using different ligand frameworks.145-155 These high-valent 

iron-nitrides and imides complexes are excellent oxidants and are vital in catalyzing 

amination reactions like other isolobal analogues. Over the last few years, several groups 

have been studied on the reactivity of these metal nitrides and amides towards the 

aziridination of different alkenes and aminidation of alkanes by iminoiodane.145-154 

However, a thorough investigation of their ability to act as a nitrogen atom transfer 

oxidant is yet lacking as well as a little is known about their reactivity as compared to the 

isolobal iron(IV)-oxo complexes.155  
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1.5.  Scope and Aim of the Thesis 

Over the last decade, the reactivity of high-valent metal complexes towards a 

diverse array of oxidation reactions and the investigation of their mechanistic pathways 

have gained immense importance in biomimetic chemistry. From the comprehensive 

literature survey as discussed above, it is evident that the research area on non-heme 

enzymomimetic reactions looks encouraging. Nature has designed various 

metalloenzymes that perform a diversity of oxidative transformations through 

successfully tuned and established catalytic cycles. Inspired by Nature, researchers 

synthesize synthetic model systems to mimic various flawless molecular machines and 

imitate their performance. Although a comprehensive study has been conducted on non-

heme systems over the decades, the performance of these enzymes is very little as 

compared to natural metalloenzymes. This poor performance of non-heme 

metalloenzymes is mainly due to many challenging factors faced by the researchers such 

as stability factor, characterization of the reactive intermediate species, phase issues, 

selectivity problems, turnover numbers, etc. Designing the ligand architecture is crucial 

because that provides stability to the intermediates and also has a role in determining the 

spin states of the metal centre that ultimately influences the reactivity of these synthetic 

complexes. This thesis contributes a little to the large research works on mononuclear 

non-heme enzymomimetic models as well as their reactivity. Initially, a set of nitrogen-

based pentadentate ligands have been synthesized, which then followed the synthesis of 

complexes of Fe and Mn metals. These metal complexes have been used as precursors to 

generate various high-valent transient species. These species are reactive intermediates 

that play a pivotal role in the catalytic reactions of various metalloenzymes toward the 

oxidation of organic substrates. The reactivity of these intermediates with various 

substrates has been monitored kinetically and the mechanistic details for these reactions 

have been investigated. Chapter-II describes the synthesis of a set of ligands and their 
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metal complexes along with their characterization by different spectroscopic techniques 

and also the usage of different reagents, solvents, oxidants, etc. Chapter-III depicts an 

electrophilic deformylation of aldehydes by two isomeric side-on Mn(III)-peroxo 

intermediates and also the effect of isotopic substitution in aldehydes on tuning the 

regioselective switch in the H-atom abstraction from α-position to the aldehyde group. 

Chapter IV describes the sluggish reactivity of an iron(IV)-tosylimido complex as 

compared to its oxo-analogoue towards the hetero atom transfer and HAA reactions. 

Finally, Chapter-V analyses the oxidative dehalogenation of two iron(IV)-oxo complexes 

with a series of halophenols and a unique mechanism for the same has been elucidated 

that proceeds via a substrate-bound adduct formation. 
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2.1. Introduction 

 This chapter represents a list of materials introduced at different stages of their 

investigation. The synthesis of these materials requires some well-designed experimental 

procedures and vigilant observations. A thorough analysis of each work results in a set of 

tasks like the synthesis of the ligands, synthesis of the oxidants and commercially 

unavailable substrates, synthesis of the metal complexes, generation and stabilization of 

the metal intermediates, optimization of the reaction conditions, kinetic study, product 

analysis and finally interpretation and evaluation of the obtained results.  

Precautions and safety measures were followed before every experiment. Also, 

accurate experimental results require careful analysis of the purity of the chemicals. 

Procedures followed for the purification, synthesis, spectroscopic characterization and 

instrumentation are discussed in detail below. 

 

2.2. Experimental Section 

2.2.1. Solvents 

Solvents were dried following published procedures1 and distilled under argon 

before use. Acetonitrile (CH3CN) was dried over Calcium hydride powder (CaH2) for 48 

hours in a solvent still-head distillation apparatus fitted with a condenser on a heating 

mantle. Other solvents like Tetrahydrofuran (THF) and diethyl ether were dried using a 

similar setup and were dried over sodium using benzophenone as an indicator. Solvents 

were collected from the solvent still-head distillation apparatus into dry glassware 

through a cannula using vacuum pumps. Glassware were extensively dried using either 

flame or kept inside a hot oven for a prolonged period before use.  
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2.2.2. Oxidants 

 Generation of the different types of reaction intermediates requires different types 

of oxidants such as iodosylbenzene (PhIO), (Diacetoxyiodo)benzene (PhI(OAc)2), 

peracetic acid, oxone, CAN, hydrogen peroxide, sodium chlorite, N-

tosyliminophenyliodinane (PhINTs), tert-butyl hydroperoxide, potassium superoxide, 

etc. that react with the metal complexes. Some of the oxidants were purchased 

commercially whereas some of them were synthesized by following previously reported 

procedures. The commercially available oxidants were PhI(OAc)2 (Aldrich Chemical 

Company) and hydrogen peroxide (H2O2) (Merck). The synthesized oxidants were PhIO 

and PhINTs.  

• Synthesis of Iodosylbenzene (PhIO): 

Iodosylbenzene was prepared by following a literature procedure.2 32.2 g (100 

mM) of finely grounded (iodosobenzene)diacetate was taken in a 250 mL beaker, then 

150 mL of NaOH solution (3 N) was added slowly over 5 minutes with vigorous stirring. 

Then the lumps formed were ground thoroughly for 15 minutes with a glass rod and 

spatula, and the reaction mixture was allowed to stir for another 45 minutes for the 

completion of the reaction. Then 100 mL of water was added to the reaction mixture, 

stirred vigorously and filtered through a Büchner funnel. The crude solid iodosylbenzene 

was collected and returned to the beaker and triturated in 200 mL water. The solid was 

again collected by Büchner funnel, washed with 200 mL of water and dried over the 

vacuum. Finally, it was triturated with 75 mL of chloroform in a beaker to remove any 

unreacted starting material, filtered, dried over a vacuum and stored in a cold and dark 

place. 
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• Synthesis of N-tosyliminophenyliodinane (PhINTs): 

PhINTs was prepared by following a literature method.3 3.20 g (10 mmol) 

(Diacetoxyiodo)benzene was added to the mixture of para-toluenesulonamide and 

potassium hydroxide in methanol at below 10 ºC under stirring condition. The resulting 

yellow-colored solution was allowed to stir for 3 hours at room temperature. Then the 

reaction mixture was poured into water to get yellow colored solid, which was 

recrystallized from methanol to afford crystalline N-tosyliminophenyliodinane. 

50 % H2O2 was purchased from Merck-India. 

 

2.2.3. Substrates 

Almost all the chemicals were purchased from Sigma-Aldrich Chemical Co., were 

in the best available purity and were used without further purification unless otherwise 

indicated . Thioanisole (THA) and its para-X-derivatives (X = -OMe, -Me, -Cl), benzyl 

alcohol and its para-X-derivatives (X = -OMe, -Me, -Cl), xanthene, fluorene, 2,4,6-

trifluorophenol (2,4,6-TFP), 2,4,6-trichlorophenol (2,4,6-TCP), 2,4,6-tribromophenol 

(2,4,6-TBP), 2,6-difluorophenol (2,6-DFP), 2,6-dichlorophenol (2,6-DCP), 2,6-

dibromophenol (2,6-DBP), 4-fluorophenol (4-FP), 4-chlorophenol (4-CP) and 4-

bromophenol (4-BP) were purchased from Aldrich Chemical company. 

Triphenylmethane was purchased from Avra Synthesis Pvt. Ltd. and 9,10-

Dihydroanthracene (DHA), was obtained from TCI Chemicals Pvt. Ltd. 

Cyclohexanecarboxaldehye (CCA) was purchased from Alfa Aesar by Thermo Fisher 

Scientific Pvt. Ltd. -[D1]-cyclohexanecarboxaldehye (~ 90 %, D enriched) was 

purchased from RVL Scientific & Engineering Pvt. Ltd. (Lucknow, India). Benzyl 

alcohol-D7 was purchased from Cambridge Isotope Laboratories, Inc. Other deuterated 
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solvents like CDCl3, CD3CN, D2O, DMSO-D6 and CD3OD were bought from Aldrich 

Chemical Company. 

The deuterated substrate of halophenols were prepared by using reported procedure.4 

Halophenol substarte (100 mg) was dissolved in DMSO-d6 (3 mL) solvent along with 

NaH (1.1 equiv.) under an inert atmosphere. The colourless solution was stirred at room 

temperature for overnight, and the reaction mixture was quenched with D2O (5 mL). The 

product was extracted with CH2Cl2 and dried in vacuum. 1H-NMR confirmed >99% 

deuteration. All other substrates used in this thesis were prepared by following reported 

procedures in good yields.  

 
Scheme 2.1. Synthesis of 1,2-D2-cyclohexanecarboxaldehyde (1,2-[D2]-CCA). 
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• Synthesis of 1,2-D2-cyclohexanecarboxaldehyde (1,2-D2-CCA) : 

The synthesis of 1,2-[D2]-cyclohexanecarboxaldehyde was synthesized following a 

reported procedure.5 

Synthesis of PS1b : To a solution of cyclohexanecarboxaldehyde (PS1a) (30 mmol) 

and propane-1,3-dithiol (30 mmol) in dichloromethane, BF3•OEt2 (15 mmol) was added 

dropwise at 0 C. Then the reaction was allowed to stir for 30 minutes at the same 

temperature and was warmed to room temperature for another 30 minutes with continuous 

stirring. After the completion of the reaction, the reaction mixture was washed with brine 

(50 mL), 5% NaHCO3 (50 mL), and brine (50 mL) successively. The organic layer was 

dried over Na2SO4 and the solvent was removed under reduced pressure using a rotary 

evaporator to give the crude product. It was then recrystallized from cold hexane to get 

pure product 2-Cyclohexyl-1,3-dithiane as a white solid (5.5 g, 27.2 mmol, 90% yield). 

Synthesis of PS1c : To a solution of 2-cyclohexyl-1,3-dithiane (20 mmol) in dry 

THF (100 mL), nBuLi (26 mmol) was added dropwise at –20 °C. The reaction mixture 

was then warmed slowly to room temperature for 4 h. Then it was again cooled to –20 

°C, D2O (8 mL) was added slowly and the mixture was slowly warmed to room 

temperature. The reaction mixture was then concentrated under reduced pressure using a 

rotary evaporator, and the residue was diluted with CH2Cl2 (50 mL). It was then washed 

with brine (80 mL) and dried over Na2SO4. The removal of the solvent under reduced 

pressure gave the crude product. It was then recrystallized from cold hexane to afford the 

pure product 2-Cyclohexyl-2-deuteryl-1,3-dithiane as a white solid (3.6 g, 17.88 mmol, 

91% yield). 

Synthesis of PS1d : To a suspension of mercury (II) oxide (33.2 mmol) and 

BF3•OEt2 (33.2 mmol) in 15% aq. THF (40 mL), a solution of 2-cyclohexyl-2-deuteryl-

1,3-dithiane (16.6 mmol) was added dropwise in a minimum amount of THF via a 
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dropping funnel within 15 minutes. The red mercury (II) oxide gradually dissolved during 

this period and a white precipitate appeared. After 2 hours, 100 mL of ether was added to 

the reaction mixture and the precipitated salts were filtered. Then the ether layer was 

washed with saturated NaHCO3 solution (80 mL) and brine (80 mL). After drying over 

anhydrous Na2SO4, ether was evaporated under a vacuum to give crude aldehyde. The 

crude product was then purified by vacuum distillation to obtain 1-Deuterio-

cyclohexanecarbaldehyde (-[D1]-CCA) as a clear colorless oil (620 mg, 5.4 mmol, 33% 

yield). 

Synthesis of S1 : To a solution of 1-Deuterio-cyclohexanecarbaldehyde (4 mmol) 

in D2O (0.25 mL), DMAP (0.4 mmol) was added and the reaction mixture was heated to 

reflux for 4 h. The reaction mixture was allowed to cool to room temperature and was 

diluted with CH2Cl2 (20 mL). The organic layer was then washed with 1M HCl (20 mL), 

saturated NaHCO3 (20 mL) and brine (20 mL) successively. After drying over anhydrous 

Na2SO4, the solvent was removed under reduced pressure to give a crude product. Then 

the crude product was purified by vacuum distillation using Kugelrohr Distillation 

apparatus to yield 1,2-Di-deuterio-cyclohexanecarbaldehyde (1,2-[D2]-CCA) as a clear 

colorless oil (340 mg, 2.98 mmol, 75% yield). The purity was confirmed using 1H-NMR 

spectroscopy to ensure 97% D-incorporation at the aldehyde-H. A comparative 1H-NMR 

spectra of CCA, -[D1]-CCA and 1,2-[D2]-CCA is shown below (see Fig. 2.1, 2.2, 2.3). 
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Fig. 2.1. 1H NMR (600 MHz) spectrum of CCA in CDCl3 at 298 K. 

 

Fig. 2.2. 1H NMR (600 MHz) spectrum of -[D1]-CCA in CDCl3 at 298 K. TH-3026_166122104
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Fig. 2.3. 1H NMR (600 MHz) spectrum of 1,2-[D2]-CCA in CDCl3 at 298 K. 

2.2.4. Ligands 

Scheme 2.2. Ligand systems used and discussed throughout. 
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• Synthesis of the ligand L1 and L2 : 

The bispidine ligands L1 and L2 were synthesized by following the reported procedures.6-

9 

General Procedure for the Synthesis of PL1 and  PL2 : Dimethylacetone 

dicarboxylate (7.35 mL, 50 mM) was taken in a round-bottomed flask containing 20 mL 

CH3OH and was pre-cooled to 0 C in an ice bath. Subsequently pyridine-2-

carboxaldehyde (9.51 mL, 100 mM) and 50 mM of picolyl amine (for PL1) / benzyl amine 

(for PL2) were slowly added to the cold solution. After adding amine, the resulting 

solution was allowed to come to room temperature slowly and left to stir for overnight. 

An off-white thick precipitate formed was filtered and washed with cold ethanol several 

times and dried in vacuum. The product was then recrystallized from warm ethanol to 

afford colourless crystals in stoichiometric yields (84% for PL1 and  80% for PL2). 

Scheme 2.3. Synthesis of ligand L1. 

 TH-3026_166122104



 

 
II/10 

 

Scheme 2.4. Synthesis of ligand L2. 

 

    General Procedure for the Synthesis of L1, and  L2: To the suspension of the 

piperidone (PL1, or  PL2) (36 mM) in 200 mL ethanol, formaldehyde (37%, 7.3 mL, 90 

mM) and 40 mM of benzyl amine (for L1) / picolyl amine (for L2)  were added in a 

dropwise manner. The reaction mixture was refluxed for 4 hours. The resulting 

brown/yellow solution obtained after completion of the reaction was then concentrated 

under vacuum and layered with diethyl ether and kept in fridge at -20 C for slow 

diffusion. White crystalline products were obtained after a few days (see Scheme 2.3 and 

2.4). 

• Synthesis of the ligand Bn-tpen (L3) : 

The ligand L3, N-benzyl-N, N’, N’-tris(2-pyridylmethyl)ethane-1,2-diamine (Bn-Tpen) 

was synthesized by following a reported proceure.10 
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To a solution of 2-(chloromethyl) pyridine hydrochloride (6.55 g, 40 mmol) in 

water (20 mL), was added a solution of N-benzylethylenediamine (2.0 g, 13.3 mmol) in 

CH2Cl2 (20 mL). NaOH (3.2 g, 80 mmol) in water (10 mL) was added in small portions 

over a period of 5 days, keeping the reaction under an argon atmosphere. The reaction 

mixture was extracted with methylene chloride (3 × 25 mL). The combined organic 

phases were dried over MgSO4 and concentrated in vacuum to afford a white solid. It 

was purified by extraction in a Soxhlet apparatus using low boiling petroleum (see 

Scheme 2.5). 

 
Scheme 2.5. Synthesis of ligand L3. 

