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Synopsis 

Redox-Active Ligand Mediated Single Electron Transfer Towards Homogeneous 

Catalysis 

A thesis submitted for the degree of Doctor of Philosophy 

Vikramjeet Singh, Ph.D. in Chemical Sciences (PH18029); February-2024 

This thesis delves into a detailed exploration of the ligand-assisted electron transfer processes 

in conjunction with 3d metals, aiming to replicate the redox chemistry observed in precious 

metals. Our focus is on elucidating how redox events can facilitate reversible electron transfers, 

that is dependent on accessible stable redox states of the catalyst molecule. The ease of electron 

transfer from the ligand backbone can be integrated with bond activation processes so that such 

events can be translated to efficient catalytic reactions. The thesis presents five chapters.  

The first chapter introduces the concept of redox non-innocent ligands and provides a literature 

review on recent advancements in redox-active ligands exhibiting transition metal activity, 

particularly in the realm of homogeneous catalysis. The subsequent four chapters describe our 

efforts to develop single electron transfer-mediated transformations using redox-active ligands, 

both in the presence and absence of metals, under thermal or photochemical conditions. These 

chapters present a range of spectroscopic data aided by theoretical calculations that contribute 

to a deeper understanding of reaction mechanisms for the discussed chemical transformations. 

Chapter 1. Literature Survey on Redox Active Ligands and Scope of Redox Active 

Ligands with First-Row Transition Metal Towards Base Metal-based Catalysis 

In this chapter, we have conducted a thorough examination of the existing literature on redox-

active ligands and delved into the potential applications of these ligands in catalytic processes 

involving first-row transition metals. Our primary focus has been on exploring opportunities 

for 3d transition metal-based catalysis. The chapter is structured into two major sections. The 

first section entails a discussion on the background information of redox-active ligands and a 

review of previous work concerning catalytic applications of 3d transition metal complexes 

utilizing these ligands. We delve into how 3d transition metals can replicate the redox 

chemistry of heavy metals by leveraging redox-active ligands, to make the synthesis process 

cost-effective and sustainable.  The second section of the chapter examines the photo-physics 

of some transition metal complexes and their application in photocatalysis, aiming to transform 

simple molecules or ligands into highly effective super-reductants. 
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Chapter 2. Multielectron Redox Afforded by Pincer Ligand Promoting Kumada Cross-

coupling Reactions 

In this chapter, the redox-active nature of a pincer has been exploited to conduct C-C cross-

coupling reactions under mild conditions. A nickel complex comprising NNN-pincer is dimeric 

in solid state, and the structure displays a Ni2N2 diamond core. In the dimeric structure both 

ligand backbones house an electron, in the iminosemiquinonate form, to keep the metal’s 

oxidation state at +2. In the presence of aryl Grignard reagent, only 3 mol% loading the nickel 

complex generates Kumada cross-coupled product in good yield from a wide variety of aryl-X 

(X = I, Br, Cl) substrates. The ligand-based radical remains responsible to promote such 

coupling reaction following a radical pathway that is suggested by TEMPO quenching. 

Furthermore, a radical-clock experiment tracing linear vs cyclic product distribution 

unambiguously supports the radical’s involvement through the catalytic cycle. A series of 

thorough mechanistic probation including computational DFT analysis disclose the 

cooperative action of both redox-active pincer ligand and the metal centre to drive the reaction. 

 

Scheme 1. Activation of aryl halides via single electron transfer from ligand backbone. 

Chapter 3. Unexplored Facet of Pincer Ligands: Super-Reductant Behavior Applied to 

Transition-Metal-Free Catalysis 

In this chapter, we harnessed the highly reducing capabilities exhibited by a pincer ligand. 

Pincer ligands are well-established supporting ancillaries to afford robust coordination to 

metals across the periodic table. Despite their widespread use in developing homogeneous 

catalysts, the redox non-innocence of the ligand backbone is less utilized in steering catalytic 

transformations. Here we showcased a trianionic, symmetric NNN pincer to drive C−C cross-

coupling reactions and heterocycle formation via C−H functionalization, without any 

coordination to transition metals. The starting substrates are aryl chlorides that can tease the 
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limit of a catalyst's ability to promote a reductive cleavage at a much demanding potential of 

−2.90 V vs SCE. The reducing power of the simple trianionic ligand backbone has been  

 

Scheme 2. Redox properties of trianionic NNN pincer under photochemical conditions. 

tremendously amplified by shining visible light on it. The catalyst's success relies on its easy 

access to the one-electron oxidized iminosemiquinonate form that has been thoroughly 

characterized by X-band electron paramagnetic resonance spectroscopy through 

spectroelectrochemical experiments. The moderately long-lived excited-state lifetime (10.2 ns) 

and such a super-reductive ability dependent on the one-electron redox shuttle between the 

bisamido and iminosemiquinonato forms make this catalysis effective.  

 

Scheme 3. Various organic transformations via trianionic pincer ligand. 
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The chapter is partitioned into two segments. The initial part outlines the photophysical 

property, C−C cross-coupling reactions, and the formation of heterocycles through C−H 

functionalization. The second part extends the catalytic application of the pincer ligand, 

focusing on the preparation of indolines and oxindoles, with potassium tert-butoxide playing a 

pivotal and multifaceted role. It serves as a base for deprotecting the pincer ligand to generate 

the active ligand catalyst, acts as a reductant to reduce the oxidized ligand, and serves as a 

hydrogen atom transfer reagent. 

Chapter 4. Redox Non-Innocence of Formazanate Ligand Applied to Catalytic Formation 

of α-Ketoamides 

In this chapter, we have developed the redox noninnocence of formazan ligand in iron(III) 

formazanate complex. The formazan ligands have been investigated as redox non-innocent 

backbones for a long time. Despite their well-established behaviour as redox reservoirs, the 

demonstration of catalytic efficiency governed by redox non-innocence remains elusive. We 

report an iron–formazanate molecule for efficiently preparing α-ketoamides, where a crucial 

reductive cleavage of the substrate molecule is tightly regulated by the electron donation from 

the formazanate, in a reversible manner. The ligand-based radical remains instrumental in 

facilitating the reaction through a radical pathway. Additionally, conducting a TEMPO 

quenching experiment and tracking the product distribution unequivocally substantiates the 

involvement of radicals throughout the catalytic cycle. A comprehensive exploration of the 

mechanistic intricacies, including computational DFT analysis, reveals the collaborative role 

of both the redox-active pincer ligand and the metal center in propelling the reaction.  

 

Scheme 4. Redox non-innocence of iron-formazanate complex to promote single electron transfer and 

reductive cleavage of tetrabromomethane. 
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Chapter 5. Exclusively Ligand Redox-Promoted C-H Tertiary Alkylation of 

Heteroarenes 

In this chapter, we described a preponderant role of the redox active formazanate ligand 

backbone in steering 3d transition metal iron catalysis. The iron complex of the chosen 

formazanate ligand exhibits speciation comprising two species with high-spin, S = 5/2 Fe(III) 

that has been probed thoroughly by zero-field Mössbauer and X-band EPR spectroscopies at 

low temperature. The one-electron oxidation of the bulk sample proves completely ligand-

based process, as examined by these spectroscopic techniques. The ligand-redox process has 

been exploited to develop an iron catalyst used for C-H tertiary alkylation for a host of 

heterocycles and styrenes. The efficiency of such ligand-promoted catalysis is further attested 

by only 1 mol% of catalyst loading that affords products in high yields. Plausibly the vacant 

site at Fe(III) helps in substrate binding, leading to reductive bond cleavage of a substrate C-

Br bond, while the electron for this purpose is entirely provided by the formazanate backbone. 

Several key intermediate isolation speaks for the radical process and delineate the mechanism 

for C-H alkylative transformation proving the great utility of the ligand redox in executing such 

a process. 

 

Scheme 5. Elucidation of Redox non-innocence of iron-formazanate complex by various spectroscopic 

technique to promote single electron transfer and mechanistic investigation. 
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1.1. Redox-Noninnocent Ligands 

1.1.1. Introduction 

The concept of oxidation state is widely used in the inorganic chemistry for the purpose of 

electron bookkeeping.1 However, one can confidently assign the metal oxidation state without 

any ambiguity when an innocent ligand is coordinated to the metal center. Usually, one electron 

oxidation or reduction of spectator “redox-inactive” ligands require more energy in comparison 

to redox events occurring on the metal center. While this approach is often correct, such 

presumptions may provide answer that are deceiving. To dissect between cases where metal 

oxidation state determination is (un)ambiguous, the term innocent and noninnocent were 

introduced by Jørgensen in 1966.2 He proposed a ligand can be described as either innocent or 

noninnocent is dependent on whether a ligand permits the oxidation state of the central metal 

to be well defined. The term noninnocent ligands implies as an uncertainty in oxidation state 

assignment for the metal center. In case of redox inactive ligands, the removal of an electron 

from a coordination complex results in change in the electronic structure of metal center and 

negligible or no change at coordinated ligands. For example, a classical Werner-type 

compounds such as cis-[Co(NH3)4Cl2] or organometallic species such as ferrocene, the 

oxidation-state assignment and subsequent determination of a dn electron configuration can be 

easily predicted by formal charge distribution. These examples provide convenient and 

portable explanations for the substitutional lability of the cobalt(II) compound or the stability 

of the organometallic ferrous species.  

 On the other hand, redox active ligands possess more energetically accessible energy 

levels for oxidation and reduction.3 So, either ligands can undergo the redox processes without 

any change in metal oxidation state or both the ligand and metal center can undergo 

oxidation/reduction in a synergistic fashion. This scenario creates ambiguity about the 

electronic state of both the metal and ligand.  

 Redox innocence of ligands has been recognized a long time back in coordination 

chemistry. Gray and co-workers showed two square-planar cobalt4 and nickel5 complexes with 

two dithiolene ligand and described these as metal(II) compounds with two ligand radical 

anions, rather than the metal in the +4 oxidation state with a  dianionic  ligand. One of the most 

common example in redox noninnocence is NO ligand, that may bind as a cation in linear 

geometry or an anion with a bent geometry.3 In this scenario, if the same assumption of 

innocent ligand is followed, an erroneous oxidation state of the metal could be assigned, 
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depending upon the redox state of ligands.6 As a simple example, dioxygen has been 

recognized as a non-innocent ligand and that exist in three redox states (O2, O2
·-, O2

-2). 

Although, the difference between the triplet neutral O2, the doublet intermediate O2
·-, the 

diamagnetic O2
-2 has been well established, yet the proper description of oxymyoglobin and 

oxyhemoglobin is under debate.7 

 Nature has created various metalloenzymes wherein the active site of enzyme employs 

redox active ligands which acts in synergy with the metal ion.8, 9 Metalloproteins have evolved 

to incorporate abundant metal ions such as iron and copper, which preferentially react via one-

electron redox couples. A metal complex with radical on the supporting ligand is also present 

in multiple active sites of metalloproteins, responsible for enzymatic catalysis.8 In these 

enzymatic catalytic pathways, the multi-electron process/reactions are broken into smaller 

steps, which helps the reactions to occur near thermodynamic potential and enable metal to 

expand upon a metal’s ‘‘common’’ reactivity.10-14 Many  important biological transformations 

are multielectron processes, where redox active ligand in the active site of metalloenzyme not 

only afford two or four electron chemistry, but also inhibit potentially deleterious radical 

reactions. A widely known example of redox-active ligands containing metalloenzyme is 

galactose oxidase15, known to oxidise the alcohol to aldehyde. This enzyme carries Cu(II) ion 

coordinated to a modified tyrosyl radical. This special bonding environment gives rise to the 

function of the enzyme.16 Other than that, quinones (both ortho and para) has shown their 

versatile activity in many biologically relevant reactions like photosynthesis,17-19 respiration20 

and enzymatic processes.21 Bioactive cofactors/ enzymes with redox noninnocent ligands like 

tyrosyl/tyrosinate redox pair22, porphyrins23, pterins24, flavins25 are involved in various 

biological transformations with or without enrolment of metals.  

 During such activation, sometimes substrate often itself develops redox non-innocent 

character and prominent examples in this category are carbenes26, nitrenes26, oxygen7, etc. In 

2010, Kaim highlighted some of the well-established redox-active ligands9 in bioinorganic 

chemistry that include organic ligands such as diimines27, o-quinone28, bipyridyl29, 

pyridinediimine30, amidophenolate31, porphyrins23, formazanate32, 33, β-diketiminates34. 

Spectroscopic and theoretical investigation of the redox behavior of a few redox systems 

containing catechol, o-phenyldiamine, phenyldithiolene system were thoroughly investigated 

by Pierpont35, 36, Lever37, 38 and Wieghardt.22, 39 
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Various kinds of redox-active ligands have been designed and explored in recent decades, 

resulting in important applications in catalysis.28 Redox noninnocent ligands have an individual 

potential to form radical species, which would be unstable in solution. Few examples of ligands 

which can undergo reversible one/two electron reduction keeping formal oxidation state of 

metal unchanged, are enlisted in Figure 1.1.   

 

Figure 1.1. Oxidation levels of some redox active ligands. 

A fully reduced catecholate as ligand can undergo one electron reversible oxidation giving 

semiquinone and a subsequent oxidation of the ligand will give fully oxidized o-benzoquinone 

(Figure 1.1a). Similar behavior can be seen in other derivatives of these ligands having similar 

architecture, like α-diamine, aminophenol’s and animothiophenol. As depicted by Heyduk and 

coworkers, trianionic pincers like [ONO] and [NNN] can also exist in three oxidations states. 

In a similar way as shown in (Figure 1.1b), the redox activity of the ligand can be attained when 

coordinated to metal (Figure 1.1c). 
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1.1.2. Mode of Reactivity of Redox-Active Ligands 

Although, the principles of redox active ligands have been established several decades ago, the 

true potential of these ligands has not been tested widely in synthetic chemistry. For a large 

part they were spectroscopic curiosities and evaluation of non-trivial electronic structure 

configurations. In the last decade, various classes of redox active ligands have been extensively 

investigated towards their applications in catalysis and material science. These ligands can 

expand the reactivity of metals in several ways and based on their mode of reactivity, the 

ligands are broadly classified into four categories (Figure 1.2) 

a) Electron reservoirs and store electrons.  

b) Beyond electron reservoirs.  

c) Variation in the Lewis acidity or basicity of the metal center. 

d) (i) Direct redox-active ligand-to-substrate single electron transfer and (ii) generation of 

reactive ligand-centered radicals. 

 

Figure 1.2. Mode of reactivity of redox active ligands. 
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a) Redox-Active Ligands as Electron Reservoir and Store Electrons 

The redox active ligands act as electron reservoirs and store electrons, which it can give back 

during catalysis avoiding uncommon oxidation states of the metal. In case of early transition 

metal complexes, metal ions often exist in fully oxidised (high-valent) form with d0 

configuration. Due to this, traditional oxidative addition is considered to be impossible for d0 

metal ions. Redox active ligands are powerful tools to exhibit new reactivity on metal 

complexes, in a way that the redox properties can be tuned by steering the electron transfer to 

or from the ligand scaffold. Heyduk group in 2005, reported an important proof of redox 

activity of a trianionic tridentate NNN ligand bearing a redox active phenylenediamine with a 

flanking anilide donor arm40 and substituents on this backbone allowed the tuneability for redox 

potential.41 Using this ligand they described a reaction between a d0 zirconium(IV) complex 

and molecular chlorine, which resulted in oxidative addition to yield the Zr(IV) dichloride 

derivative which was thought to be impossible with a metal complex having metal center in d0 

configuration. Upon interaction between Zr complex and chlorine molecule, both the redox 

active ligand in reduced form donate one electron to facilitate the homolytic activation of Cl-

Cl bond. The catecholate ligand backbone during this oxidation event changes to semiquinone 

that has been proved by spectroscopic analysis. The same group also showed that aminophenol-

based ligands are also capable of facilitating a formal reductive elimination of a C–C bond on 

a metal centre with a d0 electron count42 and a catalytic nitrene transfer of organoazides to 

isocyanides to afford carbodiimides is feasible using Zn(NNN) analogue.43, 44 Mechanistic 

investigation led to the proposal that the NNN ligand is oxidized by two electron from reduced 

to quinone oxidation state and organoazide substrate is activated to form imido complex with 

release of N2 gas. Similarly, redox active aminophenol (ON) and o-phenylenediamine (NN) 

based Zr(IV) and titanium complex are capable to undergo formal reductive elimination on 

metal center with a d0 electron upon oxidation on ligand center.45 ONO ligand also works 

similar to NNN ligand but apart from oxidative addition reactivity, Ta complex of ONO ligand 

is able to catalytically convert aniline46 and phenyl azide47 to the corresponding azobenzene. 

To convert aniline into azobenzene, four electron oxidations of aniline is facilitated by ONO 

ligand, being shuttled from catecholate to quinone oxidation state. Afterwards, Baik group 

produced a detailed computational mechanism which strongly supports the mechanism 

proposed by Heyduk, and revealed that electron transfer from ligand to substrate is more 

favorable as compared to direct metal to substrate electron transfer.48 However, computed 

pathways revealed that there was no direct two electron transfer but it followed the two 
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consecutive, non-concerted ligand to substrate single electron transfer. Heyduck group recently 

investigated the effect of metal centre on the electronic structure of complex using a series of 

isostructural ONO pincer complexs (V, Nb, Ta).49 

 In 2018, Mandal and coworkers developed Ni(II)50 and Co(II)51 complexes with a redox 

active phenalenyl ligand (PLY) and utilized as an electron reservoir to develop a 3d transition 

metal-assisted catalyst. The mechanistic aspect of a ligand to substrate electron transfer though 

metal centre has been investigated using various spectroscopy and theoretical studies and this 

strategy has been successfully applied on hydrosilylation of a wide variety of olefin substrates 

under ambient conditions.     

b) Beyond Electron Reservoirs 

Although the major involvement of redox active ligands is to store one or two electrons for 

tuning reactivity at the metal center, there are many other delicate facets that assist a chemical 

transformation. The ability of these species to stabilize or generate substrate centered radicals 

in the coordination sphere of metal via ligand to substrate single electron transfer enable odd 

electron reactivity in a controlled manner. Bioinspired metal–ligand bifunctional activation of 

substrates and cooperative catalysis using ‘reactive ligands’ have attracted much attention in 

the last decade. A plethora of ligand motifs have been developed to facilitate a wide variety of 

bond activation processes.52-54 Galactose oxidase enzyme is one of the most studied example 

of ligand-centred cooperative reactivity which effectively converts the primary alcohols into 

aldehyde using oxygen as oxidant and generate H2O2 as side product. Inspired by 

metalloenzymes, Wieghardt reported Cu(II) and Zn(II) complexes of ONNO redox active 

tetradentate ligand. These metal complexes actively catalyze oxidation of alcohols to aldehyde 

under aerobic conditions. In the similar direction, Storr investigated the aminophenol based 

Cu(II) metal complex. This complex performs alcohols oxidation converting it to aldehyde 

using oxygen as oxidant. However, no experimental evidence or proposal for the active role of 

the redox-active ligand in these transformations is provided.55 Heyduk et al. explored the use 

of an (phenol)aminophenol ONO ligand as both electron- and proton-reservoir for the reduction 

of molecular oxygen with zirconium(IV).56 

c) Changing the Lewis Acidity/Basicity 

The change in the oxidation state of a ligand coordinated to metal center can have a significant 

alternation in Lewis acidity or basicity of metal center.57-59 As a result, coordination behaviour 

of ligand associated with hemilabile donor opens a new window for redox switchable catalysis. 
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The ability to switch a catalyst by reduction or oxidation can be used to design a catalyst that 

behaves orthogonal towards different substrates, a new approach allowing for chemo selective 

conversions and potentially catalytic cascade reactions. Towards this goal, Rauchfuss and co-

workers showed the redox switchable activations of alkene with a redox active amidophenolate 

based platinum(II) complex.60 

d) Direct Redox-Active Ligand-to-Substrate Single Electron Transfer and Generation of 

Reactive Ligand-Centered Radicals 

Redox active ligands generate reactive ligand-centered radicals61 which further helps in 

activation of substrate and directly activate substrates via radical-type reactions.62-64 The 

reactive intermediates are generated by electron transfer from ligand to substrate. Fine tuning 

of the orbital energy enables the metal complex to stabilize ligand centered radical by 

delocalization over the ligand backbone. This fine tuning in metal ligand cooperativity upon a 

suitable stimulus can empower intramolecular single electron transfer from ligand backbone to 

metal-bounded substrate and generate a substrate-centered radical in the proximity of the metal. 

1.1.3. Determination of the Ligand Oxidation State of a Redox Non-Innocent Ligand 

As mentioned above, these ligands can exist in various oxidation levels. The different oxidation 

state can be attained by sequential one electron reduction or oxidation via chemical or 

electrochemical pathways. The exact oxidation state of transition metal complexes coupled 

with redox noninnocent ligands is not always easy to determine due to delocalization of charge 

density of metal to ligand backbone. So, the exact formal oxidation state of metal center is 

questionable. This question can be addressed by determining the physical oxidation state rather 

a formal one. 

 As such prediction of the oxidation state of the ligand when it is coordinated to the 

metal center is difficult to predict by using standard formal charge methods due to accessible 

ligand oxidation state. There are several analytical tools for determining the oxidation state of 

both the redox-active ligand and the metal ion. For example, electronic spectroscopy, magnetic 

data, electron paramagnetic resonance (EPR) data, single crystal X-ray diffraction (SC-XRD), 

theoretical modelling, and patterns of reactivity are often required to assign the true electronic 

structure description of a transition metal complex. 

 Cyclic voltammetry (CV) is insignificant to find the locus of redox event in molecule 

but it provides insight into the potential window for different metals and ligand-based 

transitions. By comparing the redox potential of metal complex with respect to metal redox 

potential, it can be sometimes predicted whether the metal or ligand is undergoing 



Chapter 1 

10 
 

oxidation/reduction. EPR spectroscopy along with density functional theory (DFT) 

calculations can afford information about the location of the unpaired electron. In 2005, 

Wieghardt reported palladium complex of redox active 2-(2-trifluoromethyl)anilino-4,6-di-

tert-butylphenol ligand and elaborated the spectroscopic analysis of parent complex and its 

oxidized form. The X-band EPR spectrum of the single electron oxidized complex was 

performed which disclosed a signal at giso = 2.0007 and S = 1/2 ground state, indicating that an 

organic radical was primarily located on a redox noninnocent ligand backbone. However, it 

may be difficult to detect two radical ligands, because they may be strongly coupled through a 

central metal and not produce a distinctive signature in spectroscopic studies.65 In the case of 

a system possessing two unpaired electrons, there are two possibilities, a) the electrons are 

strongly antiferromagnetically (AF) coupled or b) weakly antiferromagnetically coupled. In the 

strongly AF-coupled scenario, metal complex can be EPR silent. To clear out this ambiguity, 

the magnetic moment analysis could be a crucial tool, while the magnetic moment analysis can 

determine the strength of coupling. A magnetic moment measurement (in solid or solution 

state) can provide the description of spin state of metal complex i.e., number of unpaired 

electrons present in the system. The temperature dependent spin-state changes can be 

investigated using SQUID magnetometer. In a redox active ligand, as the redox process 

predominately takes place on the ligand backbone. 

 

In case of oxidation of ligand, electrons are taken from HOMO of ligand and in case of 

reduction electron are filled in the LUMO of ligand. Upon the redox process change in the 

bond length is often expected, if the appropriate frontier orbital is located on the specific part 

of the ligand. X-ray crystallographic analysis shows bond metrical parameters which helps to 

pinpoint the locus of oxidation. In some instances, porphyrin and β-diketiminate shows 

exceptional behavior, where ligand-based redox does not leave a significant change in in 

metrical parameters. This unusual behavior was termed as hidden non-innocence by Wieghardt 

Brown, he has developed a method that allows for the quantification of the oxidation state for 

amino phenolate and catecholate derived ligands.66 He proposed on the basis of C-C, C-O and 

C-N bond length a metical oxidation state (MOS) can be assigned. Additionally, spectro-

electrochemistry (either UV-vis or IR) in an optically transparent thin-layer electrolysis 

(OTTLE) cell is another informative technique to shed light on species generated transiently. 

On the other hand, cyclic voltammetry can provide information about the reversibility of redox 

events, whether a redox event is metal or ligand centered and about the potential required for 
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bulk electrolysis.66 Sometimes, Mössbauer spectroscopy is also helpful in case of Mössbauer 

active metal center like iron. 

Theoretical calculations are invaluable tools to understand ligand redox noninnocence. DFT 

calculations elicit the molecular orbital picture and electronic structure of metal complex and 

shows the locus of an electron on a metal and/or ligand. 

1.1.4. Need of Redox-Active Ligands in Catalysis 

 

Figure 1.3. Abundance of metals in Earth’s upper crust.67 

 

Nowadays most of catalytic processes require metal-based redox to facilitate desirable 

chemical transformations. Late transition metals, especially the 2nd and 3rd-row elements, 

have reached to epic stage in well-established catalysis due to their easy affordability of a redox 

state separated by two electrons.68 Many catalytic processes are predominantly oxidative 

addition or reductive elimination, which proceed via two-electron steps and require easily 

accessible M+n and M+ (n+2) oxidation states. Group 10 metals Ni, Pd are commonly applied for 

cross-coupling reactions because these metals can provide two electron transfer by virtue of 

M0-MII redox cycle. In  coventional catalysis, usually the entire redox process is metal-centered 

where ligands playing a vital role of fine tuning the reactivity through steric and electronic 

interactions. Such ligands are called spectator ligands and their interaction with metal 

determines overall property of a catalyst; however, they are inactive in redox processes. Some 



Chapter 1 

12 
 

formally redox neutral involve two electron chemistry are connected to transition metals. On 

the other hand, the first-row transition (base) metals don’t allow the same transformations and 

predominantly undergo single electron changes. Likely, these heavy metal photocatalyst has 

been tested in various organic transformations like C-C, C-N, C-O coupling reaction, and 

cyclization reactions. Despite the usefulness of such photocatalysts, their sustainability is a 

matter of concern due to their high cost, environmental non compatibility and dependency on 

precious metals. Furthermore, the use of heavy metals even in a catalytic amount, results metal 

contamination in most the synthesized pharmaceutical and biological active molecules which 

causes serious health issues.   

 However, significant demand for the absence of a heavy-metal impurity in 

pharmaceutical molecules motivated chemists to seek catalysts employing 3d-block metals. 

Toward this end, electron transfer catalysis has emerged as a viable alternative to the traditional 

heavy metal  

 

Figure 1.4. Course of action of redox in-active and redox active ligands. 

mediated two-electron chemistry. The disadvantage of first-row transition metals is their 

operation via one-electron steps, limited catalytic effectiveness, and susceptibility to 

decomposition/oxidation/corrosion. They are not also very efficient in determining product 

selectivity. To circumvent the limitation, ligand design can play a significant role where ligands 

can execute a primary role rather being a spectator. Another class of ligands, referred to as 

redox-active ligand can participate in catalytic cycle. The direct involvement of ligand in bond 

activation processes and enables 3d transition metals complexes to undergo overall two-

electron processes, thus preventing unfavorable oxidation state of metal center. With proper 

synergy with metal center, redox active ligands can also stabilize charge during a catalytic 

cycle.  Redox-active ligands have tendency to do to multi-electron redox chemistry by working 
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in synergistic manner with 3d metals by expanding upon a metal’s uncommon reactivity.11, 14, 

69, 70 Thus, a combined action of a 3d transition metal and redox active ligand may allow to 

mimic the chemistry exhibited by noble metal; two electron transfer chemistry without any 

need to access high energy redox states.  

 This work has been essential to our understanding on how these ligands can bind and 

react in different oxidation states to metals. Several catalysts based on redox active copper, 

nickel, zirconium, tungsten, cobalt, chromium and iron-based metal complexes have shown 

amazing response in mimicking reactions that were once limited to noble metals. 

 In this direction, Heyduk developed a library of 3d metal complexes with pincer redox 

active ligands and show the various reactivity pattern of these metal complexes, like reduction 

elimination of disulfides from an iron(III) complex without changing iron oxidation state by 

using redox active ONO ligand.71 Heyduk and coworkers fabricated the vast theoretical and 

spectroscopic information of the redox behavior of a trianionic pincer redox systems. A redox  

 

Figure 1.5. Activation of small molecule by electron transfer from redox active NNN pincer ligand-based 

metal complex.  
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active [NON] and [NNN]-based pincer ligands has been explored in the activation of early 

transition metal imido complexes.41 Generally, activation of early-transition-metal nitrogen 

bonds of imides and amides is challenging; however, the inception of noninnocent ligands has 

fabricated rare examples of nitrene transfer from tantalum imido complexes (Figure 1.4). 