 

• Synthesis of the ligand N4Py (L4) :  

N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (L4) was synthesized  following 

a reported procedure.11 

Synthesis of PL1b : Di(2-pyridyl) ketone  (PL1a) (27 mM, 5 g), hydroxylamine 

hydrochloride (60 mM, 4.17 g) and ethanol (10 mL) were taken in a 100 mL round-

bottomed flask which contained NaOH (4 g) and 20 mL of water. The reaction mixture 

was refluxed for 3 - 4 hours. The excess ethanol was evaporated in vacuum and the 

solution was diluted by pouring it to 1 L of water. Then the resulting solution was 

neutralized (pH = 7) with dilute HCl properly. A pinkish-white precipitate of Di-2-pyridyl 

ketone oxime was appeared, and the precipitate was filtered off and dried for a day.   TH-3026_166122104



 

 
II/12 

 

Synthesis of PL1c : The Di-2-pyridyl ketone oxime formed was taken in a three-necked 

round-bottomed flask (500 mL) in ethanol (90 mL) and was fitted with a reflux condenser. 

Hydrazine hydrate (60 mL) and Zn powder were added to this solution in conjugative 

steps over 6 hours. Then the solution was allowed to reflux for overnight. The reduced 

product obtained was dissolved in 5N NaOH solution (40 mL). The resulting alkaline 

solution was extracted with ethyl acetate (3 x 200 mL) to obtain di(pyridin-2-

yl)methanamine as sticky solid. 

Synthesis of L4 : Di(pyridin-2-yl)methanamine obtained was taken in a 250 mL round-

bottomed flask containing an alkaline NaOH solution (5N, 50 mL). To this solution, 2-

(Chloromethyl)pyridine hydrochloride (2.2 equivalents) was added and the solution was 

refluxed for two days. A brown solution obtained was neutralized by HClO4 to afford the 

desired solid compound (yield: 3.1 g) (see Scheme 2.6). 

• Synthesis of the ligand 2PyN2Q / L5 :  

Synthesis of 1,1-di(pyridin-2-yl)-N,N-bis(quinolin-2-ylmethyl)methanamine (L5) was 

done by a slight modification from the reported procedure.12 

PL5band PL5c are the same compounds as PL4band PL4c. 

Synthesis of L5 : 2.2 equivalents of 2-(Chloromethyl)quinoline hydrochloride was 

added to PL5c taken in 50 mL alkaline solution. The reaction mixture was allowed to stir 

for 10 days at room temperature. Upon continuous stirring a brown solid was appeared 

and was extracted with ethyl acetate (3 x 200 mL). Then the organic phase was washed 

with brine and evaporated under vacuum to afford the desired ligand in good yield (yield 

6.6 g) (see Scheme 2.6). 
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Scheme 2.6. Synthesis of ligands L4 and L5. 
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1H NMR (600 MHz, CDCl3): δ 4.20 (s, 4H, CH2), 5.43 (s, 1H, CH), 7.14-8.04 (m, 

18H), 8.58 (dd, 2H). 13C NMR (150 MHz, CDCl3): δ 58.25, 72.37, 121.30, 122.20, 

124.33, 126.01, 127.22, 127.39, 128.99, 129.25, 136.14, 136.36, 147.51, 149.32, 159.88, 

160.47. (see Fig. 2.4, 2.5; solvent peaks are denoted by *). 

NMR Characterization of L5. 

 

Fig. 2.4. 1H NMR (600 MHz) spectrum of ligand L5 in CDCl3. 

 

 

Fig. 2.5. 13C NMR (150 MHz) spectrum of ligand L5 in CDCl3. 
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2.2.5. Metal Complexes 

 

• General Procedure for the synthesis of the Mn(II)-complexes. 

Bispidine ligands L1 and L2 (100 mg) were dissolved in CH3CN and MnII(ClO4)2 salt 

(1.2 equivalents) in CH3CN was added dropwise under inert conditions. The pale yellow 

solution was allowed to reflux overnight. After the completion of the reaction, the solution 

was filtered using 0.2  m PTFE syringe filters and layered with diethyl ether to obtain 

colourless crystalline products (See Table 2.1). 

 

• General Procedure for the synthesis of the Fe(II)-complexes. 

The ferrous complexes were synthesized using the following general procedure. 100 

mg ligand was taken in a glass vial and dissolved in CH3CN / CH2Cl2 (3 mL) inside a 

glove box filled with Argon. To this solution was added 1.2 equivalents of Fe(II)-salts 

(triflates, perchlorates or tetrafluoroborates) in CH3CN / CH2Cl2 (2 mL) and stirred 

overnight to ensure complete metalation. The resulting solution was filtered using 0.2 

 m PTFE syringe filters and crystallized by slow vapour diffusion of diethyl ether into a 

CH3CN solution and stored at -40 ˚C. The complexes obtained were washed with diethyl 

ether and dried under vacuum to obtain the desired metal complexes (See Table 2.1). 
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Table 2.1. Synthetic parameters and characteristics of metal complexes. 

Complex Ligand Metal Salt Solvent Colour Texture Yield 

MnII(L1)(ClO4)2 

(1a) 
L1 MnII(CH3CN)2(ClO4)2 CH3CN Colourless Crystalline 91% 

MnII(L2)(ClO4)2 

(2a) 
L2 MnII(CH3CN)2(ClO4)2 CH3CN Colourless Crystalline 85% 

FeII(L3)(OTf)2 

(3a) 
L3 FeII(CH3CN)2(OTf)2 

CH3CN/ 

CH2Cl2 
Yellow red Crystalline 92% 

FeII(L4)(OTf)2 

(4a) 
L4 FeII(CH3CN)2(OTf)2 CH3CN Dark red Crystalline 91% 

FeII(L5)(OTf)2 

(5a) 
L5 FeII(CH3CN)2(OTf)2 CH3CN 

Dark 

yellow 
Powder 90% 

 

Caution! Although no accident while dealing with the perchlorate salts was experienced, 

but they are potential explosives upon heating and should be handled with care. 

 

2.3. Characterization of the Fe(II) and Mn(II)-Complexes 

2.3.1. ESI-MS 

 The electrospray ionization mass spectra of all the Fe(II) and Mn(II)-complexes 

were recorded in acetonitrile solvent, at room temperature. The concentration of the metal 

complexes to record ESI-MS was generally kept consistent at 1 mM. The samples were 

filtered through syringe filters before injecting into the mass spectrometer. 
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• ESI-MS spectrum of [MnII(L1)(ClO4)]
+and [MnII(L2)(ClO4)]

+ : 

 

 

 

Fig. 2.6. ESI-MS spectrum of (a) [MnII(L1)(ClO4)]+ ; m/z 322.97 and 744.93 corresponds to [Mn(L1)]2+ 
and [Mn(L1)(ClO4)]+, respectively. Inset shows their isotopic distribution pattern. (b) 
[MnII(L2)(ClO4)]+ ; m/z 323.06, 343.59 and 745.14 corresponds to [Mn(L2)]2+, 
[Mn(L2)(CH3CN)]2+ and [Mn(L2)(ClO4)]+, respectively. Inset shows their isotopic distribution 
pattern. 
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• ESI-MS spectrum of [FeII(L3)(OTf)]+ : 

 

Fig. 2.7. ESI-MS spectrum of [FeII(L3)(OTf)]+ ; m/z 628.11 corresponds to [FeII(L3)(OTf)]+ respectively. 
Inset shows the isotopic distribution pattern for the m/z 628.11. 

 

• ESI-MS spectrum of [FeII(L4)(OTf)]+ : 

 

Fig. 2.8. ESI-MS spectrum of [FeII(L4)(OTf)]+ ; m/z 211.43, 231.95 and 571.96 corresponds to [FeII(L4)]2+, 
[FeII(L4)(CH3CN)]2+ and [FeII(L4)(OTf)]+ respectively. Inset shows the isotopic distribution 
pattern for the m/z values of 211.43 and 571.96.  
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• ESI-MS spectrum of [FeII(L5)(OTf)]+ : 

 

Fig. 2.9. ESI-MS spectrum of [FeII(L5)(OTf)]+ ; m/z 261.49, 281.97 and 671.97 corresponds to [FeII(L5)]2+, 
[FeII(L5)(CH3CN)]2+ and [FeII(L5)(OTf)]+ respectively. Inset shows the isotopic distribution 
pattern for the m/z values of 261.49 and 671.97. 

  

2.4. Generation of the Reactive Metal Intermediates 

Two isomeric side on manganese(III)-peroxo complexes  [MnIII(L1)(O2)]+ and 

[MnIII(L2)(O2)]+ were generated by reacting their corresponding cocourless MnII 

complexes with 10 equivalents of H2O2 and 2.5 equivalents of triethylamine (TEA) in 

CH3CN at 15 ºC. The formation of the [FeIV(O)(L3)]2+ and [FeIV(NTs)(L3)]2+  

intermediates were achieved by vigorous stirring of the Fe(II) complex with excess solid 

PhIO and PhINTs, respectively  in acetonitrile solvent and filtering off the unreacted 

excess oxidant using 0.2 m PTFE syringe filters. The resulting clean filtrates were stored 

in cold and used for further studies. The Fe(IV)-oxo complex [FeIV(O)(L4)]2+ was 

synthesized by vigorous stirring of the Fe(II) complex with excess solid PhIO oxidant at  

room temperature in acetonitrile. The complex [FeIV(O)(L5)]2+ was synthesized in situ 
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from the corresponding Fe(II) precursor complex at room temperature by the addition of 

1.5 equivalents of PhI(OAc)2 in acetonitrile. However, the rate of formation, stability and 

rate of self-decay of these intermediates were highly influenced by the temperature 

parameter. The stability of these intermediates was crucial in order to successfully 

characterize them using various spectroscopic tools like ESI-MS, UV/Vis, EPR, etc. The 

formation, stability, characterization and reactivity of these high valent reactive 

intermediates are discussed latter in their respective chapters. 

  

2.5. Physical Methods 

UV/Vis spectra were recorded on a Hewlett Packard 8453 spectrophotometer 

equipped with either constant temperature circulating water bath or a liquid nitrogen 

cryostat (Unisoku) with a temperature controller. High-resolution electrospray ionization-

mass spectra (ESI-MS) were recorded on a Waters (Micromass MS Technologies) Q-

TOF Premier mass spectrometer by infusing analyte samples directly into the source at 

15 L min-1 using a syringe pump. The spray voltage was set at 2 kV and the capillary 

temperature at 80 °C unless otherwise stated. Also, few mass spectra were recorded with 

the help of Agilent-Q-TOF 6520 instrument in positive mode equipped with a Mass 

hunter workstation; the spray voltage was set at 3 kV and the drying gas flow and 

temperature were maintained as 5.0 L min−1 and 200 °C respectively. NMR spectra were 

recorded on Bruker Avance III HD 600 MHz and 400 MHz spectrometers and a Jeol 

Advanced Solution State 400 MHz spectrometer (JNMECZ400S) using TMS as internal 

standard under ambient conditions unless otherwise mentioned. The reported chemical 

shifts (in ppm) are in reference to the residual solvent peaks. 
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2.6. Reaction Kinetics  

All the kinetic reactions were run in a 10 mm path length UV/Vis cuvette by 

monitoring UV/Vis spectral changes of reaction solutions. The kinetics studies were 

performed under pseudo first-order conditions with excess substrate concentration. The 

reactions were monitored by following the decrease of the characteristic absorption bands 

of various intermediates as a function of time. The rate constants were determined by 

fitting the changes in absorbance of the intermediates under study. Reactions were run at 

least in triplicate and the data reported represent the average of those. Standard deviation 

was less than 10 % of the given values. 

 2 mM solutions of [MnIII(L1)(O2)]+ (1b) and/or [MnIII(L2)(O2)]+ (2b) were 

prepared from 2 mM solutions of [MnII(L1)(ClO4)2] (1a) and/or [MnII(L2)(ClO4)2] (2a) 

by reacting with 10 equivalents of H2O2 in the presence of 2.5 equivalents of  

triethylamine (TEA, 5 mM) in CH3CN at 15 ºC. Each time 2.5 mL of Mn(II) complex 

solution was prepared in a 4 mL glass vial and 2 mL of it was transferred into a cuvette 

and deoxygenated with argon gas sealed with rubber septum and kept in UV/Vis 

spectrophotometer cuvette holder which was attached to a low temperature cryostat and 

waited till equilibrated at 15 ºC, then slowly 50 μL of 10 equivalents of H2O2 was added 

in the presence of 2.5 equivalents triethylamine through a 250 μL hamiltonian syringe, 

immediately mixed with another 1 ml syringe until characteristic peaks of the 

intermediates were obtained in the visible region. After it reaches the maximum formation 

of Mn(III)-peroxo intermediate a few minutes were given to equilibrate the solution 

temperature. Then substrates were slowly added through a 250 μL Hamiltonian syringe 

to the solutions, mixed with another 1 mL syringe and the time course of the decay of the 

Mn(III)-peroxo chromophore was monitored. 
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 Iron(IV)-oxo complexes, [FeIV(O)(L3)]2+ (3b) and [FeIV(O)(L4)]2+ (4b), and 

iron(IV)-tosylimido complex, [FeIV(NTs)(L3)]2+ (3c) were prepared at 25 ºC, from 1 mM 

solution of its ferrous complexes in CH3CN. Each time, a 2.5 mL portion of the iron(II) 

solution in a 4 mL glass vial was taken and excess solid PhIO was added and thoroughly 

mixed by vortex for a couple of minutes affording the corresponding oxo complexes 3b 

and 4b. However, the complex 3c was prepared using the similar procedure by the 

addition of excess PhINTs oxidant. Then the solution was filtered through 0.2 μM syringe 

filters into another clean and dry 4 mL glass vial and deoxygenated with argon gas. 2 mL 

of it was transferred into a cuvette and sealed with rubber septum and kept in UV/Vis 

spectrophotometer cuvette holder. The substrates were then slowly added using a 250 μL 

Hamiltonian syringe to the reaction mixture and mixed with another 1 mL syringe. The 

time course of the decay of the iron(IV)-oxo and iron(IV)-tosylimido chromophores were 

monitored. The concentration of the iron(IV)-oxo complex 4b was taken either 0.5 mM 

or 1 mM depending upon its kinetic investigations.   

 The iron(IV)-oxo complex, [FeIV(O)(L5)]2+ (5b) with 1 mM concentration was 

prepared from 1 mM solutions of its ferrous precursor complex 5a by reacting with 1.5 

equivalents of PhI(OAc)2 in acetonitrile at room temperature. Each time 2.5 mL portion 

of the Fe(II) solution was taken in a 4 mL glass vial and 2 mL was transferred into the 

quartz cuvette and deoxygenated with argon gas sealed with rubber septum and kept in 

UV/Vis spectrophotometer cuvette holder. For fast reactions, low temperature setup was 

employed using the low temperature cryostat when the oxidants were added through a 

250 μL Hamiltonian syringe, immediately mixed with another 1 mL syringe until the 

characteristic absorption band of intermediate was monitored in the UV/Vis 

spectrophotometer. Upon the maximum formation of Fe(IV)-oxo chromophore, few 

minutes were given to equilibrate the solution temperature. The substrates were then 
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slowly added through a 250 μL Hamiltonian syringe into the quartz cuvette and mixed 

with another 1 mL syringe. The time course of the decay of the Fe(IV)-oxo chromophore 

was monitored. Concentrations of the substrates used in each case varied and were 

adjusted to achieve convenient reaction time and control.   

 In general, reactions were monitored through a kinetic rate over 5 half-lives (t1/2) 

and the pseudo first-order rate constants (kobs) were determined by fitting the decay profile 

of the UV/Vis bands for the respective intermediates to the equation: 

[A] = [A0] + b*(e–kt) 

Second-order rate constants (k2) were determined from the linear fit of the kobs values 

against substrate concentrations for each system. The reaction mixtures were removed 

from the cuvette, oxidation products and metal salts were separated and passed through 

the silica gel and washed subsequently with CH3CN. Product yields were determined by 

peak area ratios relative to the standard samples by different (like NMR and ESI-MS) 

spectroscopic techniques. 

 

2.7. Product Analysis 

Product analyses of the reaction mixtures were carried out by ESI-MS, NMR (1H 

and 13C) with a Varian 600/150 or 500/125 MHz spectrometer and LCMS with WATERS 

ACQUITY UPLC equipped with a variable wavelength UV-200 detector. The products 

were separated on Waters Symmetry C18 reverse phase column (4.6 x 250 mm), and 

detection was observed at 215 and 254 nm and product yields were calculated by 

comparison with standard curves of known authentic samples. Also, for few samples, the 

reaction mixtures were allowed to pass through a silica column and the products were 
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collected either in ethyl acetate or in axetonitrile. The collected solutions were 

concentrated under reduced pressure using a rotary evaporator. The crude product was 

dissolved in CDCl3 solvent and recorded 1H NMR spectra taking an internal standard. 

The percentage ratio of different products were quantified by comparing the NMR signals 

to those of authentic compounds. 
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3.1. Introduction 

In general, dioxygen in nature is mostly inert and will not react with substrates 

directly. To activate oxygen to its more reactive form, enzymes bind dioxygen on a 

transition metal centre and through the use of either protons/electrons or a co-substrate 

convert it into a high-valent metal-oxo, metal-peroxo, metal-hydroperoxo, or metal-

superoxo species.1,2 These intermediates are responsible for the biological 

transformations of substrates in enzymes.3-5 As the active oxygen species in enzymes are 

short-lived and highly reactive they are difficult to study experimentally. Manganese ions 

are present in the active site structure of numerous enzymes that utilize molecular oxygen, 

and are involved in harmful superoxide detoxification, decomposition of hydrogen 

peroxide, and water splitting.6-8 Most of these enzymes include either a manganese–oxo, 

manganese-superoxo or manganese-peroxo structure as active intermediate in their 

catalytic cycle; however, these structures are short-lived and few have been characterized 

experimentally. As a consequence, biomimetic models have been created of 

manganese(III)-peroxo complexes that have ligand features of the enzymatic structures 

but lack the protein surrounding.9-16 

A number of biomimetic manganese(III)-peroxo complexes have been 

synthesized and characterized with spectroscopic methods.17-23 Furthermore, for some of 

those the reactivity against substrates has been tested.24-28 In general, side-on 

manganese(III)-peroxo reacts via nucleophilic pathways, for instance, through 

deformylation of aldehydes.29-32 Several of these metal-peroxo complexes have shown 

unusual reactivity patterns, whereby, for instance, aldehydes are converted into alkanes 

in the presence of a switchable H-atom donor.33 Recent work of our groups implicated 

aldehyde deformylation of 2-phenylpropionaldehyde (2-PPA) to start with an initial and 

rate-determining hydrogen-atom abstraction, followed by keto-enol tautomerization and 

a deformylation reaction, and confirmed the electrophilic nature of these oxidants.34,35 
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Clearly, side-on manganese(III)-peroxo complexes show a versatile reactivity pattern 

with a variety of substrates that is poorly understood, which encouraged us to look deeper 

into their reactivity with substrates. 

 

3.2.  Results and Discussion 

3.2.1.  Synthesis and Characterization 

In this work, we describe the synthesis and characterization of two side-on 

manganese(III)-peroxo complexes (see Fig. 3.1) with pentadentate N5 bispidine ligand 

backbones, namely [MnIII(O2)(L1)]+ (1b) and [MnIII(O2)(L2)]+ (2b) with L1= dimethyl-

2,4-di(2-pyridyl)3-(pyridin-2-ylmethyl)-7-benzyl-3,7-diazabicyclo[3.3.1]nonan-9-one-

1,5-dicarboxylate and L2=dimethyl 2,4-di(2-pyridyl)-3-benzyl-7-(pyridin-2-ylmethyl)-

3,7-diazabicyclo[3.3.1]nonan-9-one-1,5-dicarboxylate.34-37 

 

Fig. 3.1. Ligand frameworks and Manganese(III)-peroxo complexes investigated in this work. 

 

The piperidone backbone of the ligands L1 and L2 were prepared according to a 

previously reported literature method38-41 and used to generate the [MnII(L1)](ClO4)2 (1a) 
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and [MnII(L2)](ClO4)2 (2a) complexes. These Mn(II) complexes were synthesized using 

previously reported procedures41  and characterized by ESI-MS (see Fig. 2.6, Chapter-II). 

Treatment of a colour-less solution of the manganese(II) precursor with 10 

equivalents of H2O2 and triethylamine  (TEA; 2.5 equivalents) in CH3CN at 15 C results 

in the formation of a blue and brown intermediate for 1b and 2b, respectively.36 The 

identity of complexes 1b and 2b was confirmed by ultraviolet-visible absorption 

spectroscopy at wavelengths 605 nm and 450 nm, respectively (see Fig. 3.2) and 

electrospray ionization-mass spectrometry (ESI-MS) studies (see Fig. 3.3 and Fig. 3.4).34-

36 

 

Fig. 3.2. UV/Vis spectra of the formation of [MnIII(O2)(L1)]+ (1b) and [MnIII(O2)(L2)]+ (2b) (2 mM) upon 
addition of H2O2 (20 mM) to [Mn(L)]2+ in the presence of TEA (5 mM) in CH3CN at 15 °C. 

The ESI mass spectra of 1b and 2b were recorded by infusing pre-cooled samples 

directly into the source at 15 μL min−1 using a syringe pump.42 The spray voltage was set 

at 2 kV and the capillary temperature at 80 °C. Prominent peak at m/z 678.31 and 678.28 

were obtained and an isotope distribution pattern indicates the formation of 

[MnIII(O2)(L1)]+ (1b) (see Fig. 3.3) and [MnIII(O2)(L2)]+ (2b) (see Fig. 3.4), respectively. 
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Fig. 3.3. ESI-MS spectrum of 1b in CH3CN at 15 °C. Mass peak at m/z = 678.31 is assigned for 
[MnIII(O2)(L1)]+. Inset shows the observed isotope distribution patterns for [MnIII(O2)(L1)]+. 

 

Fig. 3.4. ESI-MS spectrum of 2b in CH3CN at 15 °C. Mass peak at m/z = 678.28 is assigned for 
[MnIII(O2)(L2)]+. Inset shows the observed isotope distribution patterns for [MnIII(O2)(L2)]+. 

 

3.2.2.  Reaction Kinetics 

Metal-peroxo oxidants have been reported that react via hydrogen-atom 

abstraction reactions, therefore, we decided to extend our work to other substrates to 

evaluate the factors responsible for such unique reaction pathways. As such we 

investigated the reactivity of complexes 1b and 2b with cyclohexanecarboxaldehyde 

(CCA) as it is a classical substrate used in several reactivity studies by manganese(III)-TH-3026_166122104
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peroxo complexes and generally gives cyclohexanone as product.32, 43 Upon addition of 

40 equivalents of CCA to 1b in CH3CN at 15 C, the intermediate decayed immediately 

and led to cyclohexanone as product (see Fig. 3.5a). The pseudo-first-order rate constant 

of the decay of 1b increased linearly with increasing CCA concentration, thus enabling 

us to determine the second-order rate constant of the reaction: k2= 0.064 M-1 s-1 (see Fig. 

3.5b). In contrast, the second-order rate constant for the oxidation of CCA by 2b gave a 

rate constant k2 of 0.291 M-1 s-1 (Table 3.1.). The rate changes between 1b and 2b are 

similar to those reported previously for the oxidation of 2-PPA.34, 35  

 

Table 3.1. Second-order rate constants (k2) determined for the reaction of 1b and 2b (2 mM solution 

in CH3CN) with CCA, -[D1]-CCA and 1,2-[D2]-CCA at 15 °C in CH3CN.a 

 

Substrates 
k2 for [MnIII(O2)(L1)]+ 

(1b) 

k2 for [MnIII(O2)(L2)]+ 

(2b) 

CCA 0.064 M-1s-1 0.029 M-1s-1 

-[D1]-CCA 3.37 M-1s-1 1.16 M-1s-1 

1,2-[D2]-CCA 4.80 x 10-2 M-1s-1  Not determined 

 

a All the reactions were followed by monitoring the UV/Vis spectral changes of the reaction solution. 
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Fig. 3.5. Kinetic studies for the reaction of 1b and 2b with CCA: (a) UV-Vis spectral changes of 1b (2 mM) 
upon addition of CCA (120 mM) in the presence of TEA (5 mM) and hydrogen peroxide (20 mM) 
in CH3CN at 15 °C. Inset shows the time course of the absorbance at 605 nm. (b) Plot of kobs 
against the concentration of CCA: second-order rate constant for the reaction of 2 mM 1b (blue •)  
and 2b (red •) with various substrate concentrations in CH3CN at 15 °C. (c) Plot of kobs against the 
concentration of -[D1]-CCA (~90%, D enriched) with 2 mM 1b (blue •) and 2b (red •)  in CH3CN 
at 15 °C. 
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As previous work reported a rate-determining hydrogen atom abstraction reaction, 

we decided to synthesize -[D1]-CCA and repeat the kinetics experiments with 1b and 

2b (Fig. 3.5c). Surprisingly, upon addition of 40 equivalents of -[D1]-CCA to 1b at 15 

C, an enhanced reaction rate compared to CCA was observed. The second-order rate 

constant for the reactivity of -[D1]-CCA with 1b was 50 times faster when compared 

with parent CCA and implicated an effective inverse kinetic isotope effect (KIE) of 0.02. 

The product analysis by NMR spectroscopy revealed that the product for the reaction of 

-[D1]-CCA with 1b was cyclohexanecarboxylic acid (Scheme 3.1. and Fig. 3.13), rather 

than the expected cyclohexanone. 

Scheme 3.1. Products obtained for the reaction of 1b and 2b with substrates. 

 

This clearly indicates a regioselectivity switch for hydrogen atom abstraction from 

the -position of substrate to the aldehyde hydrogen atom. The observed second-order 

rate constants for the reaction of -[D1]-CCA with 1b and 2b were 3.37 M-1 s-1 and 1.16 

M-1 s-1, respectively. These observed trends are in contrast to those obtained for the 

reaction of 1b and 2b with 2-PPA. As far as we know, our observation of the oxidation 

of -[D1]-CCA to its corresponding acid is the first experimental evidence of a MnIII-

peroxo intermediate that reacts via an electrophilic oxidation reaction. The observed 

oxidation rates of 1b and 2b follow a similar trend as shown previously for 

[MnIV(O)(L1)]2+ versus [MnIV(O)(L2)]2+.36 This unique regioselectivity switch observed 

here may be the result of two competing pathways that are close in energy and deuteration 

reverses the ordering of the transition states and hence the product distributions, as seen, TH-3026_166122104
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for instance, in the hydroxylation of ethylbenzene versus ethylbenzene-[D10] with 

iron(IV)-oxo complexes.44, 45 

 

Fig. 3.6. (a) UV/Vis spectral changes of 1b (2 mM) upon addition of 1,2-di-deuterio-
cyclohexanecarboxaldehyde (60 mM) in the presence of TEA (5 mM) and hydrogen peroxide 
(20 mM) in CH3CN at 15 ºC. Inset shows the time trace during the course of the reaction. (b) 
Plot of kobs against -[D1]-CCA concentration and 1,2-di-deuterio-cyclohexanecarboxaldehyde 
(1,2-[D2]-CCA) to determine a second-order rate constant in the reaction of 1b (2 mM) against 
various concentration of -[D1]-CCA (blue •)  and 1,2-[D2]-CCA (black •) in CH3CN at 15 ºC. 
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To substantiate our hypothesis further, we synthesized 1,2-di-deuterio-

cyclohexanecarboxaldehyde (approximately 90%, D enriched, 1,2-[D2]-CCA). Upon 

addition of 40 equivalents of 1,2-[D2]-CCA to 1b in CH3CN at 15 C, the corresponding 

intermediate readily decayed, enabling us to follow the reaction spectroscopically (see 

Fig. 3.6a). A second-order rate constant of 4.8 X 10-2 M-1 s-1 with an effective KIE of 70 

was determined (see Fig. 3.6b). 

 

 

Fig. 3.7. 1H NMR (600 MHz) spectrum of cyclohexanecarboxaldehyde (CCA) in CDCl3. 
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Fig. 3.8. 13C NMR (150 MHz) spectrum of cyclohexanecarboxaldehyde (CCA) in CDCl3. 

 

Fig. 3.9. 1H NMR (600 MHz) spectrum of -[D1]-CCA in CDCl3. TH-3026_166122104
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Fig. 3.10. 1H NMR (600 MHz) spectrum of 1,2-[D2]-CCA in CDCl3. 

 

Fig. 3.11. 13C NMR (150 MHz) spectrum of cyclohexanone in CDCl3. TH-3026_166122104
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Fig. 3.12. 13C NMR (150 MHz) spectrum of the products formed by the reaction of CCA and intermediate 

1b in CH3CN at 15 ºC. 

 

Fig. 3.13. 13C NMR (150 MHz) spectrum of the products formed by the reaction of -[D1]-CCA and 
intermediate 1b in CH3CN at 15 ºC. TH-3026_166122104
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3.2.3.  Computational Backup 

To gain insight into the regioselectivity switch and the nature of the oxidant and 

reactivity patterns, we decided to complement our work with a density functional theory 

(DFT) study. In general, all methods predict the same trends and give analogous 

optimized structures. We calculated a reactant complex (Re) of CCA with using B3LYP 

and B3LYP-D3 methods. The geometry and electronic configuration of the 

manganese(III)-peroxo complex changed little upon complexation with CCA. Thereafter, 

two hydrogen atom abstraction pathways were investigated, namely via transition state 
5TSHA,ald for hydrogen atom abstraction from the aldehyde C–H bond and via transition 

state 5TSHA, for hydrogen atom abstraction from the C-H bond of CCA (see Fig. 3.14). 

 

Fig. 3.14. Hydrogen atom abstraction transition states optimized at UB3LYP/BS1 {UB3LYP-D3/BS2} 
from aldehyde group (left) and C–H bond (right) with bond lengths in angstroms. The Table 
gives corrected (Wertz/vibrational) free energies of activation calculated at 
UB3LYP/BS2//UB3LYP/BS1 level of theory for the two pathways for hydrogen atom 
subtraction by 1b from CCA, 1-[D1]-CCA and 2-[D1]-CCA with values in kcal mol–1. 

In both cases, an end-on manganese-hydroperoxo with a substrate radical is 

formed (IHA,ald and IHA,) after hydrogen atom abstraction. The two hydrogen atom 

abstraction transition states are shown in Fig. 3.14 and give the typical features seen TH-3026_166122104
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before.34,35 Thus, 5TSHA,Ald is late with a long C–H distance of 1.425 {1.406} Å and a 

short O–H distance of 1.147 {1.173} Å and with the hydroperoxo group in end-on 

configuration as calculated at the B3LYP/BS1 {B3LYP-D3/BS2} level of theory. Upon 

approach of substrate to oxidant it reorients from side-on to end-on Mn(III)-peroxo 

without an isomerization barrier. The aliphatic hydrogen atom abstraction barrier 

(5TSHA,) also is late with similar C–H and O–H distances with respect to 5TSHA,ald with 

distances of 1.422 {1.447} and 1.161 {1.155} Å as calculated at the B3LYP/BS1 

{B3LYP-D3/BS2} level of theory, respectively. In general, late hydrogen atom 

abstraction transition states correspond to energetically high barriers,46 which indeed is 

seen for this process and matches the experimental reaction rates well.             