 Another contribution from Soper group describe the single electron type reaction by 

redox active amido phenolate ligands-based ruthenium oxo compounds.72 In a cobalt complex, 

comprising of two of aminophenols, both ligands can undergo one electron oxidation to 

activate the substrate and subsequently acts as electron sink to facilitate reductive elimination 

without any change in oxidation state of the metal center. These creative idea opens up the 

possibility of ligand based one electron reservoir that enable the radical generation step for 

multielectron chemistry.73 

 

Figure 1.6. a) Oxidative addition by aminophenolate ligand b) Reductive elimination by 

iminosemiquinonate form of aminophenolate ligand.  

Cobalt is smoothly associated with single electron transfer radical reactions. However, the 

electron required to undergo oxidative addition are provided by the two NO ligands which are 

oxidised to sq oxidation state (Figure 1.5a). Another work from the same group reported a 

Negishi like cross coupling of alkyl halide with organozinc reagent using a square planer 

amidophenolato cobalt(III) complex (Figure 1.5b).73 Similarly, Sarkar group also reported a o-
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phenylenediamide ligands based cobalt complex. The four coordinate cobalt species is capable 

of electrocatalytic C–C bond formation.74 

The beta-diketiminate backbone (also known as NacNac) is a highly versatile ligand 

due to its characteristics and applications in organometallic chemistry.75, 76 Their easy 

synthesis, extensive delocalization of π electron cloud and ability in tuning the electronic and 

steric by ligand substitution, is the main reason of their popularity. The redox property of this 

ligand has been extensively studied with various 3d metals.77-79 In the same direction, our group 

has also studied the photo-redox activity of beta-diketiminate backbone with Zn based 

complex. In that work, we described single electron transfer and storage of electron in NacNac 

backbone using Zn(II)NacNac complex under photocatalytic conditions.80, 81 

 

Figure 1.7. Redox activity of Zn-beta-diketiminate complex (Zn(II)NacNac). 

From previous sections, we can see redox-non innocent ligands work on the principle of radical 

chemistry/ single electron transfer mechanisms which is again a crucial pathway for transition 

metal-based catalysis. In this direction, we tried to merge 3d transition metal and redox active 

ligand to elaborate their potential in catalysis. We relied on the ability of the ligand to operate 

as a source and sink of electrons in a catalytic cycle for electron transfer. Electron transfer 

catalysis has recently emerged as a very effective tool for constructing C–C and C–heteroatom 

bonds towards the formation of value-added products. In this regard, direct C–H 

functionalization of an arene or heteroarene ring is very desirable, so the process can be step-

economic by easily obviating a bond prefunctionalization step. This approach is also lucrative 

from the environmental perspective since it can obviate the need for heavy metals to drive the 

cross-coupling reactions. 
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This chapter has discussed a large collection of redox active ligand-based metal complex’s that 

has been reported till now, to the best of our knowledge. We hope that a comparative study of 

such metal complex will offer to develop 3d metal-based complex along with redox active 

backbone that will mimic noble metal chemistry and will help in better understanding of metal 

driven enzymatic chemistry. This collection shows that noninnocent ligands are not just 

oddities for oxidation-state assignment but rather an intriguing design element for the synthesis 

of both main-group and transition-metal compounds. Fully exploiting the potential of 

noninnocent ligands in catalysis, group-transfer chemistry, energy storage and conversion, and 

biological applications remains in its infancy.  

 This remarkable reactivity in a metal complex comprising of redox noninnocent ligands 

is attributed to the ligand’s role as an electron reservoir which is analogous to most of the 

biological cofactors.  This demonstrates that the redox potential and molecular energy levels 

of metal and ligand must be finely tuned for the development of catalyst with improved 

synthetic utility of reaction.  

 As a result, redox noninnocent ligands help affording multiple redox states of a 

complex, facilitating the catalyst to attain unusual physical oxidation states and activate small 

molecules. The extended π bond network in these ligands empowers them not only to stabilize 

the ligand centred radicals but also facilitate reversible reactions at metal centre that may 

involve radical formations. The important fact is the metal ligand covalency developed in such 

systems where ligand frontier molecular orbitals and metal d-orbitals are of compatible energy.  

1.2. Photoredox Catalysis by Redox Active Ligands  

1.2.1. Introduction 

 Solar light is an infinite source of clean, safe, inexpensive and renewable energy on Earth, by 

which demand of rising population can be fulfilled.82 Over the decades of research, hundreds 

of photocatalyst have been developed that can be categorised into mainly two types – metal 

based and metal free. Metal-based photocatalysts have been extensively researched since 1972. 

Metal-free photocatalysts are made up of earth abundant inexpensive materials, lighter in 

weight and less corrosive than heavy metal based photocatalyst. While stable and scalable 

production is yet elusive with metal-based photocatalysts; metal-free photocatalysts (MFP), in 

this regard, hold true promise provided that they can overcome poor conversion efficiency. 
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A radical mediated methodology has witnessed an extraordinary advent of preparative visible 

light photoredox catalysis.83 A mild reaction conditions and a wide collection of radical allow 

retrosynthetic planning and new synthetics routs of valuable products. Therefore, development 

of photocatalysis gained intense research interest by synthetic community within the last 10 

years. The synthetic community is making continuous efforts to develop molecules and devices 

in order to make best use of solar energy, which can effectively serve the purpose of “green 

energy technology”.    

 With an objective of sustainable catalysis, photocatalysis has captured unusual attention 

due its ability to covert the light energy into chemical potential.84, 85 Different photocatalysts 

undergo excitation upon absorbing light at a particular wavelength in the visible or near-UV 

region. But high energy UV-light can lead to detrimental bond cleavage to give undesired side 

products and also may cause the health hazard for the user. Therefore, the photocatalysts which 

absorb light in visible region are much more reliable Most of the organic transformation 

involves radical species which are generally generated via single electron transfer. The excited 

photocatalyst takes part in bond activation and generates such radical which leads to the final 

product by further radical attack or radical rearrangement. Overall, photocatalysis solves the 

problem of high energy demanding transformation at a much milder condition, that is 

extremely difficult to achieve by thermal pathways. 

1.2.2. Working Principle of a Photocatalyst 

Photocatalysis is a process in which chemical transformation is taking place in the presence of 

light with the help of a photosensitizer. Basically, a photocatalyst is a motif which converts the 

photon energy into chemical potential.86 A photocatalyst’s oxidizing or reducing power  can 

be significantly enhanced by shining light on the molecule.  Upon absorption of light in the 

form of photon, molecule gets excited to its higher energy level, in the other words the light 

energy pumps the electrons from HOMO (singlet ground state, S0) to LUMO or higher excited 

energy levels (Singlet excited state, Sn). The photocatalyst can remain in its excited state for a 

certain period of time which is known as excited state life time of the molecule. The life time 

of molecule can be determined by a time-related photon counting experiment (TCSPC) or other 

transient ultrafast techniques. The molecule in the excited state dissipates energy in several 

ways in order to come to ground state.  



Chapter 1 

18 
 

The molecule can directly come to ground state via a non-radiative pathway (internal 

conversion, knr) i.e., emitting energy in the form of heat energy or via emitting a photon in spin 

allowed radiative decay called fluorescence, kf. Besides that, excited molecule moves to some 

triplet energy levels in the close proximity of excited singlet states (Figure 1.7). It can also 

undergo a non-radiative spin forbidden intersystem crossing to excited triplet state Tn which 

subsequentially leads to a delayed radiative decay called phosphorescence, kp. The 

fluorescence lifetime is on the order of 10-9 to 10-7 seconds while phosphorescence lifetime is 

several times higher than fluorescence lifetime; in the order of 10-4 to 10-1 seconds.  

 

Figure 1.8. Simplified Jabolanski diagram for showing excited state phenomenon of photocatalyst. 

The photocatalyst in its excited state can behave as strong reducing and/or oxidizing agent than 

the corresponding ground state. The excited state energy (E0,0) which is defined as the gap 

between zeroth vibrational states of the electronic ground and excited states, plays a keys role 

in enhancing redox power of photocatalyst.  E0,0 modifies the value of redox potential of a 

molecule in its excited state from its ground state value. A larger E0,0 value translates the ground 

state redox potentials to a large positive or negative reduction or oxidation potentials, which 

significantly modulates the molecule’s redox power.   

With the help of E0,0 value, the excited state oxidation potential and excited state reduction 

potential can be estimated from Rehm-Weller equation87, as shown below.  

𝐸𝑜𝑥
∗ =  𝐸𝑜𝑥

0 −  𝐸0,0 

    𝐸𝑟𝑒𝑑
∗ =  𝐸𝑟𝑒𝑑

0 +  𝐸0,0 

Where, E0,0 = the energy gap between the zeroth vibrational states of ground and excited states.  
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For example, a iridium metal based photocatalyst [Ir(ppy)2(bpy)]+  has ground state redox 

potentials, Eox = +1.27 V (vs SCE) and Ered = −1.38 V (vs SCE) in acetonitrile. when excited, 

the corresponding values are modified by excited state energy (E0,0) value, it is found that the 

[Ir(ppy)2(bpy)]+ photocatalyst has an excited state oxidation potential Eox
*  = -0.96 V (vs SCE) 

which makes it a strong reducing agent. Similarly, [Ir(ppy)2(bpy)]+ has an excited state 

reduction potential Ered
*  = +0.66 V (vs SCE) which makes it a strong oxidizing agent.  

 The photoredox catalysis apart from being good reductant/oxidant, is also atom 

economical and eliminates the hazards of wastes. In the reaction medium as both the oxidants 

and reductants are momentarily generated, so the reaction doesn’t need stoichiometric amount 

of external oxidant and reductants. Sometimes, sacrificial reductant/oxidant are needed to 

complete the overall catalytic cycle to regenerate the catalyst or to generate the active 

photocatalyst from parent molecule, but these reductants/oxidants are much milder in 

comparison with external strong reductant/oxidant. Meanwhile, a photocatalyzed reaction 

generates the highly reactive radical intermediate by photoinduced electron transfer.  

 Furthermore, a photocatalytic reaction can follow an oxidative quenching or a reductive 

quenching pathway. Depending upon the excited state redox behavior and lifetime of excited 

state of photocatalyst, nature of reacting molecule in reaction medium or desired outcome of 

the reaction, a photocatalyst can be either photo-oxidized or photo-reduced.    

 

Figure 1.9. Reductive and oxidative quenching cycles of a photocatalyst (PC). 
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Upon excitation of photocatalyst (PC) with a photon of particular wavelength, an electron gets 

promoted from the HOMO to the LUMO of molecule which results into creating a hole on the 

HOMO and an unpaired electron on the LUMO. Depending upon the lifetime of the PC, as 

determined by ultrafast transient spectroscopic techniques, the electron can remain in the 

excited state as long as lifetime of PC is. The hole created in the HOMO of PC can be filled by 

an electron from a donor (reductive quenching) and the electron in the LUMO of PC can be 

abstracted by an acceptor (oxidative quenching). Recently, several metal and metal free 

catalysts have been found to follow both the modes of quenching thus expanding the net redox 

window for the photocatalyst. 

1.2.3. Need of Metal Free Photocatalyst 

A century ago, the visionary scientist Giacomo Ciamcian insisted the need to develop 

methodology that enable the conversion of light into chemicals and fuels.88 The initiation of 

redox transformation by use of low energy light and generation of highly reactive intermediates 

through photoinduced electron transfer (PET) opened up the new era of photocatalysis. This 

has enabled the synthetic community to develop a wide range of reaction, including the 

synthesis of complex molecules.89-91 In this context, Iridium and ruthenium based photocatalyst 

are incredibly valuable motif for many of those photo redox transformations due to their 

adaptable redox potentials and the comparatively prolonged lives of their excited states.83, 92, 93 

Due to ready modification in ligand structure in polypyridine ligand, a majority of 

photocatalyst rely on polypyridyl ligand based heavy metal complex’s such as ruthenium, 

iridium and platinum etc.94, 95 With the help of proper substitution on ligand, either by electron 

donating or electron withdrawing group redox and photophysical properties of photocatalyst 

can be readily tuned for specific purpose. The combination of photocatalysis with transition 

metal catalysis generates metallaphotocatalysis96, 97, that enables valuable selective preparative 

transformations under milder conditions. So, heavy metal complexes such as 

[Ir(ppy)2(dtbpy)]PF6 (Ir-II) and fac-Ir(ppy)3, Ru(bpy)3Cl2 have been tested for majority of 

transformations.  

 Multiple precious 4d and 5d metals with multidentate ligands such as porphyrin, 

corrole, and phthalocyanins produced several successful photosensitizers.98-100 The most 

commonly employed (visible light photocatalysts or VLPs) like Ir(bpy)2+ and Ru(bpy)2+ are 

commercially available. The efficiency of these VLPs has been recognized and extensively 

investigated for applications in water splitting, C-H activation, cross coupling reactions.101 
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Despite their efficiency to catalyze a plethora of organic transformations, application of noble 

metal VLPs is obstructed due to their high toxicity and carcinogenic effects even when present 

in tiny amount. They also come with the disadvantage of being rare, difficult to mine and 

extract, which makes them very expensive. The search for greener and more sustainable 

catalysts has accelerated finding organic catalyst, main group metals, and base metal catalysts 

among the top priorities. 

 For instance, organo-photocatalyst can be seen as a great alternative for heavy metal -

based photocatalyst. Even, commercially available organic dyes like Flavins102 and eosin Y103 

show interesting photochemical properties as catalyst but variation in their structure scaffolds 

sometimes inhibits their use in many photocatalysis. It encouraged the synthetic community to 

develop some practically simple organic molecules which can be easily tuned to access new 

and effective organo-photocatalysts.104, 105 Fukuzumi106, 107 introduced the organic motif 

“acridinium” which was further modified by Nicewicz84 are now established as valuable 

catalytic motifs for various organic synthesis. These organophotoredox catalysts have been 

successfully tested for various reaction like oxidative annulation108, Oxidative Alkylation109, 

Oxidative C−H Functionalization110, Dehydrogenative Couplings111, Reductive 

Cyclization’s112, Povarov reaction113, Trifluoromethylation114. 