Free energies of activation for the two reaction pathways were calculated from the 

Gaussian frequencies using thermal, solvent and entropic corrections to the enthalpy. As 

gas-phase calculated entropies tend to be overestimated with respect to experiment,47 we 

applied two entropic correction models. Firstly, we used the Wertz correction in model 1 

that scales the molecular entropy of each compound (GWertz
‡). Secondly, the lowest 

entropy contributions for low vibrational frequencies (<50 cm–1) were ignored from the 

free energies in model 2 (Gvibr
‡). These two different free energies of activation for 

hydrogen atom abstraction from the - and aldehyde C–H positions are given in the Table 

in Fig. 3.14. As can be seen from Fig. 3.14, the two barriers (5TSHA,ald and 5TSHA,) are 

within 1 kcal mol–1 from each other and dependent on the model and calculation 

procedure either 5TSHA, or 5TSHA,ald is lower in energy. Within transition state theory, 

the experimental rate constant of 6.4  10−2 M−1s−1 would correspond to a free energy of 

activation of 18.4 kcal mol−1. Therefore, our computed barriers with vibrational 

corrections included are in excellent agreement with the experimental values and also 

predict the correct regioselectivity. 
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With vibrational corrections applied, the lowest free energy of activation is via 
5TSHA, with a G‡

,vibr = 18.1 kcal mol–1, while the aldehyde hydrogen atom abstraction 

is G‡
ald,vibr = 18.6 kcal mol–1. As such, the calculations reproduce the experimental 

product distributions and predict regioselective hydrogen atom abstraction of the C–H 

bond. Although the Wertz-corrected free energies point to a reversed regioselectivity, 

actually upon deuteration of the C–H group both models predict a rise of 5TSHA, by 

about 1 kcal mol−1, while the 5TSHA,ald barrier drops slightly. As a consequence, singly 

deuteration of the C–H group results in a regioselectivity switch from C−H hydrogen 

atom abstraction to aldehyde hydrogen atom abstraction. On the other hand, deuteration 

of the aldehyde position of the substrate raises the 5TSHA,ald barriers, but keeps the 5TSHA, 

barriers more or less the same. The computational trends, therefore, are in great agreement 

with experimental observation and implicate a regioselectivity switch upon deuteration 

of the -position of the CCA substrate. As reasoned before,47 a HAT reaction has a large 

zero-point energy due to the loss of one C–H vibration in the complex. In general, HAT 

barriers increase in energy by a few kcal mol–1 upon deuteration of the transferring 

hydrogen atom.45 Thus, with two competing barriers very close in energy, substrate 

deuteration raises the lowest barrier in energy and leads to a regioselectivity switch. 

As shown before, hydrogen atom abstraction reactions often have barriers that 

correlate with the strength of the C–H bond that is broken in the process.48 Therefore, we 

calculated the C–H bond dissociation energy (BDE) of the C–H and Caldehyde–H bonds 

from the energy of the substrate with respect to an isolated hydrogen atom and the 

substrate radical and find values of G = 72.1 and 79.5 kcal mol–1. Based on these values, 

the reaction should give dominant hydrogen atom abstraction from the C–H bond as seen 

for the natural substrate. The reason the 5TSHA, and 5TSHA,ald barriers are within 1 kcal 

mol–1 probably is due to electrostatic repulsions between the L1 ligand protons and those 
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from the approaching substrate that are stronger in 5TSHA, than in 5TSHA,ald, where the 

cyclohexane ring is further away from the ligand structure. 

 

3.2.4.  Reaction Mechanism 

From a combined experimental and computational studies, we have proposed a 

mechanism for the aldehyde deformyation reaction of 1b and 2b with CCA which 

proceeds via an electrophilic pathway instead of a commonly proposed nucleophilic 

pathway. There are two possible mechanisms for the aldehyde deformylation which is 

initiated either by -hydrogen atom abstraction (HA) or by aldehyde hydrogen atom 

abstraction (HAald) form CCA. When the Mn(III)-peroxo intermediate abstracts aldehyde 

hydrogen, it proceeds via TSHA,ald as shown in scheme 3.2 and results in the formation of 

a radical at carbonyl carbon of CCA and a Mn(II)-hydroperoxo species. Then the 

hydroxyl radical (OH•) generated from the homolytic cleavage of O-O bond in the 

hydroperoxo species attacks the radical at carbonyl carbon to form 

cyclohexanecarboxylic acid as a product. However, -hydrogen atom abstraction by 

peroxo intermediate proceeds via TSHA, and forms a substrate radical at -position of 

CCA and a hydroperoxo species  (see Scheme 3.2). Finally, the rebound of the hydroxyl 

radical (OH•) from hydroperoxo species to the substrate radical takes place and 

subsequently results in the formation of a cyclohexanone product. The formation of 

cyclohexanecarboxylic acid from CCA by the Mn(III)-peroxo species 1b and 2b is the 

first report for the aldehyde deformylation which proceeds with an electrophilic aldehyde 

hydrogen atom abstraction form the CCA substrate. 
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Scheme 3.2. Plausible mechanism for the aldehyde deformylation of CCA by Mn(III)-peroxo 

complexes (1b and 2b). 

 

 

3.3.  Conclusion 

A couple of MnIII-peroxo complexes bearing pentadentate bispidine backbone 

were synthesized and characterized with various spectroscopic techniques and studied 

with DFT. We demonstrate here for the first time that the MnIII-peroxo complex can 

perform electrophilic oxidation of substrates through the hydrogen-atom abstraction from 

the C-H bond of an aldehyde to give the corresponding acid as the product. 
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4.1.  Introduction 

 High-valent metal-oxo and metal-nitrido species are common intermediates in 

enzymes and are found in the catalytic cycles of several oxidases as well as in 

nitrogenases.1-10 Thus, in many of these oxygenases, the enzymes utilize molecular 

oxygen to create a high-valent non-heme iron(IV)-oxo or iron(IV)-oxo heme cation 

radical species as active oxidant. On the other hand, few enzymes use nitrogen to generate 

a high-valent iron(IV)-nitrido or -imido active species. Nevertheless, the latter has been 

proposed as an intermediate in nitrogenase: the enzyme that binds molecular nitrogen on 

a FeMo cluster containing seven iron and a molybdenum atom bridged by sulphides.8-10 

The FeMo co-factor in nitrogenases reduces nitrogen to ammonia. The only other enzyme 

that is known to form a high-valent iron(IV)-imido intermediate is the heme enzyme 

cytochrome P450 possibly as part of a substrate aziridation and imidation reaction of 

substrates.11-14 

 As these high-valent intermediates are short-lived they are difficult to trap and 

characterize and consequently few reports on enzymatic non-heme iron(IV)-oxo 

intermediates are known,15-17 and even fewer on iron(IV)-nitrido.11-14 To gain insight into 

these short-lived enzymatic intermediates, many biomimetic models have been 

synthesized that have the active site features of the metal but lack the protein 

environment.18-25 Especially, a significant number of reports on biomimetic non-heme 

iron model systems containing a central iron(IV)-oxo species are known.26-29 On the other 

hand, on the analogous iron(IV)-tosylimido or iron(IV)-nitrido species very few 

investigations have been reported.30-46 The iron(IV)-tosylimido systems are interesting to 

study as their bulkier tail, as compared to iron(IV)-oxo or iron(IV)-nitrido, makes the 

approach of crowded substrates difficult. However, the spectroscopic characterization of 

these iron(IV)-tosylimido species is also challenging. 
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 Using the pentadentate N4Py ligand, i.e. N,N-bis(2-pyridylmethyl)-N-bis(2-

pyridyl) methyl amine (Scheme 4.1.), the corresponding iron(IV)-oxo and iron(IV)-

tosylimido oxidants were synthesized, trapped and characterized with a range of 

spectroscopic methods.42,47,48 Over the past few years, effective perturbations in the 

equatorial ligand field of the N4Py ligand were induced to explore the second-

coordination sphere effects on the reactivity of the iron(IV)-oxo species with substrates 

and its spectroscopic parameters.49-59 These N4Py derivatives (2nd generation N4Py 

ligands) were shown not only to stabilize the iron(IV)-oxo species better, but also to 

drastically improve their catalytic efficiency. Unfortunately, for many of these N4Py 

derivatives the iron(IV)-imido moiety has been tested but due to additional bulk on the 

equatorial ligand field, such exercises remained futile. Recently, Nam and co-workers 

have showcased the stabilization and reactivity of iron(V)-tosylimido species with the 

anionic TAML (tetraamidomacrocyclic ligand) ligand, [FeIV(NTs)(TAML)], which also 

offers a planar structure for the tosylimido group to sit upon.60,61 It was also pointed out 

that in the coordination sphere of the iron(IV)-NTs active species, apart from the relative 

positioning of the donor atoms, the nature and number of donor groups is also responsible 

for their relative stability.62 It was shown that the ligand architecture of N4Py affects the 

oxidant positioning as well as the substrate approach. Other fundamental properties like 

one-electron reduction potential and the reorganization energies in electron transfer (ET) 

along with a substantial change in reaction mechanism between iron(IV)-oxo and 

iron(IV)-imido complexes has been demonstrated by Vardhaman et al.63 

Clearly, there are still many gaps in the understanding of iron-imido, iron-nitrido 

and iron-oxo oxidants. To gain insight into the properties and reactivities of these 

biomimetic species, we synthesized [FeIV(NTs)(Bntpen)]2+, [FeIV(O)(Bntpen)]2+, 

[FeIV(NTs)(N4Py)]2+ and [FeIV(O)(N4Py)]2+. The studies show differences in 

spectroscopic and electronic properties based on the pentadentate ligand, but also the 

differences between iron(IV)-oxo and iron(IV)-imido are explored. TH-3026_166122104
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Fig. 4.1. Basic ligand frameworks and structures of oxidants discussed in this work. 

4.2.  Results and Discussion 

4.2.1.  Synthesis and Characterization 

 We started our study with synthesizing the basic ligand framework of N1-benzyl-

N1,N2,N2-tris(pyridine-2-ylmethyl) ethane-1,2-diamine (Bntpen),64 which is a less 

symmetrical framework as compared to the N4Py ligand (see Fig. 4.1).  The ferrous 

complex [FeII(Bntpen)(CH3CN)](OTf)2 (3a) was synthesized with Bntpen ligand system 

by following a reported procedure64-67 and was characterized by ESI-mass spectrometry 

(see Fig. 2.7, Chapter-II). Then its oxo derivative. i.e. [FeIV(O)(Bntpen)]2+ (3b), was 

synthesized inside a glove-box filled with argon as described previously.68-70 Similar 

procedures as for [FeIV(NTs)(N4Py)]2+ (4c) have been followed in this work to generate 

the iron(IV)-imido complex  [FeIV(NTs)(Bntpen)]2+ (3c).47,48 A comparative reactivity 

study between [FeIV(O)(N4Py)]2+ (4b) and [FeIV(O)(Bntpen)]2+ (3b)complexes with 

various hydrocarbons was reported by Que and co-workers, where, the latter was known TH-3026_166122104
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to be a better oxidant in terms of kinetic reaction rates.64 In particular, the iron(IV)-oxo 

complex, [FeIV(O)(Bntpen)]2+, was found to react faster with every organic substrate 

tested than [FeIV(O)(N4Py)]2+. When a detailed kinetic study was done between 

[FeIV(NTs)(N4Py)]2+ and [FeIV(O)(N4Py)]2+, the former showed faster reactivity in the 

sulfimidation reaction of thioanisole. However, the trend was found to be reversed for C–

H abstraction reactions instead.47,48 In order to find out how the ligand framework affects 

the reactivity patterns of iron(IV)-tosylimido oxidants, we decided to do a comparative 

study between the [FeIV(O)(Bntpen)]2+ (3b), [FeIV(NTs)(Bntpen)]2+ (3c), 

[FeIV(O)(N4Py)]2+ (4b) and [FeIV(NTs)(N4Py)]2+ (4c). The work shows that the ligand 

framework affects substrate approach as well as the redox properties of the oxidant. 

Complex 3c was synthesized using the nitrene transfer reagent PhINTs under an 

argon atmosphere. Similar to complex 4c, the formation of 3c was identified by an intense 

LMCT band at 460 nm ( = 4100 M-1 cm-1) and a weaker band at 650 nm ( = 330 M-1 

cm-1) due to ligand field transitions characteristic for S = 1 iron(IV) complexes (see Fig. 

4.2). Further characterization of the [FeIV(NTs)(Bntpen)]2+, (3c), was done by 

electrospray ionization (ESI)-mass spectrometry (MS) (see Fig. 4.3), proton NMR 

spectroscopy and Fourier transform infrared (FTIR) spectroscopy.  

 

Fig. 4.2. UV/Vis spectra of 1 mM solutions of [FeIV(O)(Bntpen)]2+ (3b, blue line) and 
[FeIV(NTs)(Bntpen)]2+ (3c, red line) in CH3CN at 298 K. 
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Fig. 4.3. ESI-MS spectrum of 3c in CH3CN. Insets shows the isotopic distribution patterns for the peaks at 
m/z 324.10 and 797.19. 

Unfortunately, under normal mass separation-conditions, unlike the case of 

[FeIV(O)(Bntpen)(OTf)]+, we did not manage to obtain a clear spectrum most probably 

due to thermal degradation of the intermediate under routine mass spectrometry 

conditions. This indicates weaker Fe=N bonding in 3c than the Fe=O bonding in 3b and 

4b, which is also evident from the corresponding stretch vibrations discussed later. Their 

thermal stability values at 298 K also reflect the same trend of bond strengths (t1/2 of 3b 

= ~6 h while t1/2 of 3c = ~3 h). 

However, the mass spectrum was obtained by infusing cold samples directly into 

the source (Fig. 4.3). The spectrum shows a major peak at m/z 324.10 that can be 

attributed to the ion cluster [FeIV(Bntpen)(NTs)]2+ (calculated m/z 324.0979) and a 

smaller peak at m/z 797.19 corresponding to [FeIV(Bntpen)(NTs)(OTf)]+ (calculated m/z 

797.1490). Another peak at m/z 644.16 most likely can be assigned to traces of 

[FeIV(O)(Bntpen)(OTf)]+ in the sample which thereby implicates the hydrolysis of the 

oxidant, PhINTs into PhIO (most probably this is due to the trace amount of water present 

in the solvent that enables oxidant exchange under ESI-MS conditions). Under normal 

conditions though, addition of water does not hydrolyse 3c into 3b.   
TH-3026_166122104
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In the 1H-NMR spectrum, the Fe(II) complex, [FeII(Bntpen)(CH3CN)]2+ (3a) in 

CDCl3 shows a paramagnetic shift of peaks to higher δ values which is typical for an S = 

2 spin state on iron (see Fig. 4.4).57,71  

 

Fig. 4.4. 1H-NMR (400 MHz) spectrum of the complex, [FeII(Bntpen)(CH3CN)]2+ (3a) in CDCl3 at 295 K 
with a spectral width of ~200 ppm (scans: 128). The peaks have been assigned based of previously 
reported literature.72-74 

 

By contrast, both the ferryl complexes, [FeIV(O)(Bntpen)]2+ (3b) and 

[FeIV(NTs)(Bntpen)]2+ (3c), give characteristic shifts in the NMR spectra of the S = 1 Fe 

centres in CD3CN (Fig. 4.5 and 4.6).36,42,71 The overall NMR spectra for 3b and 3c are 

more complicated than those of 4b and 4c due to lack of symmetry in the Bntpen ligand 

framework as compared to the N4Py.57, 64, 71 In 3b and 3c, there are pyridine rings both 

perpendicular and parallel to the Fe=X axis (X = O, N) rendering an uneven shift pattern 

due to unequal interactions of the pyridine rings with the Fe=X core.64 The unique shift 

pattern of the pyridine β-protons to positive (downfield) and negative (upfield) δ values TH-3026_166122104
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infers that the Fe centre is oxidized to the +4 oxidation state, which is linked to the terminal 

oxidant being oxo or NTs (see Fig. 4.5 and 4.6). 

 

 

Fig. 4.5. 1H-NMR (400 MHz) spectrum of the complex, [FeIV(O)(Bntpen)]2+ (3b) in CD3CN at 295 K with 
a spectral width of ~200 ppm (scans: 256). The peaks have been assigned based on previously 
reported literature.36,57,67,71 Residual solvent peaks are denoted by *. 
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Fig. 4.6. 1H-NMR (400 MHz) spectrum of the complex, [FeIV(NTs)(Bntpen)]2+ (3c) in CD3CN at 295 K 
with a spectral width of ~200 ppm (scans: 256). The peaks have been assigned based on previously 
reported literature.36,42 Peaks at δ 7.74 and δ 7.36 ppm correspond to tosyl resonances belonging 
to the tosylimide ligated to the iron centre as reported for similar Fe(IV)=NTs complex, 4c.42 The 
1H-NMR spectrum of the oxidant, PhINTs, is reported to signal at δ 2.30 ppm (CH3) and δ 7.00-
7.80 ppm (aromatic protons)75. Residual solvent peaks are denoted by *. 