1.2.4. Strong Reductive Behaviour of Small Molecule Under Light 

In comparison to the neutral species, the organic anionic species absorb light in red regions of 

visible light spectrum. An anionic molecule is usually a superior electron donor than its neutral 

parent compound as both the electron-electron repulsion and the shielding from the nucleus are 

increased. As a consequence, the excess negative charge facilitates the removal of an electron.  

Single electron transfer (SET) based reductive cleavage conceived that the generated radical 

can pursue the process catalysis which offer novel and unique routes to expand synthetic 

toolbox in organic chemistry. These redox properties can be fine-tuned by attaching electron-

donating or -withdrawing substituents.115-118 

 In single electron transfer (SET) catalysis, a plethora of small molecule that are efficient 

electron donor have been discovered.  Usually, such simple molecules in the combination with 

the KOtBu forms an electron donor species that activates a wide range of C–X bonds like 

halides, diazonium, phosphates esters etc. to generate the radicals.168-172 The resultant radicals 

can be engaged in various synthetically useful transformations to furnish arylboronate, 
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arylstannane, biaryl products, cyclization, dehalohydrogenation and heterocycles synthesis. 

Therefore, a reductive bond cleavage by small molecules either under thermal or 

photochemical conditions became a centre of interest in synthetic community. Along this goal, 

photochemical reductive cleavage of a strong bond becomes immensely popular as cheap 

abundant and atom economical pathways. There are continuous efforts from researcher to 

elaborate the molecules that can itself or by some chemical transformations during reaction, 

get converted into super reducing species upon photoexcitation. Murphy119-123, Jiao124, 125, 

Lei126, Studer and Curran127, 128 have extensively contributed in discovering specific molecules 

or their combinations that engage in efficient SET. König reported many molecules that can 

behave as good photoreductants when in situ generated anions are irradiated under light. Often 

such anions directly cleave the bond in reductive fashion. On the other hand, in case of 

Ru(bpy)3
2+ photocatalyst, there is a need of sacrificial reductant such as tertiary amine to reduce 

the photocatalyst. 

 Carbon−Carbon bond-forming reaction has been widely tested as a ground for easy 

generation of aryl radical from C-X bonds as shown in Figure 1.10.  

 

Figure 1.10. Increasing order of reduction potential value aryl/alkyl halides.  

Aryldiazonium salts are highly susceptible to single-electron reduction as indicated by their 

reduction potentials is closer to zero vs SCE. The reduction potential of alkyl/aryl halides tend 

to hold negative value as moving from right to left in the Figure 1.8. Aryl chloride and benzene 

cannot be easily reduced. Very recently, Song Lin has reported a consecutive dual photoredox 

to access extremely reducing intermediates via tandem cathodic potential and photoexcitation 

with merging electricity and light to achieve extreme reduction potentials.129 In this reductive 
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electrophotocatalysis approach, cathodic reduction of dicyanoanthracene (DCA; E1/2 = −0.82 

V) results in the corresponding radical anion DCA•−, which absorbs visible light and exhibits 

an exceptionally high reducing potential of −3.2 V (vs SCE). In 2020, Chengfeng Xia group 

reported the redox potential of the excited phenolate anion of 2,6-di-tert-butyl-4-phenylphenol 

( -3.16 V vs. SCE) which indicated that the reduction of iodobenzene (-2.24 V vs. SCE), 

bromobenzene (-2.44 V vs. SCE), and even chlorobenzene (-2.78 V vs. SCE) by this excited 

phenolate anion is thermodynamically feasible.130 2-naphtholate anion131,  benzimidazolium 

naphtholate BINA132 (Eox
* = -2.08 vs. SCE), tetramethoxyanthrolate TMA- (Eox

* = -2.92 V vs 

SCE)133 has been tested for dehalogenation of aryl bromides and chlorides. 

 Photoredox catalysis promotes SET trough conversion of energy from visible into 

chemical redox potential that enable the generation of radical which undergoes various 

pathways to give C-C and C-heteroatom bond forming reactions. As mentioned earlier, while 

considering a substrate that suitable for photoredox reduction, two basic parameters need to be 

considered: (1) E1/2(PC•+/PC*) and (2) E1/2(PC/PC•-). These redox potential values are bounded 

by energy of photons in the visible region. 

 It is therefore very timely to assess the current progress and determine the outstanding 

challenges with various metal free photocatalyst to make it super reducing species having 

significant efficiency.  
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2.1. Introduction 

There is a significant demand towards the design of base-metal catalysts, that can be true 

surrogates to their precious metal analogues.1, 2 Although, chemical transformations which 

involve multielectron redox are greatly facilitated by the 4d or 5d metals, their scarcity, cost 

and toxicity strongly warrant their substitution.3 Their efficiency of performing redox 

transformations stems from the ability to carry out two-electron chemistry very easily. On the 

contrary, 3d metals are much inclined to adopt one-electron redox processes. Along this 

direction, redox-active ligands offer a viable solution which can work in tandem with 3d 

transition metals so that altogether two-electron processes are accomplished.4, 5 In the recent 

time, many examples demonstrated active participation of the ligand backbone in a particular 

redox transformation while they were seemingly believed to be innocent.6 Beyond being a 

spectroscopic curiosity, redox active ligand’s active utilization in catalysis is a spawning area.7-

9 A decade ago, Soper demonstrated that a simple catecholate ligand in co-operation with cobalt 

drives some cross-coupling chemistry.10 Similarly, Chirik utilized an α-diimine nickel catalyst 

for alkene hydrosilylation, where the ligand backbone has important redox role to play.11 Our 

strong interest in 3d transition metal catalysis where ligands play a preeminent role12-14 

prompted us to identify other ligand backbones that can afford multielectron redox 

transformations, without undergoing detrimental irreversible bond cleavage. 

Along this direction, a pincer-based ligand has been explored which are extremely 

popular in catalysis for their multidentate nature, easy tunability and robust framework to 

afford metals in unusual oxidation states.15-17  Few pincers including “PNP” have showcased 

the non-innocent nature of the ancillary ligand by losing electron from the nitrogen, indicating 

that multielectron redox can be afforded in cooperation with the ligand backbone.18-20 

However, despite some sporadic examples of direct participation of the ligand backbone in 

multielectron chemistry, catalytic transformations are scarce.21 Towards this end, an ‘NNN’ 

pincer was identified, which could achieve redox transformations in a reversible manner so that 

a catalytic reaction can be realized. Further, aryl-aryl Kumada cross-coupling reactions were 

developed by using a nickel catalyst, where such a redox-active backbone played a pivotal role 

in steering this multielectron transformation. 

Pincers are robust scaffold and has been widely utilized in multiple directions of 

chemistry ranging from small molecule activation, stabilizing hypervalent aluminium, bismuth 

compounds to making dendrimers.22, 23  A significantly large number of pincers have been  
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Scheme 2.1: Redox states afforded in an NNN-pincer ligand. 

exploited by Milstein for borrowing hydrogen chemistry where the backbone of the ligand can 

undergo a reversible aromatization/dearomatization under basic conditions.24, 25 Despite this 

rich chemistry afforded on this ancillary ligand, prominent examples of multielectron redox 

processes facilitated by the reversible redox transformation on such backbone is rare.26 The 

question was, whether a NNN pincer can accommodate reversible chemical changes during a 

redox transformation so that such a ligand can drive some catalytic reactions. As shown in 

Scheme 2.1, three different redox states can be easily conceived for a NNN pincer (N1-

isopropyl-N2-(2-(isopropylamino)phenyl)benzene-1,2-diamine) in its fully deprotonated 

state.27, 28 It can be assumed that these redox states will significantly help in accomplishing 

demanding redox processes by direct ligand participation. 

2.2. Results and Discussion  

This affordability of multiple redox states gave us inspiration to utilize the backbone in 

multielectron redox transformations that can be realized in cross-coupling catalysis. Having 

this idea in mind, synthesis of a nickel complex was attempted since nickel is an abundant 

transition metal and is being recognized as the ‘workhorse’ among base metals.29  

2.2.1. Synthesis of (NNN)H3 Ligand and Ni(NNN) Complex 1 

Towards this direction the (NNN)H3 can be synthesized by following the literature procedures 

(Scheme 2.2).27 First of all, bis(2-nitrophenyl) amine can be obtained via displacement of 

fluoro-group of 1-fluoro-2-nitrobenzene by 2-nitroaniline in the presence of base K2CO3. Both 

the nitro group of the starting material can be easily converted into amine by using Zn-NH4Cl 

reducing agent. Bis(2-aminophenyl)amine can be treated with acetone in acidic medium to 

provide imine which can be further reduced by sodium cyanoborohydride to obtain (NNN)H3, 

1 in quantitative yield. 
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The protonated version of the ligand was deprotonated in situ upon treatment with three 

equivalents of nBuLi at -70 oC.  Addition of a THF solution of NiCl2(THF)1.5 to a cold solution 

of the deprotonated ligand at low temperature showed a color change to dark-green which upon  

 

Scheme 2.2. Synthesis of (NNN)H3 Ligand and Ni(NNN) Complex 1. 

exposure to air changed dramatically to a dark violet solution (Scheme 2.2). The dried product, 

upon attempt for crystallization from THF/pentane mixture at -40 oC temperature resulted in 

dark violet-colored blocks in 72% yield. Repeated attempts to collect a diffractable crystal for 

X-ray structure determination were fraught with poor quality of the crystal. Fortunately, X-ray 

diffraction study revealed that the product is a dimer in solid state (Figure 2.1). One of the 

amido nitrogen in the pincer backbone has bridged two nickel centers to describe a Ni2N2 

diamond core, 1. The metrical parameters from the structure were not interpreted due to the 

poor quality of the data. 
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Figure 2.1: Single crystal structure of 1 

2.2.2. Characterization of Ni(NNN) Complex (1) 

The diamond core arrangement closely resembles Mindiola’s nickel pincer dimer molecule 

where two NiI centers were placed at a very close proximity, 2.32 Å.30 The present trianionic 

pincer has very strong proclivity towards oxidation beacuse of its electron rich nature. So the 

dimeric composition consists of two Ni(II) centers bridged by two mono-oxidized pincer 

backbone. In other words, the pincer attained its iminosemiquinonate form via aerobic 

oxidation, which is also much easier than oxidizing Ni(II) to Ni(III). Our formulation is also 

consistent with Heyduk’s observation for a similar SNS pincer backbone where aerial oxidation 

afforded a ligand radical owing to mono-oxidized ligand backbone.31 Since the ligand 

backbone can afford one-electron oxidized state, which logically represents an 

iminisemiquinonate form, it provides promise to elicit redox behavior amenable to 

multielectron redox transformations.  

2.2.2.1. 1H NMR Analysis of Ni(NNN) Complex (1) 

The 1H NMR spectrum of 1 was conducted using deuterated benzene (C6D6) as a solvent at 

room temperature that exhibited broad peaks due to paramagnetism associated with the 

molecule (Figure 2.2).  

 

Figure 2.2: 1H NMR spectrum of 1 recorded in C6D6. 
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2.2.2.2. Solution State Magnetic Moment Analysis of Ni(NNN) Complex (1) by Evans 

Magnetic Moment Method 

Further, the paramagnetism of the molecule was interrogated by Evans magnetic moment 

measurement. The experiment was conducted in C6D6 at room temperature. Considering the 

dimeric molecular mass, room temperature measurement in C6D6 revealed a value of 1.9 μB. 

This low value is probable if a tetrahedral nickel(II) species is antiferromagnetically coupled 

to an organic radical, housed in the ligand backbone.   

2.2.2.3. EPR Analysis of Ni(NNN) Complex (1) 

To gather an evidence for the ligand-centered radical, an EPR experiment was performed at 77 

K which disclosed a signal with the g value of 2.001 (Figure 2.3). This value suggests an 

organic radical, which is housed by the redox noninnocent ligand backbone. 

 

 

Figure 2.3: X-Band EPR spectrum of 1 at 77K. 

 

2.3. Catalytic Reactions 

The dimeric molecule 1 was used as the precatalyst for nickel catalyzed Kumada cross-

coupling,32 since it was conceived that the ligand redox non-innocence can afford such 

reactions following a one-electron pathway, in contrary to traditional two-electron pathways. 

Along this direction, catalyst 1 was tested for the cross -coupling of ArBr with an aryl Grignard, 

ArMgBr. Mixing a cold THF solution of the Grignard to the aryl bromide in presence of the 

catalyst afforded the formation of a biaryl species at –20 oC. The typical reaction time for such 

coupling reaction was 12 h. A series of optimization tests were conducted to reveal that the 

reaction can work well in 3 mol% loading of the catalyst and two equivalents of Grignard (entry 
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1, Table 2.1). Increase of catalyst loading to 5 mol% slightly increases the yield to 91%, while 

decreasing the catalyst loading to 2 mol% reduces the yield to 60% (entry 2 and 3, Table 2.1). 

Reducing the amount of Grignard to one equivalent affects the yield of the reaction, decreasing 

it to 29% (entry 5 and 6, Table 2.1). Increasing the temperature to zero degree and room 

temperature also resulted into diminished product yield (entry 7 and 8, Table 2.1). Appropriate 

control reactions revealed that only NiCl2 as the metal precursor only afforded trace amount of 

product while the simple trianionic ligand did not result any product formation, under otherwise 

identical conditions.  

Table 2.1. Optimization of reaction conditions. 

 

Entry Deviation from standard conditions % Yieldb 

1 None 87(79)c 

2 5 mol% of 1 91 

3 2 mol% of 1 60 

4 Absence of 1 ND 

5 1.0 equiv of PhMgBr 29 

6 1.5 equiv of PhMgBr 67 

7 At 0 oC 28 

8 At RT 21 

9 NiCl2 instead of 1 Trace 

10 Only ligand instead of 1 ND 

(a) 4-bromoanisole (0.2 mmol), PhMgBr (0.4 mmol), 1 (3 mol%), THF, -20 °C, 12 h. (b) GC yields. (c) 

Isolated yield. 

2.4. Scope of Aryl-Aryl Kumada Cross-coupling Reaction by Catalyst 1  

Having the optimized reaction condition in hand, the scope of reaction was explored with 

multiple aryl halides (Table 2.2). The methoxy substituted bromobenzene furnished the p- and 

m-methoxy biphenyl (4a and 4b respectively) in 91-95% yields. The reaction provided 

excellent yields of multiple alkyl-substituted bromobenzenes (4c-4e). Interestingly, when 

bromo mesitylene was chosen as the coupling partner, the product 2,4,6-trimethyl-1,1'- 
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Table 2.2: Substrate scope of substituted aryl/heterocyclic bromide, polybrominated compounds. 

 

Reaction conditions: 1 (3 mol%), Aryl halide (0.5 mmol), Grignard reagent (1 mmol), THF (2 mL), -20 oC 

(chiller bath), 12 h, isolated yield. For di/tri-bromo aryl halides 2 equivalent Grignard reagent used with 

respect to each bromo group. 

biphenyl, 4f was isolated in 85% yield. Additionally, various reactive functional groups were 

examined for this synthetic protocol. For example, N,N-dimethyl aniline, p-CN, p-CF3, p-F 

benzenes were all proved to be good substrates providing moderate to good (45-75%) yields 
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of coupling products. Similarly, naphthyl, pyridyl and picolyl bromides afforded the respective 

biaryl products 4l−4n in 66-92% yields. Encouragingly, when 2,6-dibromo-pyridine was 

chosen as a substrate, desirably both side coupling happened to afford 2,6-diphenylpyridine 

(4o) in 83% yield. Such both side coupling was further performed on a series of substrates to 

isolate products 4p-4r in 65-87% yields. Intriguingly, 1,3,5-tribromobenzene underwent the 

coupling reaction in all three positions to afford tetraphenyl 4s in 90% yield.  

Encouraged by the efficiency of catalyst, substrates involving less active aryl-Cl bonds 

was tried to examine.33 Multiple aryl chlorides were utilized as an effective coupling partner 

successfully to realize the biphenyl products in moderate yields (Table 2.3). It was noted that 

usually the yield of the products for chloro-containing substrates are lower than the bromo-

containing analogues. This also correlates well with the fact that the reduction potential of C-

Cl bonds are much negative compared to C-Br bonds. Along this point of argument, it is 

expected that aryl iodide substrates will be relatively easy to activate, given much positive  

Table 2.3: Substrate scope of substituted aryl chloride and iodides. 

 

Entry X R Yield 

1 Cl 4-OMe 65 

2 Cl 3-OMe 62 

3 Cl 4-F 65 

4 Cl 4-CF3 58 

5 Cl 4-Me 55 

6 Cl 2,4,6-trimethyl 45 

7 I 4-OMe 86 

8 I 2-F 83 

9 I 3,5-Dimethyl 95 

Reaction conditions: 1 (3 mol%), Aryl halide (0.5 mmol), Grignard reagent (1 mmol), THF (2 mL), -20 oC 

(chiller bath), 12 h, isolated yield. 



Chapter 2 

48 
 

reduction potential to cleave a C-I bond. Indeed, three different aryl iodide substrates under the 

same reaction conditions afforded the respective biphenyl products in high yields (entry 7-9, 

Table 2.3). 

2.5. Mechanistic Insights and Control Experiments 

After successfully performing the aryl-aryl Kumada cross-coupling reaction, the mechanistic 

detail of the reaction was elucidated. In this direction, the intrigued redox responsive nature of 

the NNN backbone was depicted to pinpoint how this character helped in accomplishing such 

a multielectron transformation in tandem with 3d transition metal nickel.  

2.5.1. Kinetic Study of Aryl-Aryl Kumada Cross-Coupling Reaction 

In order to study the reaction kinetic, the aliquots of the reaction were taken at different time 

span at different temperature. In usual case where the cross-coupling reaction is performed at 

low temperature (-20 oC), there is an induction time of 40 minutes. Such an induction time can 

be avoided when the solution of 1 is heated at 60 oC for 5 minutes, and the Grignard reagent is 

mixed afterwards. This change in condition led to essentially instantaneous product formation 

as monitored by GC- analysis (Figure 2.4).  

 

Figure 2.4: Plot for % yield of product vs time (in minutes) at (a) -20 °C temperature (b) Room temperature 

2.5.2. Radical Quenching Experiment and Intermediate Trapping  

The presence of the radical on the ligand backbone in 1 strongly suggests that the reaction will 

be radical mediated. To verify this hypothesis, the reaction was performed in the presence of a 

radical quencher TEMPO. Notably, the reaction completely ceases when the quencher is used 

in one equivalent (Scheme 2.3). Moreover, using bromo anisole as the aryl halide substrate and 

phenyl magnesium bromide as the representative Grignard, the TEMPO adduct of the anisole 

radical (5) was intercepted. Such a radical adduct was detected by electron spray ionization 

mass spectrometric technique at 264.1962 amu. 
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Scheme 2.3: Radical interception by TEMPO. 

 

2.5.3. UV-Visible Analysis of Ni(NNN) (1) and Reaction Mixture 

Mechanistically, we propose that the aryl magnesium bromide attacks to give a square planar 

four-coordinate nickel complex 1a with phenyl group attached to nickel (Scheme 2.6). So, 

during attachment of the phenyl group from phenyl Grignard reagent, the ligand backbone yet 

remains in the iminosemiquinonate form, while MgBr+ acts as the counter cation. Such ‘ate’ 

complex has been earlier documented to conduct important organometallic transformations.34-

36 We also considered the possibility of a probable oxidative addition of aryl bromide to 1 as 

the first step of the reaction. However, stirring the THF solution of 1 with Ar-Br, both at room 

temperature and at 60 oC did not provide any discernible color change of the solution. Further 

probation through UV-vis spectroscopy did not show any change in the spectrum of 1 (Figure 

2.5), thus refuting the possibility of oxidative addition of Ar-Br as the starting point of the 

reaction. 

 

Figure 2.5. UV-Visible analysis of 1 (black line), 2 (red line) and reaction mixture at -20 °C (violet line), 

room temperature (green line), 60 °C (blue line). 
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2.5.4. Computational Analysis 

To provide additional insight into the reaction mechanism, a high-level DFT computational 

study at B3LYP/6-31G* level of theory was undertaken.37-38 Along this probation, the 

intermediate 1a does a single electron transfer (SET), to homolytically cleave the aryl bromide 

bond so that an aryl radical and bromide anion can be generated. It is also quite probable that 

aryl halide reduction is facilitated by its binding to the nickel center via the halide, so that the 

SET process becomes inner-sphere in nature.39 As it has been shown earlier the detection of 

the anisole radical from p-bromo-anisole substrate, which is fully consistent with SET process. 

It was considered that the ligand redox non-innocence plays a preponderant role in driving the 

SET, where the pincer backbone itself becomes converted to iminoquinone form (1b) (Figure 

2.6). Importantly, the ligand-promoted electron transfer retains the nickel’s oxidation state at 

+2. Moreover Br- anion from aryl halide bond cleavage readily reacts with counter cation 

MgBr+ of 1a to liberate MgBr2. Notably, Vicic through his earlier work proved the terpyridine 

ligand’s predominant role in driving nickel-based alkyl-alkyl cross-coupling reaction.40   

 

Figure 2.6: Potential energy surface at B3LYP level of theory for SET activating 2 and subsequent cross-

coupling reaction to form 4a. The red trace reflects the alternative bimetallic oxidative pathway whereas the 

black trace accounts for the escape-rebound pathway. 
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Furthermore, the SET to generate an aryl radical along with the conversion of nickel catalyst 

to its iminoquinone form, 1b is further downhill by 15.3 kcal mol-1. This SET process by an 

electron rich and hence reducing ligand backbone is a crucial step that determines the success 

of the catalyst. Our previous collaborative work disclosed a SET from the redox active 

phenalenyl backbone to homolytically cleave a Si–H bond, so that a silyl radical can pave 

hydrosilylation reactions via radical pathway.41, 42 The discussed SET from the redox-active o-

phenylenediamido backbone is an analogous event. Furthermore, it has also been observed that 

electron rich anion of 3,5 dimethyl pyrazole can facilitate SET process to aryldiazonium 

chloride to break the bond homolytically resulting the generation of aryl radical.43 However, 

the reduction potential of aryldiazonium salts is much positive to a moderately strong Ar-Br 

bond. Following this step, the formed aryl radical is capable of attacking both the complexes 

1a and 1b to attach both phenyl and aryl groups onto nickel following either bimetallic 

oxidative addition or radical rebound pathways (vide infra for details). The bimetallic oxidative 

addition here is used in the context of an aryl radical attacking a second molecule of (NNN)Ni 

species, rather than the same nickel species. Notably, this is different from traditional bimetallic 

sense where two metal centers simultaneously operate to carry out a chemical transformation. 

During the addition of aryl radical to 1a through bimetallic pathway, a slightly high energy 

species of 3.7 kcal/mol is encountered corresponding to the formation of 1c (Figure 2.6). 

However, on the other hand, addition of aryl radical to 1b via radical rebound pathway leads 

to the formation of intermediate 1d which is stable by 0.2 kcal/mol with respect to 1b. Notably, 

during this step nickel needs to change its oxidation state to +III, since the ligand backbone 

already reached the highest oxidized iminoquinone form. Due to the significant energy 

difference between intermediates 1c and 1d (1d is lower in energy by 19.2 kcal/mol), the 

involvement of bimetallic pathway does not appear competitive. Also, 1a is responsible for 

SET to break the Ar-X bond, and hence logically its population in the reaction medium might 

not be not sufficiently high to steer bimetallic reaction pathway. Finally, from the intermediate 

1d, a reductive elimination can ensue to form the new C–C bond, giving the Kumada Cross-

coupled product (4a). During the reductive elimination two electrons come back in the system 

reducing Ni (III) to Ni(II) and simultaneously reducing the ligand to its iminosemiquinonate 

form.44, 45 This iminosemiquinonate form further runs the catalytic cycle. The computed barrier 

for the transition state, TSI for reductive elimination costs only 3.5 kcal mol-1 (Figure 2.6). In 

the TSI, the movement of the both phenyl and aryl groups are aligned to the direction of C-C 

bond formation and the frequency of such vibration is calculated as -199.9 cm-1. At the TSI, 
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the ligand is about to be reduced and the C-N bonds in the o-iminoquinone motif starts 

elongating due to imminent reduction. 

2.5.5. Radical Clock Experiment and Fate of Aryl Radical 

Having the support from computational analysis, it was further sought-after experimental proof 

for such radical-promoted cross-coupling that would be predominantly steered by the ligand 

redox. To gather a strong evidence for SET from the ligand backbone that generates an aryl 

radical from the substrate aryl bromide, a radical clock substrate was selected. Along this 

direction, 2-hemiallyl bromobenzene was chosen as the probe molecule, as it was anticipated 

that the radical generation at the ipso position, may trigger a ring-cyclization event to leave a 

signature for the intermediacy of the radical (Scheme 2.4). When Kumada cross-coupling was 

conducted with 6, copious amount of straight-chain product, 9 was isolated along with some 

amount of ring-cyclized product, 10. This ring-cyclized product is an unambiguous proof of 

aryl radical generation via SET.  

 

 

Scheme 2.4: Radical-clock experiment. 

Once the aryl radical is generated, three probable pathways can be conceived for the targeted 

coupling: cage-rebound, escape-rebound and bimetallic oxidative addition (Scheme 2.5). The 

aryl radical can react in a cage-rebound fashion if the lifetime of the radical is pretty low. 

Indeed, Kochi postulated a cage-rebound mechanism for the oxidative addition of an aryl halide 

to Ni(0).46 Alternatively, the radical could be long-lived and can come out of the solvent sphere 

so that further reaction by escape-rebound manner can also be imagined. In the escape-rebound 

pathway, the aryl radical at first escapes and then again reenters the solvent cage to recombine 

with LqNi-Ph (Lq denotes the iminoquinone form of the ligand backbone) species.47 As a third 

possibility, the engendered radical can react in the fashion of bimetallic oxidative addition48, 49  
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Scheme 2.5: Proposed pathways for the coupling of aryl radical. Subscripts on L symbolizes; sq = 

iminosemiquinonate, q = iminoquinone. 

where the aryl radical can react with a second molecule of nickel species. In such case two 

different nickel centers would be involved to finally furnish the C–C bond. These possibilities 

have been also invoked during computational analysis (vide supra). The radical probe substrate 

and the formation of straight chain versus cyclized product provides an invaluable tool to 

dissect this intriguing mechanistic question and sheds further light on this radical-promoted 

reactivity. Usually, an unaltered ratio of straight-chain to cyclized product with increasing 

catalyst loading speaks for the cage-rebound mechanism. This is logical as the forged aryl 

radical can stay in the proximity of the metal catalyst, without leaving the solvent cage, so that 

the final product outcome is not dependent on catalyst loading. Conversely, if the generated 

radical is long-lived and hence affords enough time to come out of the solvent cage, then the 

ratio of the products would change on varying catalyst concentration. In essence, the ratio of 9 

and 10 should be independent of catalyst concentration, if cage-rebound mechanism remains 

operational. In our present case, we witness a clear first-order dependence of increasing ratio 

of straight-chain/cyclized product (9/10) with incremental catalyst loading (Figure 2.7). This 

observation safely refutes the probability of any cage-bound reaction pathway. Among rest two 

possibilities, we prefer the escape-rebound pathway more over the bimetallic oxidative 

addition, since computational energy landscape argues in the favor of the former. 
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Figure 2.7: Plot for ratio of straight-chain (9) to cyclized (10) product with catalyst 1 loading. 

2.6. Plausible Mechanistic Cycle 

 

Scheme 2.6: Plausible mechanism for the reaction. 

Taken all these considerations into account, the most plausible reaction pathway follows the 

aryl radical generation by SET and cage escape-rebound mechanism en route to the formation 

of a C–C bond. The entire process has been summarized in scheme 2.6. The pathway marked 

by grey shade follows the bimetallic oxidation addition that is less likely given all the evidences 

provided earlier. This example demonstrates an intriguing scenario where the ligand backbone 
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works in perfect co-operation with the metal center while the overall burden of the 

multielectron redox is very much shared by both. 

 

2.7. Conclusion 

In conclusion, we present an intriguing case of pincer- ligand’s redox non-innocence that has 

been applied to C–C cross coupling catalysis. Despite the possibility of affording multielectron 

redox event on such a ligand motif, no straightforward catalytic example was demonstrated 

earlier that can prove efficient cooperation of the metal and the ligand to steer smooth 

functioning of the catalyst. In this work we were able to show how a 3d transition metal catalyst 

can be truly assisted by the ligand backbone, and the major redox processes can be facilitated 

by the redox reservoir property of the ligand ancillary. The presence of a crucial SET event to 

homolytic breaking of an aryl bromide bond and the one-electron oxidative addition onto nickel 

by extracting electron from the ligand backbone are two vital steps where ligand’s redox 

participation is preeminent.  This present example elegantly showcases the prowess of ligand 

redox noninnocence and how that can harness an efficient transformation. We do hope that 

more and more important catalytic reactions will start surfacing soon from many seemingly 

simple ligand motifs that have so far been utilized only as an ancillary. 