 

FTIR spectra were recorded on a Perkin Elmer FTIR spectrometer at 298 K. The 

Fe(IV)=O stretching vibrations are usually around 830-850 cm-1. However, the resonance 

RAMAN studies on 4c indicates signals at around 998 cm-1 corresponding to the Fe=N 

stretching vibration.36 Similar Fe(IV)=NTs complexes like 

[FeIV(NTs)(MePy2tacn)](OTf)2 and [FeIV(NTs)(Me2(CHPy2)tacn)](OTf)2 with 

pentadentate ligand frameworks have shown stretching vibrations around 984 cm-1.36 The 

FTIR spectrum shown in Fig. 4.7 for 3c shows a transmittance at 997 cm-1 which 

corresponds to the Fe=N vibration. 
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Fig. 4.7. FTIR spectra of complex [FeIV(NTs)(Bntpen)]2+, 3c (red line) in CH3CN at 298 K. Black line 
shows the same for the Fe(II)-complex, [FeII(Bntpen)(OTf)]+. The peak at 997 cm-1 is assigned to 
the Fe=N stretching frequency in 3c. 

   

4.2.2.  Reaction Kinetics 

To understand the oxidative properties of complex 3c, we decided to investigate 

its heteroatom transfer reactivity to thioanisole as the model substrate. As reported 

previously, complex 4c, [FeIV(NTs)(N4Py)]2+ is five times more reactive than its oxo 

counterpart 4b.47,48 Surprisingly, in the case of Bntpen, an opposite trend was observed 

to that found for N4Py. Unlike N4Py, the NTs complex 3c reacts sluggishly with 

thioanisole with considerably lower rate constants than those seen for the corresponding 

oxo complex 3b.47,48 The second-order rate constant for the reaction of 3c with thioanisole 

was 5.4 x 10-2 M-1 s-1 at 298 K, whereas for the same reaction with 4c, a value of 26 x 10-

2 M-1 s-1 was reported at 273 K.47,48 Thus the rate of the reaction for 3c is expected to be 

even slower at 273 K, although we were not able to record it at that temperature due to 

solubility issues. The slower reaction rate of 3c with thioanisole is, therefore, speculated 

to originate from a group transfer reaction instead of an electron transfer mechanism. TH-3026_166122104
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Table 4.1. Hammett parameters and second-order rate constants (k2) determined in the reaction of 
3c (1 mM solution in CH3CN) with various para-substituted thioanisole substrates in 
CH3CN at 298 K.a 

p-X p 
b p+ b k2 (M‒1 s‒1) kx/kH c log (kx/kH) 

-OMe ‒0.27 ‒0.78 541.4  10‒2 100.3 2.00 

-Me ‒0.17 ‒0.31 22.9  10‒2 4.2 0.63 

-H 0.00 0.00 5.4  10‒2 1.0 0.00 

-Cl 0.23 0.11 2.7  10‒2 0.5 ‒0.30 

 

aAll the reactions were followed by monitoring the UV/Vis spectral changes of the reaction solution. bData 

taken from the reported literature.68 cRelative rate constant obtained by dividing the k2 of p-X-thioanisole 

by k2 of p-H-thioanisole. 

 

Fig. 4.8. Plot of kobs against substrate concentration to determine second order rate constants for the 
reactions of 3c (1 mM) with para-X-thioanisole (X = -OMe , -Me ⚫, -H ◼, -Cl ◆) in CH3CN 
at 298 K. 

In order to establish the mechanism with conviction, we repeated the reaction 

using various para-substituted thioanisole substrates at 298 K to obtain second order rate 

constants (Fig. 4.8). Then these second order rate constants were plotted against the para-

substituent constant (p) for each substrate to obtain a Hammett plot (Table 4.1).68-70 A TH-3026_166122104
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large negative slope  = - 4.13   is found, which is indicative of an electron transfer 

reaction (Fig. 4.9). This value is larger than the one for N4Py where a negative slope of 

‒3.36 has been reported corresponding to electron transfer reaction.47 Thus the para-

substituents on the thioanisole substrates contribute with quite a substantial effect on the 

rates of the reactions for 3c. 

 

Fig. 4.9. Hammett plot obtained by plotting the log(kX/kH) values against  p values75 of para-X-thioanisole 
(X = OMe, Me, H and Cl) substrates for their reaction with 3c in CH3CN at 298 K. 

The huge slope in the Hammett plot implicates an additional stabilization of 

positive charge in the transition state by electron-donating groups in the para-position of 

thioanisole and thus enhances the overall rate of the reaction when methoxy or methyl 

groups are employed. Therefore, the p values for the barrier heights for the reaction of 

para-substituted thioanisole with [FeIV(NTs)(Bntpen)]2+ are insufficiently negative for 

electron-rich para-substituents. In order to accommodate this effect, the Hammett plot 

was replotted using p
+ on the x-axis instead, where the scale is shifted to further negative 

values of the substituent constants and thereby produces a better fitting. Thus, a  value 

of –2.55 was obtained (Fig. 4.10b) with a better fitting correlation to the experimental 

data. Complex 4c, in comparison, produced a negative slope of –1.92 when the rates were 

plotted against p
+.47 Nevertheless, these values from the Hammett plots for 3c are TH-3026_166122104
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substantial evidence of an operating electron transfer mechanism in spite of slower 

reaction rates than the fellow tosylimido complex 4c. 

 

Fig. 4.10. (a) Decay profile for the 750 nm band due to addition of 150 equiv. of thioanisole to 3c in CH3CN 
at 298 K; inset shows the time trace corresponding to the same decay. (b) Hammett plot obtained 
by plotting the log (kX/kH) values against the p

+ Hammett values of para-X-thioanisole (X = 
OMe, Me, H and Cl) substrates in their reaction with 3c in CH3CN at 298 K. 

The iron(IV)-tosylimido complexes are usually weaker oxidants then their 

corresponding iron(IV)-oxo counterparts towards C–H abstraction reactions and often 

cannot react with substrates with sacrificial C–H bond dissociation energies (BDE) larger 

than ~80 kcal mol-1. By contrast, the iron(IV)-oxo species of both Bntpen and N4Py are 

known to react with cyclohexane (BDE = 99 kcal mol-1)64,76-79  by hydrogen atom TH-3026_166122104
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abstraction. We tested the alcohol oxidation reactivity of 3c using benzyl alcohol as the 

model substrate, (Fig. 4.11) and compared the results with the other oxidants. However, 

In the case of benzyl alcohol, the activation of the methylene C–H bond by 3c was 

investigated at 298 K and led to the formation of benzaldehyde although at a slower rate 

compared to the analogous [FeIV(NTs)(N4Py)]2+ complex. While the second-order rate 

constant for benzyl alcohol oxidation by 4c was reported to be 1.48 x 10-2 M-1 s-1, the 

same reaction with 3c as oxidant revealed a second-order rate constant of 0.39 x 10-2 M-1 

s-1 at 298 K (Fig. 4.11).48 Thus the iron(IV)-tosylimido complex of Bntpen reacts even 

slower with substrates than the one with N4Py ligand. 

 

Fig. 4.11. Second order rate constants determined for the reaction of benzyl alcohol (BzOH) with 3b (■), 
3c (●), 4b () and 4c (), in CH3CN at 298 K. 

A comparison of the [FeIV(O)(Bntpen)]2+ (3b) and [FeIV(NTs)(Bntpen)]2+ (3c) 

complexes shows that 3c reacts 300 times slower than complex 3b under comparable 

reaction conditions. Thus, as compiled in Fig. 4.11, the [FeIV(O)(Bntpen)]2+ complex (3b) 

is 14 times more reactive than the [FeIV(O)(N4Py)]2+ complex (4b), whereas, the 

[FeIV(NTs)(Bntpen)]2+ complex (3c) is four times slower than the [FeIV(NTs)(N4Py)]2+ 

complex (4c) towards an alcohol oxidation reaction.26-29 
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Kinetic isotope effect (KIE) studies were performed on 3c using benzyl alcohol-

[D7] as a substrate and a KIE value of 4 was obtained (Fig. 4.12 and Table 4.2). Hence, 

the KIE experiment reveals hydrogen atom abstraction as the rate determining step in the 

reaction mechanism. A similar KIE value of 7 was obtained for complex 4c, which 

suggests an analogous reaction mechanism.48 Unlike the iron(IV)-tosylimido group, the 

corresponding iron(IV)-oxo complexes produce higher KIE values, probably due to 

tunnelling like mechanism.47,48 

 

 

Fig. 4.12. Decay profile for the reaction of [FeIV(NTs)(Bntpen)]2+ (3c) (1 mM) with 300 equivalents of 
benzyl alcohol (BzOH, ⚫) and benzyl alcohol-D7 (BzOH-D7, ■) in CH3CN at 298 K.   

To ascertain the effect of intrinsic parameters including electron donating or 

withdrawing groups on the reacting substrate, we repeated the reactions using 200 

equivalents of para-OMe, –Me, –H and –Cl substituents of benzyl alcohol. The reaction 

of 3c with each of these substrates follows pseudo first-order kinetics, as excess amounts 

(200 equiv.) of substrate concentrations were employed to obtain the pseudo first-order 

rate constant (kobs) values (Table 4.3). 
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Table 4.2. Pseudo first-order rate constant (kobs) for the reaction of 1 mM of  3c with excess benzyl 
alcohol and benzyl alcohol-D7 at 298 K. 

 

Complex 
Substrate concentration [300 mM] 

KIE 
Benzyl alcohol Benzyl alcohol – D7 

3c 1.064 x 10-3 2.814 x 10-4 4 

 

Table 4.3. Hammett parameters and pseudo first-order rate constants (kobs) determined in the 
reaction of 3c (1 mM) with various para-substituted benzyl alcohols (200 mM) in CH3CN 
at 298 K.a 

 

p-X p b p
+ b kobs (s‒1) x 10-4 kx/kH c log (kx/kH) 

-OMe ‒0.27 ‒0.78 57.40 7.90 0.89 

-Me ‒0.17 ‒0.31 9.94 1.37 0.14 

-H 0.00 0.00 7.26 1.00 0.00 

-Cl 0.23 0.11 4.76 0.65 ‒0.18 

 

aAll the reactions were followed by monitoring the UV/Vis spectral changes of the reaction solution. bData 

taken from the reported literature.68. cRelative rate constant obtained by dividing the kobs of p-X-benzyl 

alcohol by kobs of p-H- benzyl alcohol. 
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Table 4.4. Hammett parameters and second-order rate constants (k2) determined for the reaction of 
3b (1 mM) with various para-substituted benzyl alcohols in CH3CN at 298 K.a 

 

p-X-benzyl 
alcohol p 

b p
+  b k2 (M‒1 s‒1) kx/kH c log (kx/kH) 

-OMe ‒0.27 ‒0.78 0.865 1.469 0.167 

-Me ‒0.17 ‒0.31 0.623 1.058 0.024 

-H 0.00 0.00 0.589 1.000 0.000 

-Cl 0.23 0.11 0.371 0.628 ‒0.202 
 

a All the reactions were followed by monitoring the UV/Vis spectral changes of the reaction solution. b Data 

taken from ref.68 c Relative rate constant obtained by dividing the k2 of p-X-benzyl alcohol by k2 of p-H-

benzyl alcohol. 

A Hammett plot of the natural logarithm of the rate constant ratio of para-X-

benzyl alcohol activation versus benzyl alcohol against p
+ Hammett parameter gives a  

value of –1.16 for 3c which is close to the value reported above for complex 4c (Table 

4.4 and Fig. 4.13).48 This Hammett value is indicative of substantial positive charge build-

up in the transition state. Therefore, the reaction rates are strongly affected by tuning the 

electronic charge content in the reacting substrates during the transition state. 

Other hydrocarbon substrates viz. xanthene, 9,10-dihydroanthracene (DHA) and fluorene, 

were tested for C–H abstraction reactions using 3c as the catalyst in order to envisage a 

comparative trend with complex 4c. However, those reaction results were not pertinent 

due to solubility issues in CH3CN. Therefore, unlike the [FeIV(NTs)(N4Py)]2+ (4c) 

complex, the [FeIV(NTs)(Bntpen)]2+ (3c) is a less effective oxidant than its corresponding 

iron(IV)-oxo analogue in both the heteroatom amination and C–H abstraction reactions. 
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Fig. 4.13. Hammett plot obtained by plotting the log (kX/kH) against p
+ values of para-X-benzyl alcohol 

(X = OMe, Me, H and Cl) substrates (200 equiv.) in their reaction with 3b (●) and 3c (■) in 
CH3CN at 298 K. 

 

4.2.3.  Computational Backup 

To complement our understanding on the reactivity differences of 

[FeIV(X)(Bntpen)]2+ vs [FeIV(X)(N4Py)]2+ with X = NTs/O, we performed a density 

functional theory study with 1,3-cyclohexadiene (CHD) and dimethylsulfide (DMS) as 

model substrates. CHD dehydrogenation is a stepwise process with two sequential 

hydrogen atom abstraction steps (via transition states TS1CHD and TS2CHD) that passes a 

radical intermediate (IR1CHD) to ultimately form the benzene product (PrdCHD).   

Heteroatom transfer (NTs or O) to sulphide is a concerted reaction with a single transition 

state (TSDMS) leading to products (PrdDMS). 

Before going into detail of the reaction mechanisms with substrates, let us first look into 

the electronic properties of the iron(IV)-oxo and iron(IV)-imido reactants with Bntpen 

ligand system. Thus, the high-lying occupied and low-lying virtual orbitals of 

[FeIV(NTs)(Bntpen)]2+ and [FeIV(O)(Bntpen)]2+ and the optimized geometries are given 

in Fig 4.14 In both [FeIV(NTs)(Bntpen)]2+ and [FeIV(O)(Bntpen)]2+ the triplet spin state is TH-3026_166122104
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the ground state, which matches experimental studies as well as previous DFT 

calculations.42,78-82 The five metal 3d-orbitals are occupied with four electrons and the 

lowest energy conformation is the triplet spin state with xy
2 *xz

1 *yz
1 occupation (Fig. 

4.14) This is commonly seen in hexacoordinated iron(IV)-oxo species and matches 

previous computational studies on non-heme iron complexes.83-90 The alternative quintet 

spin state has orbital occupation xy
1 *xz

1 *yz
1 *x2–y2

1. This state is E + ZPE = 2.0 kcal 

mol–1 higher in energy than the triplet spin state for the iron(IV)-tosylimido  complex, 

whereas in the iron(IV)-oxo species it is higher by 1.5 kcal mol–1. As such, the change 

from oxo to tosylimido in the iron(IV)-Bntpen complex has little effect on the spin state 

ordering and relative energies. 

    

 

Fig. 4.14. Optimized geometries and molecular orbital occupation of [FeIV(NTs)(Bntpen)]2+ (3c) and 
[FeIV(O)(Bntpen)]2+ (3b)as obtained with DFT. Bond lengths are in angstroms. 
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Next, we explored the dehydrogenation of cyclohexadiene (CHD) by both 

complexes and the results are given in Fig. 4.15. We located transition state structures for 

the triplet spin surface; however, on the quintet spin state the transition from reactants to 

intermediates is facile and no barrier could be located. In the triplet spin state reaching 

the radical intermediate is an exergonic process by ‒17.0 / ‒16.2 kcal mol‒1 for 

[FeIV(NTs)(Bntpen)]2+ versus [FeIV(O)(Bntpen)]2+. In the next step a second hydrogen 

atom abstraction takes place, which is facile and leads to products with large 

exothermicity. As such on the triplet spin state surface the initial hydrogen atom 

abstraction is rate-determining. The transition state is shown in Fig. 4.15 and displays an 

early structure with short C‒H distance of 1.271Å and a much longer N‒H distance of 

1.544Å. Interestingly, the transition state for the iron(IV)-oxo species in the triplet spin  

 

Fig. 4.15. UB3LYP/BS2//UB3LYP/BS1 calculated reaction mechanism for CHD activation by 
[FeIV(NTs)(Bntpen)]2+ (3c)/ [FeIV(O)(Bntpen)]2+ (3b). Energies obtained at 
UB3LYP/BS2//UB3LYP/BS1 and contain zero-point and solvent corrections (in kcal mol–1). 
Optimized geometries of the transition states and MECP give distances in angstroms and the 
imaginary frequencies are in cm–1.  TH-3026_166122104
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state is very similar with a C‒H distance of 1.217Å and an O‒H distance of 1.464Å. 

Energetically; however, they are very different and 3TS1CHD,NTs is 17.0 kcal mol‒1 above 

reactants, while the corresponding iron-oxo transition state only has a barrier of 9.1 kcal 

mol‒1. Subsequently, we evaluated substrate sulfoxidation by using DMS as a model 

substrate. As before, the reaction is concerted via a single intermediate to give sulfoxide 

products.91,92 Similarly to the hydrogen atom abstraction process in Fig 4.15, also 

sulfoxidation has a high energy barrier on the triplet spin state (25.6 kcal mol‒1)on the 

triplet spin state (25.6 kcal mol‒1) for the [FeIV(NTs)(Bntpen)]2+ oxidant, while it is much 

lower for the [FeIV(O)(Bntpen)]2+ system at 10.1 kcal mol–1. The transition state structures 

shown in Fig 4.16 display a long N‒S distance between tosylimido and substrate of 2.344 

Å, while the iron-oxo system has the transition state at a distance of 2.083 Å. In addition,  

 

Fig. 4.16. UB3LYP/BS2//UB3LYP/BS1 calculated reaction mechanism for DMS activation by 
[FeIV(NTs)(Bntpen)]2+ (3c)/ [FeIV(O)(Bntpen)]2+ (3b). Energies obtained at 
UB3LYP/BS2//UB3LYP/BS1 and contain zero-point and solvent corrections (in kcal mol–1). 
Optimized geometries of the transition states give distances in angstroms and the imaginary 
frequencies are in cm–1. TH-3026_166122104
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the imaginary frequency in the transition state is large for the oxo-transfer (i422 cm‒1),  

while tosylimido transfer gives an imaginary frequency of only i287 cm‒1. These relative 

barriers contrast those found for the analogous N4Py system,48 that found faster reactivity 

with sulfides for the iron(IV)-tosylimido complex. 

To understand the differences in properties and reactivity of the four set of 

oxidants investigated here, i.e. [FeIV(NTs)(Bntpen)]2+, [FeIV(O)(Bntpen)]2+, 

[FeIV(NTs)(N4Py)]2+ and [FeIV(O)(N4Py)]2+, we calculated the thermochemical 

properties of each of these reactant species. Firstly, we calculated the X‒H (X = 

NTs/O) bond dissociation energy (BDEXH) as the difference in energy between the 

iron(IV)-oxo/iron(IV)-tosylimido species, a hydrogen atom and the corresponding 

iron(III)-hydroxo/iron(III)-hydrotosylimido species. We also calculated the one-

electron reduction potential or electron affinity (EA) as the adiabatic energy 

difference of the iron(IV)-tosylimido/iron(IV)-oxo and the one-electron reduced 

species. As before,93-95 we calculated the gas-phase acidity (Gacid) from the 

difference in BDEXH, EA and the ionization energy of a hydrogen atom (IEH) using 

the experimentally reported value of IEH = 313.9 kcal mol-1.96 The calculated values 

for BDEXH, EA and Gacid of the four iron(IV) oxidants are 82.0, 88.8, 83.1 and 

90.7 kcal mol-1 for [FeIV(O)(Bntpen)]2+ (3b), [FeIV(NTs)(Bntpen)]2+ (3c), 

[FeIV(O)(N4Py)]2+ (4b) and [FeIV(NTs)(N4Py)]2+ (4c), respectively. As can be seen 

the four BDEXH values range within a narrow window from 82.0 kcal mol-1 for the 

[FeIV(O)(Bntpen)]2+ species to 90.7 kcal mol-1 for the [FeIV(NTs)(N4Py)]2+ system. 

Nevertheless, the two iron(IV)-oxo species have similar BDEXH values and so do 

the pair of iron(IV)-tosylimido complexes. Based on this, similar hydrogen atom 

abstraction barriers from substrates for the pair of iron(IV)-oxo and iron(IV)-

tosylimido complexes are expected. 
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4.3.  Conclusion 

In this work we present a combined experimental and computational study on the 

properties and reactivities of iron(IV)-oxo and iron(IV)-tosylimido complexes. In 

particular, we synthesize and spectroscopically characterize the iron(IV)-tosylimido and 

iron(IV)-oxo complexes with the pentacoordinate ligand system, Bntpen, and compared 

with those of the existing N4Py framework. Its spectroscopic fingerprint shows similar 

features as the analogous N4Py ligated system, particularly in the UV/Vis spectrum. 

Subsequently, a series of reactivity studies with iron(IV)-oxo and iron(IV)-tosylimido 

was done with respect to para-X-thioanisole and para-X-benzyl alcohol as substrate. 

Overall, the iron(IV)-tosylimido complexes with Bntpen ligand are weaker oxidants for 

hydrogen atom abstraction and group transfer reactions than their corresponding iron(IV)-

oxo species. We then did a computational study to support the experiments and find that 

generally the iron(IV)-tosylimido forms strong N–H bonds after hydrogen atom 

abstraction but has a larger redox potential and therefore reacts slower with substrates. 
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5.1. Introduction 

High-valent iron(IV)-oxo complexes have been invoked as the key reactive 

intermediate in the catalytic cycle of non-heme iron enzymes and their model systems.1,2 

The non-heme iron(IV)-oxo species is reportedly the active oxidant involved in 

enzymatic and biomimetic reactions.3,4 These iron(IV)-oxo intermediates have shown to 

catalyze a wide variety of biological oxidation processes such as alkane hydroxylation, 

olefin epoxidation, alcohol oxidation, sulfoxidation, N-dealkylation, etc.5 Mononuclear 

non-heme iron enzymes perform oxidative transformations of various organic substrates 

in biological systems.6-11 High valent iron(IV)-oxo intermediates have been identified as 

the important species in such oxidative transformations12-17 and several non-heme 

dioxygenases have been isolated and characterized.18,19 These are versatile intermediates 

towards hydrogen atom transfer (HAT) and oxygen atom transfer (OAT) reactions.20-25 

In addition, mononuclear high-valent iron(IV)-oxo complexes have been considered as 

reactive intermediates for the degradation of toxic organic pollutants26, which are 

potential threats to the continuous increase of environmental pollution. Among these 

organic pollutants, halophenols are a major class of toxic organic pollutants which include 

4-fluorophenols, 4-chlorophenols, 4-bromophenols, 2,6-difluorophenols, 2,6-

dichorophenols, 2,6-dibromophenols, 2,4,6-trifluorophenols, 2,4,6-trichlorophenols, 

2,4,6-tribromophenols. The main sources of these compounds are industrial waste, 

pesticides, herbicides, disinfectants and dyes.27,28 The extensive usage and resistance to 

biodegradation cause their accumulation in the soil and groundwater.29-31 As a 

consequence, these pollutants enter the human body through the food chain causing 

serious health concerns as they are potentially carcinogenic.27,32,33 In addition, many 

chlorophenols such as 2,4,6-trichlorophenols are included in the US Environmental 

Protection Agency’s priority list of dangerous pollutants because of their high persistence 

in the environment.34 Therefore, it is necessary to implement different techniques that can 
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help in the detoxification of these pollutants and convert them to non-hazardous 

chemicals.  

A variety of techniques have been developed for the degradation of halophenols 

that include physical, chemical and biological processes.35-38 Despite the fact that a 

variety of physical and chemical processes are available for the degradation of 

halophenols, such as adsorption, ion exchange, liquid-liquid extraction, chemical 

oxidation, and advanced oxidation processes, all of those are costly and energy-intensive. 

Moreover, many of these processes produce by-products or more toxic intermediates. For 

example, the incineration of chlorophenol wastes produces even more toxic compounds 

such as polychlorinated dibenzofurans or dibenzo-p-dioxins.37 On the other hand, 

bacterial degradation is one of the most efficient methods to detoxify halophenols. 

Chlorophenols and their derivatives are removed from the environment by several 

bacteria such as Pseudoomonas knackmussii B-13, Rhodococcus opacus 1G, Ralstonia 

picketti etc.27 These are considered as cost-effective and eco-friendly methods to remove 

chlorophenols. 

The dehalogenation mechanism of dehaloperoxidase (DHP) has been investigated 

by several groups but as yet remains unresolved.39-43 Enzymatic assays suggest that the 

mechanism is similar to that for the same reaction catalysed by Caldariomyces fumago 

chloroperoxidase (CCPO),44 horseradish peroxidase (HRP)45 and lignin peroxidases.46,47 

The proposed mechanism for the conversion of halophenols to quinones by these enzymes 

involves two successive one-electron transfer steps mediated by iron(IV)-oxo 

intermediates and it is seen that the oxygen atom in the quinone product is derived from 

a solvent water molecule.44 Interestingly, a different dehalogenation mechanism has been 

proposed for dehaloperoxidase-hemoglobin A (DHP A), which involves substrate binding 

in the internal active site of an enzyme where the substrate gets oxidized to quinone in 
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two sequential one-electron steps followed by the addition of a water molecule as shown 

in Scheme 5.1.48 

 

Scheme 5.1. Schematic representation of the mechanisms for oxidation of substrate by DHP A.48 
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The first step is initiated with the oxidative electron transfer from the substrate 

and loss of a proton resulting in the formation of a phenoxy radical, 2,4,6-TXPO (X = Cl 

or Br) (Scheme 5.1a). In the second step, oxidation of the 2,4,6-TXPO radical takes place 

by two probable alternative mechanisms: disproportionation or internal oxidation. In the 

disproportionation mechanism which occurs in solution, one equivalent of each of the 

reactant and phenoxy cation is formed from two equivalents of phenoxy radicals, whereas 

in internal oxidation, the substrate remains immobilized inside the enzyme for a second 

electron transfer to produce a phenoxy cation (Scheme 5.1b). Further, the phenoxy cation 

is attacked by a water molecule in the para-position to form the 2,6-dihaloquinone 

product with the loss of HX (Scheme 5.1c). 

However, limited literature is available on the detoxification of organic pollutants 

by the non-heme iron(IV)-oxo species. Recently, Paine and co-workers have synthesized 

a series of iron(IV)-oxo complexes supported by polydentate nitrogen donor ligands 

which perform oxidative degradation of halophenols in an aqueous medium.49 It was 

observed that water plays a vital role in most of the processes used for the degradation of 

halophenols. However, all the intermediates might not be stable in a water medium. We; 

therefore, envisaged that the solvent system has a huge role to play in the catalytic 

dehalogenation of the phenolic systems, and, in particular, in stabilizing the much-elusive 

substrate-bound species involved in the mechanism. In this work, we employed an 

iron(IV)-oxo species supported by a pentadentate ligand 2PyN2Q (1,1-di(pyridin-2yl)-N, 

N-bis(quinolin-2-ylmethyl)methanamine),50 in an acetonitrile solvent, which degrades 

halophenols by an oxidative pathway. The proposed mechanism of oxidative 

dehalogenation of halophenols by this iron(IV)-oxo intermediate proceeds via an initial 

hydrogen atom abstraction from the phenolic O-H resulting in the formation of a new 

intermediate, a phenolate adduct of the ferric species which leads to the formation of 

corresponding quinone product. 
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Fig. 5.1. Ligand frameworks studied and DFT-optimised structures of the corresponding iron(IV)-oxo 
complexes. 

 

5.2.  Results and Discussion 

5.2.1.  Synthesis and Characterization  

We started our work by synthesizing the ferrous complex [FeII(2PyN2Q)(OTf)2], 

5a, supported by a pentadentate ligand 2PyN2Q.50 The asymmetric geometry of the ligand 

framework has been taken into account to study the substrate approach parameters. The 

dark yellow compound 5a was synthesized following reported procedures,51-53 by the 

dropwise addition of an acetonitrile solution of FeII(OTf)2∙2CH3CN to the ligand. UV-vis 

spectroscopy and electrospray ionization-mass spectrometry (ESI-MS) confirms the 

ligation of the iron(II) species in the complex. Upon addition of 1.5 equivalents of 

PhI(OAc)2 to 5a in CH3CN under ambient conditions, a pale green iron(IV)-oxo complex 

[FeIV(O)(2PyN2Q)]2+, 5b, was generated with distinctive absorption features (λmax = 770 
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nm, ε = 340 L M−1 cm−1, t1/2 = 50 min at RT) (Fig. 5.2) as reported previously.50 This 

absorption band corresponds to the d-d transition features of the iron(IV)-oxo species 

generated in situ. Further, the formation of the oxo-species, 5b was confirmed by ESI-

MS, that shows a major peak at m/z 269.57 and a minor peak at m/z 688.08 corresponding 

to [FeIV(O)(2PyN2Q)]2+ and [FeIV(O)(2PyN2Q)(OTf)]+, respectively, (see Fig. 5.3). 

 

Fig. 5.2. UV-vis spectrum of [FeII(2PyN2Q)(OTf)2], 5a (blue line) and [FeIV(O)(2PyN2Q)]2+, 5b (red line) 
in CH3CN at 25 °C. 

 

Fig. 5.3. ESI-MS spectrum of 5b in CH3CN at 25 ⁰C. The peaks at m/z 269.57 and 688.08 are assigned to 
[FeIV(O)(2PyN2Q)]2+ and [FeIV(O)(2PyN2Q)(OTf)]+, respectively. Inset shows the observed 
isotopic distribution pattern of m/z 269.57. TH-3026_166122104
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5.2.2.  Reaction Kinetics 

The complex [FeIV(O)(2PyN2Q)]2+, 5b as shown in Fig. 5.1, has an asymmetric 

skeleton with two quinolines on one side of it - guarding the iron-oxo core, and directing 

the approach of the substrates from the other side of the complex. We, therefore, decided 

to investigate several halophenols with various steric demands and different electronic 

impulses toward the iron-oxo active site and see how the backbone affects the substrate 

binding and approach. As exhibited in Fig. 5.4, several mono-di- and tri-halophenols were 

employed as substrates to study the oxidative dehalogenation reactions of complex 5b. 

However, the use of iodophenols was precluded due to solubility issues in our generalized 

conditions. The reactions were monitored by following the changes in the UV-vis 

absorption spectra as a function of time upon the addition of the substrates. Initially, tri-

halophenols such as2,4,6-trifluorophenol (2,4,6-TFP), 2,4,6-trichlorophenol (2,4,6-TCP) 

and 2,4,6-tribromophenol (2,4,6-TBP) were reacted with 5b. Complex 5b is known to be 

a better catalyst for sulfoxidation and C-H abstraction reactions.50 Similar trends were 

observed in the reactivity with halo-phenols. 

 

Fig. 5.4. Halo-phenolic substrates used in this work. TH-3026_166122104
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Fig. 5.5. UV-vis spectral changes of 5b upon addition of 10 equiv. 2,4,6-TCP in CH3CN at -40 ⁰C. Inset 
shows the decay profile of the 770 nm band. 

At -40 ⁰C, the addition of tri-halophenols to 5b led to the gradual pseudo-first-

order decay of the iron(IV)-oxo characteristic band at 770 nm in the UV-vis spectrum 

with concomitant formation of the corresponding iron(II) precursor with an isosbestic 

point at 620 nm as shown in Fig. 5.5. The pseudo-first-order rate constants increased 

linearly with an increase in the concentration of the substrates enabling us to procure the 

second-order rate constants (k2). The second-order constants (k2) for 5b with different tri-

halophenols were evaluated, as shown in Fig. 5.6a and the reactivity order was found to 

be 2,4,6-TBP > 2,4,6-TCP > 2,4,6-TFP. This trend in the reactivity establishes the 

electrophilicity of the iron(IV)-oxo species involved in the reactions.  A similar reactivity 

order was also observed for the reactivity of heme metalloenzymes with tri-halophenols.54 

When we substituted the phenolic hydrogen with deuterium and repeated the 

experiments with 2,4,6-TCP-d1 (2,4,6-trichlorophenol-d1), a second-order rate constant 

of 3.54 x 10-2 M-1s-1 was obtained at -40 ⁰C. This gives a non-classical kinetic isotope 

effect (KIE) value of 26 that confirms the abstraction of the phenolic hydrogen and the 

corresponding formation of the phenolate radical in the mechanism of the dehalogenation  
TH-3026_166122104
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Fig. 5.6. Second-order rate constants determined for 5b (1mM) with (a) 2,4,6-TFP (◼), 2,4,6-TCP (⚫) and 
2,4,6-TBP () at -40 ⁰C; (b) Plot of kobs against the concentration of 2,4,6-TCP (⚫) and 2,4,6-
TCP-d (◼) with 5b in CH3CN at -40 ⁰C. 

process, see Fig. 5.6b.21,55 Having that established, it is also understood that the size of 

the substrate, however, has no role to play in the H-abstraction step, since 2,4,6-

tribromophenol was found to be the most reactive among the three. This size vs 

nucleophilicity balance among the substrates investigated led us to further check the 

dehalogenation of 5b with di-and mono-halophenols. The addition of di-halophenols to TH-3026_166122104
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intermediate 5b in CH3CN under the same conditions resulted in the decay of the 

absorption band at 770 nm in a pseudo first-order manner as a function of time.  A similar 

pattern was obtained for the di-halophenols as well i.e. 2,6-DBP > 2,6-DCP > 2,6-DFP. 