2.8. Experimental Section 

2.8.1. Materials 

All reactions were carried out in flame dried glassware using air sensitive manipulations and 

glove box unless otherwise mentioned. Tetrahydrofuran (THF) and toluene were refluxed and 

freshly distilled over sodium/benzophenone and degassed using three freeze-pump-thaw 

cycles. Both solvents were stored over molecular sieves inside the glove box. All chemicals 

were purchased from Sigma-Aldrich, Avra, TCI, and GLR innovations. Deuterated solvents 

were purchased from Eurisotop. All chemicals were used as purchased until and unless 

mentioned. Progress of reactions was monitored by thin-layer chromatography using Merck 60 

F254 precoated silica gel plate and visualized by short-wave ultraviolet light. Flash 

chromatography was performed with silica flash P60 silica gel (100–200 mesh).  

2.8.2. Physical Measurements 

All graphs are plotted using OriginPro 2021. 1H and 13C {1H} NMR spectra were recorded on 

a Bruker 400 MHz or 500 MHz spectrometer at 400/500 MHz and 101/126 MHz respectively. 

The residual solvent signals were taken as the reference (CDCl3, 7.26 ppm for 1H NMR spectra 



Chapter 2 

56 
 

and CDCl3, 77.16 ppm for 13C NMR spectra). The signals observed are described as: s (singlet), 

d (doublet), t (triplet), q (quartet), m (multiplets). All coupling constants were reported in hertz. 

High-resolution mass spectrometry was performed on Waters Synapt-G2S, with analyser 

configuration Q-ToF, ion mobility and analysed using Masslynx41. Crystals suitable for X-ray 

diffraction were mounted on a nylon loop in paratone oil. Diffraction data were collected using 

a Rigaku XtaLABmini Xray diffractometer equipped with a Mercury charge-coupled device 

detector and graphite monochromatic Mo Kα (λ = 0.71 Å) radiation source. For high-quality 

data, the crystals were cooled to 135 K with an Oxford Cryostream 700 system. The software 

SHELXT was used for diffractometer control, preliminary frame scans, indexing, orientation 

matrix calculations, least-squares refinement of cell parameters, and data collection. Data 

reduction and refinement was further processed using olex2. EPR spectra were recorded on 

Bruker EMX system. The X-band frequency was set at 9.43 GHz and the data was collected at 

a temperature of 77K. All reactions were carried out in flame-dried glassware using air 

sensitive manipulations and glove box unless otherwise mentioned. Tetrahydrofuran (THF) 

and toluene were refluxed and freshly distilled over sodium/benzophenone and degassed using 

three freeze-pump-thaw cycles. Both solvents were stored over molecular sieves inside the 

glove box. All chemicals were purchased from Sigma-Aldrich, Avra, TCI, and GLR 

innovations. Deuterated solvents were purchased from Eurisotop. All chemicals were used 

without further purification, unless specifically mentioned. Progress of reactions was 

monitored by thin-layer chromatography using Merck 60 F254 precoated silica gel plate and 

visualized by short-wave ultraviolet light. Flash chromatography was performed with silica 

flash P60 silica gel (100–200 mesh).  

Density Functional Theory (DFT) was utilized as executed in the Gaussian0950 

quantum science program to do computational estimations. The geometry corresponding to 

their stationary points and transition states (TS) were optimized utilizing B3LYP 

functional51,37, using a double-ζ basis set with the relativistic effective core potential of Hay 

and Wadt (LANL2DZ)52, 53 for nickel and bromine elements, whereas for other elements (H, 

C, N, and O), 6-31G* basis set was used. The geometry optimizations were executed without 

introducing any symmetry constraints. Harmonic force constants were calculated at the 

obtained optimized geometries to characterize the stationary points as minima or first-order 

saddle points (TS). The harmonic vibrational frequencies determined the zero-point vibrational 

corrections to convert the total energies Ee to E0. The rigid-rotor harmonic oscillator 

approximation evaluated the thermal and entropic contributions necessary to obtain the 
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enthalpies, H298 and Gibbs free energies, G298 at 298 K. To obtain accurate energies of the 

optimized structures, additional single point energy calculations of each optimized geometry 

were reevaluated using 6-311G* triple-ζ basis set54 for atoms like H, C, N, and O. The solvent 

correction was done using the SMD (Solvent Model based on Density) introduced by Cramer, 

Marenich and Truhlar.55 

2.8.3. Synthesis of NNN-Pincer Ligand27  

(i) Synthesis of Bis(2-nitrophenyl) amine 

In 100 mL round bottomed flask, 1-fluoro-2-nitrobenzene (0.9 g, 6.4 mmol), 2-nitroaniline 

(0.89 g, 6.4 mmol) and K2CO3 (1.09 g, 7.9 mmol) were dissolved in 10 mL of DMSO. The 

reaction mixture was stirred at a temperature of 120 °C for 36 h. The ice-chilled water (100 ml) 

was added to above reaction mixture and the mixture was extracted with dichloromethane (3 x 

30 mL). The combined organic layer was washed with an aqueous solution of NaCl (4 x 20 

mL, 15%) and dried over anhydrous MgSO4. DCM was removed under a rotary evaporator. 

Bis(2-nitrophenyl) amine was obtained as an orange solid (1.51 g, 90%), which was used for 

the next step without further purification. 

(ii) Synthesis of Bis(2-isopropylaminophenyl) amine 

A 100 mL Schlenk flask equipped with a stir bar was charged with bis(2-nitrophenyl) amine 

(1.24 g, 4.3 mmol), Zn powder (3.712 g, 56.8 mmol) and NH4Cl (2.78 g, 52 mmol). 40 mL of 

dry THF was added into the flask. A reflux condenser was attached to the Schlenk flask under 

N2 flow. The reaction mixture was refluxed at a temperature of 65 °C for 16 h. At the 

completion of the reaction, the reaction mixture was filtered and the filtrate was removed under 

high vacuum to obtain yellow-brown oil. After that, yellow-brown oil was dissolved in 40 mL 

of degassed methanol under N2 atmosphere. Acetone (0.64 mL, 8.6 mmol) and HCl (0.7 mL, 

37%) were added to above reaction mixture. The reaction mixture immediately turned to green 

from brown on addition of HCl. It was stirred for 30 min at room temperature, followed by 

careful addition of NaBH3CN (1.14 g, 18.2 mmol) at a temperature of 0 0C. After complete 

addition of NaBH3CN, the reaction mixture turned to reddish-brown from green. It was stirred 

for a further 12 h at room temperature. The solvent was removed under vacuum and the 

resulting residue was dissolved in 40 mL of dichloromethane. It was washed with an aqueous 

sodium dithionite (2 x 40 mL, 1 M) and aqueous sodium bicarbonate (2 x 40 mL, 1 M) solution 

respectively. The combined organic layers were dried over MgSO4 and the solvent was 
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removed under vacuum. Bis(2-isopropylaminophenyl) amine (NNN pincer) was obtained as 

brown oil in 75% yield. 

2.8.4. The Synthesis of Ni2(NNN)2 Dimer (1) 

In a flame dried Schlenk flask, bis(2-isopropylaminophenyl) amine (NNN pincer) (57 mg, 0.2 

mmol) was dissolved in 3 mL of dry toluene. The above solution was cooled to a temperature 

of -70 °C and nBuLi (0.4 mL of 1.6 M solution in hexane, 0.6 mmol) was added dropwise. The 

reaction mixture was stirred for 4 h at room temperature to obtain a yellow-colored precipitate. 

The solvent was removed under vacuum. Inside the glove box, the yellow solid was dissolved 

in dry THF and cooled to a temperature of -40 °C. A cold solution of NiCl2(THF)1.5 (25 mg, 

0.2 mmol) was added to above reaction mixture. After 30 min stirring at room temperature, 

dark green colour solution was obtained. The flask was taken out from glove box and the 

reaction mixture was exposed to air. The dark green colored solution immediately turned into 

intense violet colour. THF was removed under rotary evaporator. The residue was dissolved in 

dichloromethane and filtered through celite bed. Dichloromethane was removed under vacuum 

and dark violet colour residue was obtained in 72% yield (98 mg). The crystal suitable for SC-

XRD data was obtained from concentrate solution of violet residue in THF/pentane at -40 °C 

temperature. 

2.8.5. Procedure for Optimization of Reaction Conditions 

An overnight dried Schlenk flask was charged with 4-bromoanisole 2 (25 µL, 0.2 mmol), 

catalyst 1 (4 mg, 3 mol%) and 2 mL of dry THF under N2 atmosphere to make a clear solution. 

The flask was kept at a temperature of -20 °C. Phenylmagnesium bromide 3 (0.2 mL of 2 M 

solution in THF, 0.4 mmol) solution was added dropwise to the reaction mixture with 

continuous stirring maintaining the temperature at -20 °C. After the complete addition of 

phenylmagnesium bromide solution, the reaction mixture turned to brown from violet. After 

12 h stirring at same temperature, the solvent was removed under vacuum. The crude reaction 

mixture was dissolved in DCM and organic layer was washed with water. The organic layer 

was collected and dried over anhydrous MgSO4. DCM was removed using rotary evaporator. 

The yield of the desired product 4a was determined by GC analysis. 

2.8.6. General Procedure for Cross-Coupling Reaction 

An overnight-dried Schlenk flask was charged with aryl halide (0.5 mmol), catalyst 1 (10 mg, 

3 mol%) and 4 mL of dry THF under N2 atmosphere to make a clear solution. The flask was 

kept at a temperature of -20 °C. Phenyl magnesium bromide (0.5 mL of 2 M solution in THF, 
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1.0 mmol) solution was added dropwise to the reaction mixture with continuous stirring 

maintaining the temperature at -20 °C. After the complete addition of phenyl magnesium 

bromide solution, the reaction mixture turned to brown from violet. After 12 h stirring at same 

temperature, the solvent of reaction mixture was removed under vacuum. The crude reaction 

mixture was dissolved in DCM and organic layer was washed with water. The organic layer 

was collected and dried over anhydrous MgSO4. DCM was removed using rotary evaporator 

and the desired product was separated by column chromatography using hexane:ethylacetate 

mixture as eluent. 

2.8.7. Procedure for Kinetic Analysis of Kumada Cross Coupling by 1 

As per general procedure, the Schlenk flask was charged with 4-bromoanisole (126 µL, 1.0 

mmol), 1 (20 mg, 3 mol%) and 10 mL of THF under N2 atmosphere. The reaction mixture was 

kept at a temperature of -20 °C. Phenylmagnesium bromide (1 mL of 2 M solution in THF, 

2.0 mmol) was added dropwise to the reaction mixture. The aliquots of 100 μL were collected 

from the reaction mixture with some interval of time. The progress of the reaction was analysed 

by GC. The increasing product concentration 4a (in % yield) was plotted with respect to the 

time (in min) and no product formation was observed for the first 40 minutes.  

Next, a solution of 1 (3 mol%) in THF was heated at a temperature of 60 °C for 5 

minutes and 4-bromoanisole (126 µL, 1.0 mmol) was added to that solution at room 

temperature. The addition of phenylmagnesium bromide (1 mL of 2 M solution in THF, 2.0 

mmol) was performed at room temperature. The aliquots of 100 μL from reaction mixture were 

taken after some interval of time and the progress of the reaction was analysed by GC 

technique. The increasing product 4a concentration (in % yield) was plotted with respect to the 

time (in min). 

2.8.8. Procedure for Radical Trapping 

As per general reaction procedure, an overnight dried Schlenk flask was charged with 4-

bromoanisole (25 µL, 0.2 mmol), 1 (4 mg, 3 mol%), TEMPO (31 mg, 0.2 mmol) and 2 mL of 

dry THF under N2 flow. The flask was kept at a temperature of -20 °C. Phenylmagnesium 

bromide (200 µL of 2 M solution in THF, 0.4 mmol) solution was added dropwise to the 

reaction mixture with continuous stirring maintaining the temperature at -20 °C. After 12 h 

stirring at same temperature, there was no formation of product 4a as assayed by TLC. The 

TEMPO adduct of the trapped intermediate aryl radical (5) was detected by high-resolution 
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mass spectrometry (HRMS). HRMS (ESI, m/z) calcd. for C16H26NO2 [M+H]+: 264.1964; 

found: 264.1962. 

2.8.9. Radical Clock and Solvent Cage Experiment 

Following the optimized reaction condition, 1-bromo-2-(but-3-en-1-yl)benzene (105 mg, 0.5 

mmol), 1 (10 mg, 3 mol %) and 2 mL THF was taken in Schlenk flask under N2 atmosphere. 

The flask was kept at a temperature of -20 °C. Phenylmagnesium bromide (0.5 mL of 2.0 M 

solution in THF, 1.0 mmol) solution was added dropwise to the reaction mixture with 

continuous stirring maintaining temperature at -20 °C. After 12 h stirring at same temperature, 

the solvent of reaction mixture was removed under vacuum. The crude reaction mixture was 

dissolved in DCM and organic layer was washed with water. The organic layer was collected 

and dried over anhydrous MgSO4. DCM was removed using rotary evaporator and the desired 

product was separated by column chromatography. Both the acyclic (9) and cyclic (10) product 

were characterized by 1H and 13C NMR spectroscopy.  

For solvent cage experiment, the above radical clock experiment was repeated at 

different catalyst loading. The acyclic (9) and cyclic (10) was quantified by GC analysis. The 

ration of acyclic (9) and cyclic (10) product concentration was plotted with respect to 

increasing catalyst loading. The linear dependency of ratio of acyclic (9) and cyclic (10) 

product with catalyst loading was observed.  

2.8.10. Spectroscopic Characterization of Cross Coupled Product Catalysed by 1 

 

 

4-methoxy-1,1'-biphenyl (4a)56  

The compound was purified by column chromatography (silica gel) 

with 1% mixture of ethyl acetate in hexane to give the product as a 

white solid (83.7 mg, 91%). 

1H NMR (400 MHz, CDCl3) δ 7.56 (s, 4H), 7.44 (s, 2H), 7.32 (s, 1H), 

7.00 (d, J = 8.7 Hz, 2H), 3.87 (s, 3H).  

13C NMR (101 MHz, CDCl3) δ 159.2, 140.9, 133.9, 128.9, 128.3, 

126.9, 114.3, 55.5. 
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3-methoxy-1,1'-biphenyl (4b)56  

The compound was purified by column chromatography (silica gel) 

with 1% mixture of ethyl acetate in hexane to give the product as a 

white solid (87.4 mg, 95%). 

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 7.4 Hz, 2H), 7.44 (t, J = 

7.3 Hz, 2H), 7.36 (s, 2H), 7.19 (d, J = 7.6 Hz, 1H), 7.14 (s, 1H), 6.91 

(d, J = 8.2 Hz, 1H), 3.87 (s, 3H).  

13C NMR (101 MHz, CDCl3) δ 160.1, 142.9, 141.2, 129.9, 128.9, 

127.6, 127.3, 119.8, 113.0, 112.8, 55.5. 

 

 

4-methyl-1,1'-biphenyl (4c)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (69.7 mg, 83%).  

1H NMR (500 MHz, CDCl3) δ 7.60 – 7.56 (m, 2H), 7.51 – 7.47 (m, 

2H), 7.43 (dd, J = 8.5, 7.0 Hz, 2H), 7.35 – 7.30 (m, 1H), 7.25 (d, J = 

0.9 Hz, 1H), 7.03 (dd, J = 7.7, 1.1 Hz, 1H), 2.40 (s, 3H).  

13C NMR (126 MHz, CDCl3) δ 141.3, 138.5, 137.2, 129.8, 129.6, 

128.9, 127.1.  

 

3,5-dimethyl-1,1'-biphenyl (4d)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (84.7 mg, 93%).  

1H NMR (500 MHz, CDCl3) δ 7.59 (d, J = 8.3 Hz, 2H), 7.43 (t, J = 

7.9 Hz, 2H), 7.34 (t, J = 7.3 Hz, 1H), 7.23 (s, 2H), 7.01 (s, 1H), 2.40 

(s, 6H). 

 

 

4-(tert-butyl)-1,1'-biphenyl (4e)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (94.6 mg, 90%).  

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 7.4 Hz, 2H), 7.54 (t, J = 

6.3 Hz, 2H), 7.46 (dd, J = 13.9, 7.1 Hz, 4H), 7.34 (q, J = 8.3, 7.9 Hz, 

1H), 1.37 (s, 9H).  

13C NMR (101 MHz, CDCl3) δ 128.9, 128.8, 127.3, 127.2, 126.9, 

126.8, 125.9, 125.8, 34.7, 31.5. 
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2,4,6-trimethyl-1,1'-biphenyl (4f)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (83.4 mg, 85%).  

1H NMR (400 MHz, CDCl3) δ 7.47 (t, J = 7.4 Hz, 2H), 7.38 (t, J = 

7.5 Hz, 1H), 7.20 (d, J = 6.7 Hz, 2H), 7.01 (s, 2H), 2.40 (s, 3H), 2.07 

(s, 6H).  

13C NMR (101 MHz, CDCl3) δ 141.2, 139.2, 136.7, 136.1, 129.4, 

128.5, 128.2, 126.6, 21.2, 20.9. 

 

 

N,N-dimethyl-[1,1'-biphenyl]-4-amine (4g)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (74 mg, 75%).  

1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 7.7 Hz, 2H), 7.53 (d, J = 

8.1 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.29 (d, J = 7.5 Hz, 1H), 6.83 

(d, J = 8.2 Hz, 2H), 3.02 (s, 6H).  

13C NMR (101 MHz, CDCl3) δ 150.1, 141.3, 129.4, 128.8, 127.8, 

126.4, 126.1, 112.9, 40.7. 

 

 

[1,1'-biphenyl]-4-carbonitrile (4h)56  

The compound was purified by column chromatography (silica gel) 

with 1% ethyl acetate in hexane to give the product as a white solid 

(49 mg, 55%).  

1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 7.8 Hz, 2H), 7.69 (d, J = 

7.7 Hz, 2H), 7.59 (d, J = 7.2 Hz, 2H), 7.49 (t, J = 7.2 Hz, 2H), 7.44 

(d, J = 6.7 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 145.8, 139.3, 132.7, 129.2, 128.8, 

127.9, 127.4, 119.1, 111.0. 

 

 

4-(trifluoromethyl)-1,1'-biphenyl (4i)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (76.6 mg, 69%).   

1H NMR (500 MHz, CDCl3) δ 7.70 (s, 4H), 7.60 (d, J = 7.0 Hz, 2H), 

7.48 (t, J = 7.5 Hz, 2H), 7.41 (t, J = 7.4 Hz, 1H).  

13C NMR (126 MHz, CDCl3) δ 129.1, 128.3, 127.6, 127.4, 125.9, 

125.9, 125.8, 125.8. 
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4-fluoro-1,1'-biphenyl (4j)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (39 mg, 45%).  

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.62 (m, 4H), 7.47 (t, J = 7.3 

Hz, 2H), 7.37 (t, J = 7.3 Hz, 1H), 7.15 (s, 1H).  

13C NMR (101 MHz, CDCl3) δ 140.8, 129.0, 127.6, 127.6, 127.5, 

127.2, 115.9, 115.7. 

 

 

2-fluoro-1,1'-biphenyl (4k)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (49.9 mg, 58%).   

1H NMR (400 MHz, CDCl3) δ 8.68 (s, 2H), 7.69 (s, 2H), 7.44 (s, 2H), 

7.18 (d, J = 20.4 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 141.6, 140.7, 130.7, 130.0, 129.9, 

128.0, 127.6, 127.4, 126.6, 123.4. 

 

2-methoxy-6-phenylnaphthalene (4l)57  

The compound was purified by column chromatography (silica gel) 

with 2% ethyl acetate in hexane to give the product as a white solid 

(107.8 mg, 92%).  

1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 2.0 Hz, 1H), 7.81 (t, J = 

8.0 Hz, 2H), 7.74 – 7.69 (m, 3H), 7.51 – 7.45 (m, 2H), 7.36 (t, J = 7.3 

Hz, 1H), 7.20 – 7.15 (m, 2H), 3.95 (s, 3H).  

13C NMR (126 MHz, CDCl3) δ 157.9, 141.3, 136.5, 133.9, 129.9, 

129.3, 129.0, 127.4, 127.4, 127.2, 126.2, 125.8, 119.3, 105.7, 55.5. 

 

 

2-phenylpyridine (4m)56  

The compound was purified by column chromatography (silica gel) 

with 2% ethyl acetate in hexane to give the product as a colorless oil 

(51.2 mg, 66%).  

1H NMR (400 MHz, CDCl3) δ 8.70 (d, J = 4.6 Hz, 1H), 8.00 (d, J = 

7.8 Hz, 2H), 7.74 (d, J = 6.3 Hz, 2H), 7.48 (t, J = 7.5 Hz, 2H), 7.42 

(t, J = 7.0 Hz, 1H), 7.26 – 7.19 (m, 1H).  

13C NMR (101 MHz, CDCl3) δ 157.6, 149.8, 139.5, 136.9, 129.1, 

128.9, 127.0, 122.2, 120.7. 
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2-methyl-4-phenylpyridine (4n)56 

The compound was purified by column chromatography (silica gel) 

with 2% ethyl acetate in hexane to give the product as a white solid 

(77.8 mg, 92%).  

1H NMR (500 MHz, CDCl3) δ 8.53 (d, J = 5.2 Hz, 1H), 7.62 (dd, J = 

8.2, 1.4 Hz, 2H), 7.51 – 7.45 (m, 2H), 7.43 (d, J = 7.2 Hz, 1H), 7.37 

(s, 1H), 7.31 (dd, J = 4.9, 1.6 Hz, 1H), 2.62 (s, 3H).  

13C NMR (101 MHz, CDCl3) δ 158.8, 149.5, 148.8, 138.4, 129.1, 

129.0, 127.0, 121.3, 118.9, 24.5. 
 

 

2,6-diphenylpyridine (4o)58  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (96 mg, 83%).   

1H NMR (500 MHz, CDCl3) δ 8.16 (d, J = 7.0 Hz, 4H), 7.85 – 7.80 

(m, 1H), 7.70 (d, J = 8.2 Hz, 2H), 7.51 (t, J = 7.5 Hz, 4H), 7.45 – 7.40 

(m, 2H).  

13C NMR (126 MHz, CDCl3) δ 157.0, 139.6, 137.6, 129.1, 128.8, 

127.1, 118.8. 

 

1,1':4',1''-terphenyl (4p)56  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (100.2 mg, 87%). 1H 

NMR (400 MHz, CDCl3) δ 7.69 (s, 4H), 7.65 (d, J = 7.8 Hz, 4H), 

7.47 (t, J = 7.6 Hz, 4H), 7.37 (t, J = 7.3 Hz, 2H).  

13C NMR (101 MHz, CDCl3) δ 140.8, 140.2, 129.0, 127.6, 127.5, 

127.2. 

 

 

1,1':3',1''-terphenyl (4q)58 

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (74.8 mg, 65%).   

1H NMR (500 MHz, CDCl3) δ 7.82 (t, J = 1.6 Hz, 1H), 7.68 – 7.64 

(m, 4H), 7.61 – 7.57 (m, 2H), 7.52 (dd, J = 8.3, 6.8 Hz, 1H), 7.50 – 

7.44 (m, 4H), 7.41 – 7.36 (m, 2H).  

13C NMR (101 MHz, CDCl3) δ 141.9, 141.3, 129.3, 129.0, 127.6, 

127.4, 126.3, 126.3. 
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9,10-diphenylanthracene (4r)59  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (117.3 mg, 71%). 1H 

NMR (400 MHz, CDCl3) δ 7.78 – 7.67 (m, 4H), 7.59 (dd, J = 15.3, 

7.1 Hz, 6H), 7.49 (d, J = 6.9 Hz, 4H), 7.34 (d, J = 7.0 Hz, 4H). 13C 

NMR (101 MHz, CDCl3) δ 139.2, 137.2, 131.5, 130.0, 128.6, 127.6, 

127.1, 125.1. 

 

 

5'-phenyl-1,1':3',1''-terphenyl (4s)60  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a white solid (137.9 mg, 90%). 1H 

NMR (400 MHz, CDCl3) δ 7.79 (s, 3H), 7.71 (d, J = 8.1 Hz, 6H), 

7.49 (t, J = 7.4 Hz, 6H), 7.40 (t, J = 7.3 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 142.5, 141.3, 129.0, 127.7, 127.5, 

125.3. 

 

 

2-(but-3-en-1-yl)-1,1'-biphenyl (9)61  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a colorless oil (158.3 mg, 76%). 

1H NMR (400 MHz, CDCl3) δ 7.46 (t, J = 7.3 Hz, 2H), 7.38 (dd, J = 

15.9, 7.1 Hz, 5H), 7.28 (q, J = 7.6, 6.0 Hz, 2H), 5.77 (ddd, J = 16.9, 

10.6, 5.2 Hz, 1H), 5.00 – 4.89 (m, 2H), 2.79 – 2.67 (m, 2H), 2.26 (q, 

J = 7.1 Hz, 2H).  

13C NMR (101 MHz, CDCl3) δ 142.1, 142.0, 139.4, 138.3, 130.2, 

129.4, 129.3, 128.2, 127.5, 126.9, 125.9, 114.8, 35.3, 32.7. 
 

 

1-benzyl-2,3-dihydro-1H-indene (10)62  

The compound was purified by column chromatography (silica gel) 

with hexane to give the product as a colorless oil (29.2 mg, 14%).  1H 

NMR (400 MHz, CDCl3) δ 7.37 – 7.31 (m, 2H), 7.26 (t, J = 6.2 Hz, 

4H), 7.23 – 7.14 (m, 3H), 3.53 – 3.44 (m, 1H), 3.19 (dd, J = 13.6, 5.7 

Hz, 1H), 2.98 – 2.69 (m, 3H), 2.18 (td, J = 13.0, 7.9 Hz, 1H), 1.88 – 

1.75 (m, 1H).  

13C NMR (101 MHz, CDCl3) δ 147.0, 144.3, 141.0, 129.2, 128.4, 

126.6, 126.1, 126.1, 124.7, 123.9, 46.6, 41.5, 32.1, 31.3. 
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3.1. Introduction 

Pincers, a class of ligands affording tridentate coordination, have probably reached an iconic 

status in inorganic and organometallic chemistry.1‒3 Since the origin of organometallic 

complexes by tridentate coordination of pincer ligands in the late 1970s, it has witnessed a 

meteoric rise and has expanded its versatile applicability.4‒6 This category of ligands is 

extremely attractive due to their extensive modularity and tunability.7 Furthermore, the ligand's 

robust chelating ability arises from the central coordinating motif. For example, pyridine would 

be lost under monodentate coordination mode, while it becomes reliably coordinated, as a part 

of the pincer backbone. Because of the rigid coordination architecture, sometimes, transition 

metal complexes bearing a pincer offer remarkable thermal stability, a property that is very 

much admirable in homogeneous catalysis affording molecular transformation at higher 

temperatures.8‒10 Having all these characteristics, pincers have been exploited to coordinate 

majority of metals ranging from the main group, transition metals to lanthanides11 across the 

periodic table. Moreover, metal ligand cooperativity by designer pincers has been extensively 

exploited by Milstein's group to develop a large number of bifunctional homogeneous 

catalysts.12,13  

Furthermore, pincers often enjoy extensive electron delocalization over multiple 

aromatic rings, which in turn decreases its highest occupied molecular orbital−lowest 

unoccupied molecular orbital gap. This property facilitates predominantly ligand-based filled 

and empty orbitals to participate in redox processes under mild potential. Such features allow 

further redox tuning in the pincer backbone by minor modifications. Many pincers can shuttle 

between multiple redox states, accessing properties akin to redox reservoirs (Scheme 3.1).14 

Recently, such properties have also been utilized by Heyduk in advancing chemistry at the 

metal center where the electrons are mostly provided by the pincer ligand backbone.15,16 

Scrutinizing the three stable redox states separated by one-electron processes, it was theorized 

that electron transfer catalysis might be possible by free ligands, (NNN)H3 (1) itself, without 

further assistance of the metal (Scheme 3.1b). NNN pincer backbone was selected that has been 

used earlier by Heyduk because of its ready access to the trianionic form.14 The electron-rich 

nature of the symmetric NNN pincer in its fully deprotonated trianionic form may make it 

moderately reducing. However, the reducing property can be considerably amplified if the 

molecule is excited by shining visible light. The conjugated nature of the diarylamido backbone 

helps in further light absorption within the visible range of electromagnetic spectra so that the 

excitation of the pincer becomes fully feasible under mild conditions. Leveraging this favorable 
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redox, the trianionic pincer has been harnessed in electron transfer catalysis and the results 

show that such a pincer can function as a super-reductant, a facet that has never been 

interrogated.  