The second-order constants (k2) for 5b with different di-halophenols were evaluated, as 

shown in Table 5.1.  

By contrast, for para-halophenols, the reactions were sluggish at -40 °C. Clearly, 

the phenolate radicals resulting from the H-atom abstraction were less stabilized for the 

mono-halo substrates compared to the di- and tri-halophenols. Interestingly, the addition 

of the p-halophenols to the intermediate 5b at 0 °C resulted in the decay of the d-d band 

of 5b. However, the decay profile was not clean at 770 nm. A new feature was observed 

at about 600 nm. Thus, second-order rate constants for the oxidation of p-halophenols 

were evaluated as a function of the change in absorption band at 885 nm with time (see 

Table 5.1).  These rates were found to be comparable for all three p-halophenols,  

Table 5.1. Second-order rate constant (k2) and product distribution for 5b (1 mM in CH3CN solution) 
with mono-, di- and tri-halophenols. 

Substrate 10-1 x k2 (in M-1s-1) Temperature Product distribution 
% (ortho : para) quinone 

2,4,6-TFP 4.98 -40 °C 35 : 21 

2,4,6-TCP 9.3 -40 °C 30 : 15 

2,4,6-TBP 18.3 -40 °C 50 : 10 

2,6-DFP 3.55 -40 °C 30 : 0 

2,6-DCP 8.54 -40 °C 33 : 0 

2,6-DBP 14.6 -40 °C 21 : 0 

4-FP 20.8 0 °C 30 : 25 

4-CP 19.8 0 °C 40 : 31 

4-BP 16 0 °C 38 : 10 
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indicating that the formation of this new species is independent of the nucleophilicity of 

the employed substrate. However, it has a definite implication towards the size of the 

substrate utilized for dehalogenation, as this feature was not observed in the cases of di- 

and tri-halophenols under identical conditions. When the reaction of 4-FP with 5b was 

carried at room temperature a new absorption band at 614 nm as shown in Fig. 5.7, is 

typical of the characteristic LMCT band usually seen for oxygen adducts of iron such as 

iron(III)-OOH and/or iron(III)-OOR.56-61 Although, unlike such intermediates, this new 

species is sufficiently stable having a half-life time of about 10 h at room temperature. To 

further characterize this species, high-resolution mass spectrometry (HRMS) was 

conducted, but unfortunately, it resulted into excessive fragmentation, thereby precluding 

the correct assessment of the molecular ion fragment. The X-band EPR spectrum of the 

adduct was recorded at 77 K (see Fig. 5.8) that shows a broad signal at g = 5.04 along 

with additional high-end g values at 6.55, 8.39 and 13.74. This indicates the presence of 

a Fe(III)-species with dominant high-spin characteristics.59,62     

 

Fig. 5.7. UV-vis spectral changes of 5b upon addition of 10 equiv. 4-FP in CH3CN at room temperature. 
Inset shows the formation profile of the absorption band at 614 nm. 
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Fig. 5.8. X-band EPR spectrum of the adduct [(2PyN2Q)(OH)FeIII(O-FP)]+ at 77 K in CH3CN. EPR 
parameters: microwave power: 0.995 mW, modulation frequency: 100 kHz, modulation 
amplitude: 1 mT, microwave frequency: 9136 MHz. 

We speculate the new species to be a substrate-bound intermediate, where the 

phenolate radical, deprived of its hydrogen, binds with the iron(III)-OH species, thereby 

forming a hepta-coordinated adduct of iron. Arguably, the active site structure is crowded 

at this point of time. The steric demand of the ligand framework is hereby brought into 

effect as the new substrate-bound adduct should be mostly stable for p-halophenols, and 

less stable for di- and tri-halophenols that have bulky halogen atoms in the ortho-position. 

This was indeed observed in the UV-vis spectrum, where the formation of the LMCT 

band was not observed for phenols having chloro and/or bromo at the ortho-positions of 

the phenol. The bulky size of the bromo component in the ortho-position restricts the ease 

of approach of the phenolate radical to bind with the iron(III)-species. On the other hand, 

fluorine having a comparatively much smaller atomic size was tolerated by the hepta-

coordinated iron(III)-adduct and the formation of the new bands were observed at 558 nm 

and 583 nm for 2,4,6-TFP and 2,6-DFP, respectively (see Fig. 5.9). Also, a shift of the 

λmax from 614 nm to 558 nm for 4-FP and 2,4,6-TFP respectively, further reinforces the 

argument of the substrate-bound iron(III)-species. 
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Fig. 5.9. UV-vis spectral changes of 5b upon addition of (left) (a) 10 equiv. 2,4,6-TFP (b) 10 equiv. 2,4,6-
TCP and (c) 10 equiv. 2,4,6-TBP in CH3CN at room temperature, (right) (a) 10 equiv. 2,6-DFP 
(b) 10 equiv. 2,6-DCP and (c) 10 equiv. 2,6-DBP in CH3CN at room temperature. The formation 
of the adducts was observed for 400 s. 

To understand the details of the reaction mechanism, analyses of the oxidized 

products were carried out.  In the reaction of 5b with 2,4,6-TCP, we found mixtures of 

2,4-dichloro-ortho-benzoquinone (o-quinone) and 2,6-dichloro-para-benzoquinone (p-

quinone), the former being the major product. To gain further insights, the ortho-: para-

quinone ratios for all the halophenols were evaluated (see Fig. 5.10 – Fig. 5.18) and are 

listed in Table 5.1.  Interestingly, o-quinone was found to be the major product in every 

case. In fact, for all the three 2,6-dihalophenols discussed here, o-quinone was found to 

be the sole product. 

The product distribution hereby obtained guided us to propose a plausible 

mechanism for the dehalogenation reaction. The reaction mechanism involves two TH-3026_166122104
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consecutive one-electron reduction of the iron(IV)-oxo species.44-48 The reaction 

commences with the abstraction of the phenolic hydrogen atom thereby forming iron(III)-

OH and a phenolate radial species. Thereafter, the phenolate radical overcomes the steric 

fencing around the iron centre to coordinate to the ferric species as a substrate-bound 

adduct (A). In the adduct (A), the hydroxyl group (-OH) being in the vicinity of the ortho-

position of the phenolate cyclize to form the adduct (B). Finally, the adduct (B) undergoes 

a second electron transfer step to produce the o-quinone in a concerted fashion as shown 

in Scheme 5.2. The formation of p-quinone could be attributed to the presence of a trace 

amount of water in the solvent. 

Scheme 5.2. A plausible mechanism for the oxidative dehalogenation of p-halophenols by the 
intermediate 5b. 
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Fig. 5.10. 1H NMR spectrum of the reaction mixture of oxidized products of 2,4,6-trifluorophenol in CDCl3. 

Peak at 3.58 ppm corresponds to 1,2-dibromoethane. 

 

 
 

Fig. 5.11. 1H NMR spectrum of the reaction mixture of oxidized products of 2,4,6-trichlorophenol in 
CDCl3. Peak at 3.58 ppm corresponds to 1,2-dibromoethane. 
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Fig. 5.12. 1H NMR spectrum of the reaction mixture of oxidized products of 2,4,6-tribromophenol in 
CDCl3. Peak at 3.58 ppm corresponds to 1,2-dibromoethane. 

 

 

Fig. 5.13. 1H NMR spectrum of the reaction mixture of oxidized product of 2,6-difluorophenol in CDCl3. 

Peak at 3.58 ppm corresponds to 1,2-dibromoethane. 
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Fig. 5.14. 1H NMR spectrum of the reaction mixture of oxidized product of 2,6-dichlorophenol in CDCl3. 

Peak at 3.58 ppm corresponds to 1,2-dibromoethane. 

 

 

Fig. 5.15. 1H NMR spectrum of the reaction mixture of oxidized product of 2,6-dibromophenol in CDCl3. 
Peak at 3.58 ppm corresponds to 1,2-dibromoethane. 
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Fig. 5.16. 1H NMR spectrum of the reaction mixture of oxidized products of 4-fluorophenol in CDCl3. Peak 
at 3.58 ppm corresponds to 1,2-dibromoethane. 

 

 
Fig. 5.17. 1H NMR spectrum of the reaction mixture of oxidized products of 4-chlorophenol in CDCl3. 

Peak at 3.67 ppm corresponds to 1,2-dibromoethane. 
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Fig. 5.18. 1H NMR spectrum of the reaction mixture of oxidized products of 4-bromophenol in CDCl3. 
Peak at 3.58 ppm corresponds to 1,2-dibromoethane. 
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Fig. 5.19. 1H NMR spectrum of 2,4,6-trichlorophenol in CDCl3. 

 

 
 

Fig. 5.20. 1H NMR spectrum of 2,4,6-trichlorophenol-D in CDCl3. 
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The asymmetric skeleton in [FeIV(O)(2PyN2Q)]2+, 5b due to the presence of two 

bulkier quinoline moieties on one side of its iron-oxo core was found to guide and direct 

the substrate approach to the oxo group. It was observed that all the p-halophenols easily 

form substrate-bound adducts due to the absence of halogen atoms at the o-positions of 

the phenolic group. However, among di- and tri-halophenols, the formation of the 

substrate-bound adducts was observed only in 2,6-difluorophenol (2,6-DFP) and 2,4,6-

trifluorophenol (2,4,6-TFP) owing to the presence of smaller fluorine atoms at the o-

positions of the phenolic group. Adduct formation in other halophenols was not observed, 

probably because of the steric hindrance from the bulkier halogen atoms such as chlorine 

and bromine at the o-positions. Inspired by the adduct formation by an asymmetric 

complex with different halophenols, we have employed an iron(IV)-oxo complex, 

[FeIV(O)(N4Py)]2+, 4b bearing a symmetric ligand backbone as shown in Fig. 5.1 to 

examine its effect on the substrate approach to the oxo group during adduct formation. 

The starting iron(II) complex, [FeII(N4Py)(CH3CN)](OTf)2, (4a) was synthesized 

by reacting FeII(OTf)2∙2CH3CN with the N4Py ligand under an argon atmosphere inside 

a glove box using a previously reported procedure.63 The iron(iv)-oxo complex, 

[FeIV(O)(N4Py)]2+, (4b) was generated by the addition of PhIO as the oxygen donor in 

CH3CN solvent at ambient conditions as reported before.64 The complex 4b was 

characterized by different spectroscopic techniques such as UV-vis spectroscopy and 

mass spectrometry. UV-vis spectroscopy confirms the generation of complex 4b by its 

characteristic d-d absorption band at λmax = 695 nm as shown in Fig. 5.21 with a half-life 

of over 60 hrs at room temperature. Further, the electrospray ionization mass spectrum 

(ESI-MS) of 4b shows a prominent peak at m/z 587.91 which corresponds to the 

formation of [FeIV(O)(N4Py)(OTf)]+ complex (see Fig. 5.22). Also, the formation of the 

iron(iv)-oxo complex was confirmed by its isotopic distribution patterns at m/z 587.91. 
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Fig. 5.21. UV-vis spectrum of [FeII(N4Py)(CH3CN)](OTf)2, (0.25 mM)  4a (blue line) and 
[FeIV(O)(N4Py)]2+ (1 mM) 4b (red line) in CH3CN at 25 °C. Insert shows the d-d transition band 
at 695 nm for 4b (red line). 

 

 
 

Fig. 5.22. ESI-MS spectrum of complex 4b in CH3CN at 25 °C. The peak at m/z 587.91 corresponds to 
[FeIV(O)(N4Py)(OTf)]+. The inset shows the isotopic distribution pattern of m/z 587.91. 
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The electrophilic nature of complex 4b was then investigated with a series of tri-

halophenols with halogen atoms at the ortho- and para-positions, namely 2,4,6-

trifluorophenol (2,4,6-TFP), 2,4,6-trichlorophenol (2,4,6-TCP) and 2,4,6-tribromophenol 

(2,4,6-TBP). The reactivity patterns of these substrates with complex 4b were monitored 

by the change in the UV-vis absorption as a function of time. Upon addition of 10 equiv. 

of tri-halophenol to complex 4b at ambient conditions in CH3CN solvent resulted in the 

immediate decay of the iron(IV)-oxo characteristic d-d-transition band at 695 nm and 

concomitant formation of the purple-coloured intermediates at a wavelength range of 558 

– 595 nm depending on the phenolic substrates used (see Fig. 5.23). The formation of 

such intermediates was also observed with di- and mono-halophenols under identical 

reaction conditions (see Fig. 5.24). 

 

 
 

Fig. 5.23. UV/Vis spectral changes by the addition of tri-halophenols to an acetonitrile solution at 25 °C 
containing 0.5 mM [FeIV(O)(N4Py)]2+, 4b. The UV-Vis spectrum of the complex 4b is given by 
the black line and the obtained UV-Vis spectra upon the addition of 10 equiv. of 2,4,6-TFP (red 
line), 2,4,6-TCP (violet line) and 2,4,6-TBP (blue line) are shown as an overlay. 
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Fig. 5.24. UV/Vis spectra for the formation of substrate-bound adducts by addition of 10 equiv. of phenol 
substrates to complex 0.5 mM [FeIV(O)(N4Py)]2+ (4b) (black line) in CH3CN at 25 °C (a) 2,6-
DFP (red line), 2,6-DCP (violet line) and 2,6-DBP (blue line). (b) 4-FP (red line), 4-CP (violet 
line) and 4-BP (blue line). 

To establish the nature of the species with 588 nm absorption as obtained for the 

reaction of 4b with 2,4,6-TCP, we extracted a sample and analyzed it with ESI-MS, (see 

Fig. 5.25). The mass and isotope ratio characterizes this species as the 

[Fe(O2C6Cl3H2)(N4Py)-(H+)]+ adduct complex with m/z 634.03. We propose this species 

to originate from a hydrogen atom abstraction from 2,4,6-TCP by the iron(IV)-oxo 
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species followed by proton release to the solvent, while retaining the oxidized substrate-

bound complex. This would be the first characterization of a radical intermediate in 

substrate dehalogenation reactions. 

  

 
 

Fig. 5.25. Positive ESI-MS spectrum obtained from the reaction of [FeIV(O)(N4Py)]2+, 4b with 2,4,6-TCP 
in CH3CN at 25 °C. The inset shows the isotopic distribution pattern around m/z 634. (L= N4Py) 

 

To understand whether the reaction proceeds with any alternative pathway other 

than initial hydrogen atom abstraction from the phenolic O−H group, we synthesized 

deuterated phenol (2,4,6-TFP-d1) and reacted it with complex 4b under identical reaction 

conditions as that for 2,4,6-TFP (see Fig. 5.26 and 5.27). The formation of the substrate-

bound adduct was monitored for both substrates as we could not obtain a decay profile of 

the iron(IV)-oxo band. Formation of the substrate-bound adduct was slower in the case 

of the 2,4,6-TFP-d1 as the bond dissociation energy of O−D bond is greater than that of 

O−H bond. This clearly indicates that the mechanism for the dehalogenation of 

halophenols by complex 4b starts with the abstraction of an H-atom from the phenolic 

O−H group resulting in the formation of phenolate radicals and an iron(III)-OH species. 
TH-3026_166122104



V/26 
 

The formation of the phenolate radicals was observed in all the halophenols irrespective 

of their size and nucleophilicity characters. These phenolate radicals are oxidized and 

bind the iron(III)-OH species on the ortho- and para-position of the -C=O group in the 

oxidized substrates to form an adduct. The formation of these adducts could be attributed 

to the fact that [FeIV(O)(N4Py)]2+, 4b complex has a symmetric ligand backbone, which 

provides an open space around its iron-oxo core for the easy approach of the substrates. 

 

Fig. 5.26. UV-Vis spectrum for the formation of substrate-bound adducts by addition of 50 equiv. of 2,4,6-
TFP to complex 4b (0.5 mM) in CH3CN at 25 °C. Inset shows the time trace for formation at 
558 nm. The data were recorded at 15 seconds intervals. 

 

Fig. 5.27. UV-Vis spectrum for the formation of substrate-bound adducts by addition of 50 equiv. of 2,4,6-
TFP-d1 to complex 4b (0.5 mM) in CH3CN at 25 °C. Inset shows the time trace for formation at 
558 nm. The data were recorded at 15 seconds intervals. TH-3026_166122104
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Fig. 5.28. UV-Vis spectrum for the decay of substrate-bound adduct of 2,4,6-TBP at 595 nm and 
concomitant formation of the iron(II)-precursor at 450 nm in CH3CN at 25 °C. Inset shows the 
decay time trace for all the adducts with tri-halophenols. The data were recorded at 60 seconds 
interval for the adducts with 2,4,6-TFP and 2,4,6-TCP and at 7 seconds interval for adducts with 
2,4,6-TBP. 

Furthermore, the formation of the adducts was evidenced by the UV-vis 

absorption as a shift in the wavelength from 558 nm to 595 nm is witnessed by changing 

the substrates from trifluorophenol to tribromophenol (see Fig. 5.23). This red shift in the 

wavelength for the adducts can be explained based on the inductive effect (−I effect) from 

the halogen atoms. In particular, since fluorine is a more electronegative element it 

withdraws electrons from the phenyl ring and thereby reduced the λmax as compared to 

the adducts with chlorine and bromine. The self-decay of these intermediates resulted in 

the formation of the iron(II)-precursors under ambient conditions and their stability was 

determined by observing their half-life periods (see Fig. 5.28 and Table 5.2). The rate of 

decay of these adducts is slower as compared to the rate of formation of phenolate radicals 

and is the rate-determining step in the dehalogenation of all the halophenols. The pseudo-

first-order rate constants (kobs,formation) for the formation of adducts are 3.88 x 10−2 s−1, 9.9 
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x 10−2 s−1 and 0.16 s−1 for 2,4,6-TFP, 2,4,6-TCP and 2,4,6-TBP, respectively, at room 

temperature. By contrast, the pseudo-first-order rate constants (kobs,decay) for the decay of 

adducts are 3.35 x 10−4 s−1, 1.51 x 10−3 s−1 and 5.26 x 10−3 s−1 for 2,4,6-TFP, 2,4,6-TCP 

and 2,4,6-TBP, respectively, at room temperature. 
Table 5.2. Spectroscopic features of halophenol bound iron adducts in CH3CN at 25 °C. 

Sl. No. Halophenols max (nm) Ɛ (M-1cm-1) t1/2 (in sec) 

1 

2,4,6-tri-
halophenols 

2,4,6-TFP 558 3080 1800 

2 2,4,6-TCP 588 3040 600 

3 2,4,6-TBP 595 1840 133 

4 

2,6-di-halophenols 

2,6-DFP 558 3080 2220 

5 2,6-DCP 577 1880 480 

6 2,6-DBP 584 1470 185 

7 

4-halophenols 

4-FP 575 2564 5010 

8 4-CP 575 2406 2520 

9 4-BP 575 2352 4080 

 

The first-order rate constants for the oxidative dehalogenation of a range of 

halophenols by complex 4b were determined at variable temperatures to calculate 

activation parameters. The pseudo-first-order rate constants were obtained by the addition 

of 10 equiv. of the substrate solution to the iron(IV)-oxo solution at variable temperatures. 

The enthalpy of activation (H‡) and entropy of activation (S‡) values were obtained 

from Eyring plots for the oxidation of tri-halophenol substrates with complex 4b (see Fig. 

5.29 and Table 5.3). TH-3026_166122104
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Fig. 5.29. Activation parameters determined for the oxidation of 2,4,6-TFP (◼), 2,4,6-TCP (⚫) and 2,4,6-
TBP () by complex 4b in CH3CN at a temperature range of 253-283 K. The substrate solution 
(10 equiv.) was added to complex 4b solution (0.5 mM) and the absorption change measured. 

 
 
Table 5.3. Activation parameters for the oxidation of tri-halophenols with complex 4b in CH3CN. 
 

Substrates H‡ (kcal mol-1) S‡ (cal mol-1 K-1) 

2,4,6-TFP 6.9 -42.8 

2,4,6-TCP 3.7 -52.6 

2,4,6-TBP 3.5 -53.1 

 
 

To gain more insight into the reaction mechanism for the reaction of halophenols 

with complex 4b, oxidized products were analyzed by 1H NMR spectroscopy. When the 

reaction mixture obtained by the reaction of complex 4b and 2,4,6-TFP was analyzed, we 

found mixtures of 2,4-fluoro-ortho-benzoquinone (o-quinone) and 2,6-difluoro-para-

benzoquinone (p-quinone) with the former as the major product. To get further details, TH-3026_166122104
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reaction mixtures of all the halophenols were analyzed and the ratio of ortho- to para-

quinone was evaluated (see Table 5.4). Interestingly, o-quinone was found to be the major 

product in all cases. Overall, our experimental work shows that non-heme iron(IV)-oxo 

complexes can react through dehalogenation including defluorination of aromatic phenols 

in a stepwise reaction mechanism that is initiated by hydrogen atom abstraction from the 

phenol to form an adduct. 
 

Table 5.4. Product distributions for the reaction of 0.5 mM of 4b in CH3CN with mono-, di-, and tri-
halophenols at 25 °C. 

 

Substrates Product distribution, 
% (ortho:para) quinone 

2,4,6-TFP 44:25 

2,4,6-TCP 21:10 

2,4,6-TBP 22:10 

2,6-DFP 48:0 

2,6-DCP 25:0 

2,6-DBP 20:0 

4-FP 42:35 

4-CP 53:30 

4-BP 25:10 

 

5.2.3.  Computational Backup 
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To gain further insight into the aromatic dehalogenation reactions by 

[FeIV(O)(N4Py)]2+, 4b we performed a density functional theory study for 2,4,6-TFP and 

2,4,6-TCP activation and tested various pathways leading to products. The mechanism is 

established with an initial step from the substrate-iron(IV)-oxo reactant complex (RC) 

for an H-atom abstraction from the phenol group by the iron(IV)-oxo species via 

transition state TS1 to form an iron(III)-hydroxo complex with nearby radical (IM1). 

Thereafter, the IM1 complex reacts through OH rebound to form complex IM2 via 

transition state TS2 takes place on either the ortho- or para-position of the radical as 

identified with a subscript o or p. This IM2 complex is proposed to be the experimentally 

determined adduct complex with an absorption of 558 nm for 2,4,6-TFP. In agreement 

with experimental observation,63 the reactant complexes are in a triplet spin ground state 

with the quintet well higher in energy, see Fig. 5.30. Interestingly, the H-atom abstraction 

takes  

 
 

Fig. 5.30. Free energy landscape (G values at 298 K with zero-point energy, and thermal, solvent and 
entropic corrections included in kcal mol−1) for the reaction of 2,4,6-TFP activation by 
[FeIV(O)(N4Py)]2+ (4b). On the sides are shown the optimized geometries of the H-atom 
abstraction and OH rebound barriers with bond lengths in Armstrongs and the imaginary 
frequency in cm-1. 

3TS13F (5TS13F)

i2597 (i1625) cm−1

1.194 (1.065)

1.182 (1.369)

5TS2p,3F

5TS2o,3F

i694 cm−1

2.019

1.903

1.992

1.927

i616 cm−1
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place on the triplet spin state surface with a barrier of G‡ = 9.5 kcal mol−1 for 2,4,6-TFP 

and G‡ = 9.3 kcal mol−1 for 2,4,6-TCP. The former free energy of activation contains an 

enthalpy of activation of E+ZPE = 7.8 kcal mol−1, which matches the experimentally 

determined enthalpy of activation of H = 6.9 kcal mol−1, excellently. The entropy of 

activation is calculated from gas-phase cluster models that ignore the solvent cage and 

hence overestimate the rotational and vibrational partition functions dramatically.65 

Previous calculations on H-atom abstraction from substrates by 

[FeIV(O)(N4Py)]2+ showed a spin-state-crossing from triplet to quintet before the 

transition state, so that a high-spin iron(III)-hydroxo complex is formed.24,25,66-75 Here, 

for both substrates 3TS1 is below 5TS1, while the two spin states for the radical 

intermediates are within 1.5 kcal mol−1. Therefore, phenol hydrogen atom abstraction 

takes place on the triplet spin state surface rather than on a dominant quintet spin state 

surface. Moreover, using halophenols as substrate the spin state crossing from triplet to 

quintet happens much later during the reaction mechanism most likely during the lifetime 

of the radical intermediate IM1, while for aliphatic substrates early spin state crossing 

close or before TS1 were found. After the radical intermediate, the spin state crossing 

happens and an OH rebound barrier to the ortho- or para-position of the phenol takes 

place. These OH rebound barriers are relatively high in free energy and with respect to 

the radical intermediates IM1 we find values of G‡ = 20.0 kcal mol−1 for ortho-rebound 

to 2,4,6-TFP and G‡ = 22.3 kcal mol−1 for para-rebound. Using transition state theory 

the experimental kobs,decay barrier for the adduct complex of 2,4,6-TFP corresponds to a 

G‡ = 22.2 kcal mol−1 and is in good quantitative agreement with the 5TS2o,3F barrier in 

Fig. 5.30 and predicts the correct selectivity. 

After the rebound barriers, the systems relax to adduct complexes IM2; however, 

these are weakly bound complexes that separate into an [FeII(N4Py)]2+ and adduct 
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C6H2X3O(OH) rapidly. The latter, in the presence of a base, such as OH−, in solution 

dissociates further into quinone and halide (X− = F−/Cl−). Optimized geometries of the 

hydrogen atom abstraction transition states are shown in Fig. 5.30. They have very large 

imaginary frequencies that are i2597 cm−1 for 3TS13F and i2879 cm−1 for 3TS13Cl. These 

are well higher than typical H-atom abstraction barriers from aliphatic groups or phenols 

by non-heme and heme iron(IV)-oxo complexes.76,77 Both triplet barriers are relatively 

central with two short O−H distances. By contrast, in the quintet spin state, the structures 

are reactant-like with short phenol O−H distances but a long distance toward the oxo 

group. 

 

5.2.4. Reaction Mechanism 

The product distribution obtained and controlled experiments hereby guided us to 

propose a plausible mechanism for the oxidative dehalogenation reactions of tri-

halophenols with the iron(IV)-oxo complex 4b. The reaction mechanism involves two 

successive one-electron reductions of the iron(IV)-oxo species.44-48 The reaction initiates 

with the abstraction of the phenolic hydrogen atom thereby forming Fe(III)-OH and a 

phenolate radial species. Thereafter, the phenolate radical is oxidized and the Fe(III)-OH 

binds to this oxidized substrate either at ortho- or para-position of -C=O group to form 

adducts with a loss of proton as shown in Scheme 5.3. Finally, the self-decay of these 

adducts results in the formation of either o-quinone or p-quinone products with the 

concomitant formation of Fe(II)-complex with a loss of HX molecule (X= F, Cl or Br). 
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Scheme 5.3. A plausible mechanism for the oxidative dehalogenation of tri-halophenols by the 
intermediate 4b. 

 

 

5.3. Conclusion 

In summary, we have synthesized two iron(IV)-oxo complexes, one is asymmetric 

and another is symmetric which act as excellent oxidants for the oxidative degradation of 

halo-phenolic compounds that are potential environmental pollutants. Earlier we have 

seen this complex to be a highly active catalyst for heteroatom oxidation. Likewise, in 

oxidative dehalogenation, a detailed comparative analysis of several mono- di and tri-

halophenols have been studied. We have observed a substrate-bound species being 

generated as an intermediate during the reaction. Although the reaction rates of the 

iron(IV)-oxo compound are guided by its inherent electrophilicity, interestingly, the 
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formation of the substrate-bound adduct is dependent upon the steric factor imposed by 

the bulkiness of the halogen atom in its ortho-position. In asymmetric oxo complex 

[FeIV(O)(2PyN2Q)]2+, the ligand backbone, therefore, also plays a crucial role in directing 

the approach of the halophenols towards the active site. Further, the tentative formation 

of a hepta-coordinated species along the reaction coordinate brings forth the selective 

formation of the ortho-quinone product in major amounts. However, adduct formation in 

all the halophenols was not observed, probably because of the steric hindrance from the 

ligand skeleton with the bulkier halogen atoms such as chlorine and bromine at the o-

positions. Thus, we have employed an iron(IV)-oxo complex [FeIV(O)(N4Py)]2+ 

supported by a symmetric N4Py ligand, which detoxifies a wide range of halophenols 

including trifluorophenol efficiently into their non-hazardous forms. The symmetric 

backbone around the iron(IV)-oxo core provides enough space and guides the substrate 

approach which leads to the substrate-bound adduct formation with various halophenols 

irrespective of their size and nucleophilic behavior. A combined experimental and 

theoretical studies reveal a unique reaction mechanism for the oxidative dehalogenation 

of [FeIV(O)(N4Py)]2+ with these halophenols which proceeds via a Fe(II)-phenolate 

adduct formation instead of earlier proposed hepta-coordinated Fe(III)-OH species in the 

dehalogenation of halophenols by [FeIV(O)(2PyN2Q)]2+ complex. 
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CHAPTER-VI 

 

• Thesis Overview & Future Prospects 

This thesis has aimed to investigate the generation, characterization and reactivity 

of high-valent non-heme metal intermediates of iron and manganese. In particular, the 

structure-function relationship of non-heme manganese(III)-peroxo, iron(IV)-oxo, and 

iron(IV)-imido systems with various organic substrates have been discussed. In Chapter-

III, a new mechanism has been established for the aldehyde deformylation reactions by 

manganese(III)-peroxo complexes. This mechanism proceeds via an electrophilic 

hydrogen atom abstraction pathway instead of the commonly proposed nucleophilic 

pathway. A new frontier has been explored in aldehyde deformylation reaction by using 

CCA as a model substrate. An electrophilic aldehyde deformylation by the peroxo 

complexes takes place by the abstraction of -hydrogen of CCA. However, the isotopic 

substitution of the -hydrogen with deuterium tunes the regio-selective switch of 

hydrogen atom abstraction from aliphatic to aldehyde hydrogen. In Chapter-IV, the 

reactivity of iron(IV)-imido complexes has been compared with iron(IV)-oxo complexes 

of two different ligand systems. It has been observed that the iron(IV)-imido complexes 

were found to be sluggish as compared to their oxo analogue toward oxidation reactions.  

A simple modification in the ligand backbone has a dramatic influence on the 

substrate approach to the active site of metalloenzymes as well as their reactivity. In 

Chapter-V, the oxidative dehalogenation reaction has been studied for iron(IV)-oxo 

complexes bearing both symmetric and asymmetric ligands with a series of mono-, di-, 

and tri-halophenols. The replacement of pyridine rings in N4Py by bulkier quinoline 

groups hinders the phenolic substrates with bulkier halogens like chlorine and bromine. 

The dehalogenation of these halophenols by the iron(IV)-oxo complexes results in the TH-3026_166122104
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formation of quinones as products. A new mechanism has been proposed for the oxidative 

dehalogenation of halophenols which proceeds via the formation of a new reaction 

intermediate that is a substrate-bound adduct. Thus, the overall reactivity of the 

intermediates and their mechanisms can be dependent on several factors. It would be great 

to explore such effects that isolate each species from the other.  
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