 

Scheme 3.1: Scope for Pincer Ligand's Non-innocence. 

Examples of direct participation of pincers via electron transfer reactions from the ligand's 

backbones to promote molecular transformations are limited. In this chapter, such an electron 

transfer reaction from the pincer backbone without any assistance of transition metals has been 

disclosed. Much intriguingly, the trianionic NNN-pincer (2) under visible light excitation is 

super-reducing species that can reductively cleave even a C−Cl bond in p-methoxy 

chlorobenzene (Eo red = −2.90 V vs SCE).17 It is further shown that this unprecedented electron 

transfer catalysis by pincer can forge a plethora of value-added heterocyclic products from 

substituted chlorobenzenes. However, to the best of our knowledge there is no report for such 

type of reactions using NNN pincer under mild photochemical conditions. 

3.2. Results and Discussion  

To demonstrate the pincer's electron transfer ability, the trianionic NNN-pincer (2) was chosen 

so that the parent trisamido and its one-electron oxidized iminosemiquinonate form can be 

accessed readily. The stability of both redox states avoiding any detrimental bond cleavage in 

the pincer's backbone ensures this proposed redox to be viable. 
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3.2.1. Synthesis of Trianionic NNN-Pincer 2 

Towards this direction the (NNN)H3, 1 can be synthesised as described in chapter 2 section 

2.2.1. by following the literature procedures.14 The parent trisamido form can be obtained by 

abstracting three protons from (NNN)H3, 1 by KOtBu under inert conditions (Scheme 3.2). 

 

Scheme 3.2. Synthesis of (NNN)H3 1 and trianionic NNN-pincer 2. 

3.2.2. Characterization of Trianionic NNN-Pincer (2) and Single Electron Oxidised form 

of 2 

The characterization of 2 and single electron oxidised form of 2 is essential to gain insight into 

the electronic structure, fate of catalyst and mechanism of reaction. Even 2 is extremely 

sensitive to moisture and air, appropriate physical studies were done to depict the photophysical 

properties. Fortunately, one electron oxidised form of 2 was detected by spectroelectrochemical 

EPR. Parallelly, some theoretical studies have been performed to justify the presented 

hypothesis. 

3.2.2.1. Cyclic Voltammetry Experiment 

As can be anticipated, the trianionic backbone can be oxidized at an extremely mild potential. 

To interrogate the electrochemical behavior of 2, a cyclic voltammetry experiment was 

performed. The cyclic voltammetry analysis of the trianion 2 exhibits the first reversible 

oxidation wave at −0.25 V vs Fc+/Fc couple. A second quasi-reversible oxidation was further 

observed at +0.04 V (vs Fc+/Fc), (Figure 3.1). For the sake of comparison, the first oxidation 
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potential was converted to SCE which is found to be 0.13 V.18 Such a mild potential indicates 

easy oxidation and promises the molecule to be a potent reductant. 

  

 

Figure 3.1. CV of 1 mM of 2 in THF along with 0.1 M solution of tetrabutyl-ammonium 

hexafluorophosphate salt as an electrolyte. The scan rate was 100 mVs-1 for the measurement. 

3.2.2.2. Absorption and Emission Analysis of 2 

It was envisaged that this reductive behavior can be tremendously augmented once the 

molecule is excited with visible light. Fascinatingly, the diaryl amido linkage absorbs 

significantly in the visible range of electromagnetic spectra. Having the possibility of 

photoexcitation of the pincer 2, its redox and basic photochemical properties were investigated 

to delve into photophysical properties.  

 

Figure 3.2. a) UV-Visible analysis of 1 and 2. b) Normalized absorption and emission spectra of 2. 
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Upon scrutinizing through UV-Visible spectroscopy, it was observed that the molecule 1 

showed one absorption maximum at 320 nm. On the other hand, the molecule 2 absorbs at 335 

and 392 nm, and the second maximum is connected to broad absorption up to 455 nm (Figure 

3.2a). Furthermore, 2 is photoactive and shows an emission band at 415 nm (Figure 3.2b), when 

excited at a wavelength of 380 nm. The molecule is brightly fluorescing and this trait makes it 

propitious as a photocatalyst. 

3.2.2.3. Excited State Lifetime Measurement and Average Lifetime Calculations of 2 

However, efficient electron transfer from the excited state requires the same to be relatively 

long-lived.19 To determine the excited state lifetime for 2, a time-correlated single photon 

counting (TCSPC) measurement was performed. The decay of the fluorescence intensity was 

fitted with a tri-exponential function (χ2 = 1.24) and the average fluorescence lifetime of the 

fluorophore was calculated as 10.2 ns (Figure 3.3). The moderately long lifetime further assures 

the electron transfer to be fully feasible from its excited state.20  

 

Figure 3.3: Tri-exponential fit of TCSPC data of 2 collected at its emission maxima, when excited with a 

380 nm laser pulse. Data were recorded in dry and degassed THF using 1% ludox as the probe. 

3.2.2.4. Calculation of Excited-State Oxidation Potential of 2  

This set of photophysical data also helps us to calculate the excited-state oxidation potential of 

2. The excitation energy (Eo,o) of the molecule was estimated as 3.03 eV as derived from the 

intersection point of absorption and fluorescence spectral data (409 nm, Figure 3.3). 

Accordingly, the excited-state oxidation potential by the Relm−Weller equation21 can be 

calculated as: 

𝐸𝑜𝑥
∗  = 𝐸𝑜𝑥 - 𝐸0,0 

𝐸𝑜𝑥
∗  = 0.13 – (3.03) = -2.90 V vs SCE 
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Such a large negative value of the excited-state oxidation promises the molecule to be an 

extremely strong photoreductant and will be able to reductively cleave the difficult-to reduce 

bonds.22 

3.2.2.5. Spectroelectrochemical EPR Experiment 

Since electron removal from the bisamido form will generate the iminosemiquinonate form, 

some spectroscopic signature for this redox state is required to prove this transformation. The 

detection of one-electron oxidized form of 2 will generate further credence for such electron 

transfer, on which a catalytic process can be built. Along this direction, a 

spectroelectrochemical EPR experiment (at −40 °C) was performed, which resulted in the 

detection of a complex pattern with a central g-value of 2.0043 (Figure 3.4). Moreover, the 

experimentally observed spectrum was successfully simulated considering the two nitrogen 

atoms which can be hyperfine-coupled having coupling parameters to be 11 and 6 MHz, 

respectively. From this spectroelectrochemical experiment, it appears that the radical in the 

iminosemiquinonate form is more centered in one of the arylamido rings.  

 

Figure 3.4. X-band (9.46 GHz) EPR signal for iminosemiquinonate form of 2 collected at -40 °C. 

3.2.2.6. Computational Analysis 

Though rather surprising, the same picture is quite reproducible from high-level DFT 

calculations. The iminosemiquinonate form of 2 was optimized at the M06-2X/6-31G* level 

of theory23 and was analyzed further to trace the locus of the unpaired spin. Gratifyingly, the 

spin density calculation on the monooxidized product depicts the excess spin to be delocalized 

on one of the aryl amido rings (Figure 3.5).  

It was discovered that the lack of a complete delocalization onto the second ring may stem 

from the distortion of one aryl unit from the other aryl ring of the bisarylamido motif. In closer 

inspection, the two aryl rings are distorted out of plane at least by 18° to avoid the steric clash 
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of ortho hydrogens at the two aryl units. In essence, detection of the one-electron oxidized 

product from 2 strongly supports the fact that the electron-rich trianionic backbone can 

facilitate electron transfer and generate a reasonably stable intermediate form.  

 

Figure 3.5. Excess α-spin density distribution for the same, calculated using the M06-2X/6-31G* level of 

theory (iso value 0.004 (e bohr−3)1/2).  

3.3. Catalytic Reactions 

To explore the promised super-reducing behavior for the trianionic NNN pincer ligand 2, a 

substituted chlorobenzene was chosen as a model substrate, where the reductive cleavage of 

the C−Cl bond poses a significant challenge.24 Sometimes, such bond cleavages demand drastic 

conditions of using UV light25,26 that is carcinogenic. The C−Cl bond is very difficult to cleave 

primarily owing to its bond strength and demands for a strong negative reduction potential.27 

The approach of generating a super-reducing excited state is very much suitable for the 

activation of carbon−halogen bonds in aryl chlorides for the following reasons:  

(a) Aryl chlorides do not absorb in visible light so that direct excitation is not possible.  

(b) Their high reduction potentials are beyond the domain of many readily available and 

extremely popular photocatalysts such as [Ru(bpy)3]
2+, Ir(ppy)3, and [Ir-(ppy)2(dtbbpy)]+.28  

(c) Strong carbon-halogen bonds and their two-step bond dissociation kinetics can deter very 

good electron donors to cleave the bond requiring longer reaction times.29 

 

Scheme 3.3. The isoindolinone ring formation reaction catalysed by 2. 
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To prove that 2 can perform productively under visible light excitation, 2-chloro-N,N-

dialkylbenzamide was selected as a model substrate so that reductive cleavage of the aryl 

chloride bond can lead to the construction of an isoindolinone ring (Scheme 3.3).30  

Upon extensive optimization, it was revealed that 5 mol% of the catalyst 1 can convert 

the chloro-substituted benzamide into the corresponding isoindolinone in 95% gas 

chromatography (GC) yield, with the use of 2 equivalent of base KOtBu (Table 3.1). Other 

bases such as DABCO and K2CO3 are completely ineffective, while NaOtBu affords the 

product in 55% yield (Table 3.1, entry 5-7). Significant reduction in yield when NaOtBu is 

used as a base indicates the possible role of a counter cation on the reaction.  

Table 3.1. Optimization of reaction conditions. 

 

Entry Variation from standard conditions % Yieldb 

1 None 95(91)c 

2 2 mol% of 1 55 

3 1.0 equiv of KOtBu 63 

4 1.5 equiv of KOtBu 77 

5 DABCO instead of KOtBu Trace 

6 K2CO3 instead of KOtBu ND 

7 NaOtBu instead of KOtBu 55 

8 In white light 49 

9 Absence of light ND 

10 Absence of 1 ND 

11 Absence of KOtBu ND 

Standard conditions: (a) 2- chloro-N,N-diisopropylbenzamide (0.2 mmol), KOtBu (0.4 mmol), 1 (5 mol%),  

and dry THF (1 mL), room temperature under a N2 atmosphere, blue LEDs (450 nm), 12 h.  bGC yields, 

cIsolated yield. ND = not detected. 

 It is notable that during this reaction, 2 is formed in situ by the deprotonation of the 

protonated precursor 1 so that stringent inert condition handling of 2 can be safely avoided. 

Instead, packing the bench-stable 1 in the reaction flask and purging the solution with nitrogen 
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are adequate. The optimization further discloses that blue light is the most suitable photon 

source, while white light gives a lower yield of the product. The reaction is completed within 

12 h of reaction time. Separate experiments in absence of light, catalyst 1, and base prove that 

all these components are critical for the success of the reaction. Among different solvents, THF 

remains ideal. Isoindoline formation is an ideal demonstration of C(sp2)-H functionalization 

using photoredox processes which is a nice alternative to classical transition-metal catalyzed 

C−H bond activation by concerted metalation and deprotonation.31−33 To ensure that the 

reaction is not facilitated by adventitious transition metals, we performed the reaction in new 

glassware along with an unused stir bar. The product yield was very much reproducible under 

such test reactions. Attempts to detect any trace metal contamination in the used KOtBu also 

resulted in negative observations. 

3.4. Scope and Synthetic Utility of Cyclization Reaction Catalyzed by Catalyst 1  

3.4.1. Scope of Intramolecular C−H Arylation of o-Chloro-N,N-dialkylarylamides 

Having the optimized condition in hand, the scope of the reaction was tested. The substrate 2-

chloro-N-isopropyl-N-alkylbenzamide (3a) reacted selectively to result N-isopropyl 

isoindolinone ring 4a in very high, 92% isolated yield (Table 3.2). Further substrate scope 

expansion facilitated the formation of 4b‒4d in high yields of products where the substitution 

of nitrogen was changed. Notably, the reaction is very selective to the activation of the 

isopropyl group connected to nitrogen sparing methyl or even benzyl groups. As will be 

discussed in the following section, this stems from the stability of the tertiary carbon radical 

that results from the hydrogen atom abstraction from isopropyl C−H. Methyl substitutions at 

the benzamide ring were tolerant to the reaction condition so that isoindolinone 4e and 4f can 

be forged in 82−93% isolated yields. Interestingly, a halide substituent like fluoride also 

afforded the respective isoindolinone 4g in 80% isolated yield. 

Electron-donating methoxy substituents were examined further which afforded 5,6-

dimethoxy-N-isopropyl isoindolinone, 4h in 76% yield. More sophisticated isoindolinone 

architectures can also be fabricated by this method as two heterocycles 4i and 4j were 

synthesized in very high, 93% yields. If the nitrogen substituents in the benzamide are 

cyclohexyl rings, the appropriate C−H functionalization affords the spirocyclic product 4k in 

90% yield. Notably, such spirocyclic isoindolinone is a valuable heterocyclic motif that can 

improve lipophilicity, aqueous solubility, and metabolic stability.34 Finally, a heterocyclic ring 

pyridine was examined as a substrate that afforded the corresponding cyclized product 4l in 
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92% yield. The high yield of products in reasonable reaction time makes pincer 1 a rival for 

the iridium photocatalyst that was utilized earlier to forge isoindolinone under photothermal 

reaction conditions.35 Further advantage of our method over the previous iridium-based 

protocol is that high temperature is not a need. 

Table 3.2. Scope of Intramolecular C−H Arylation of o-Chloro-N,N-dialkylarylamides. 

 

Reaction conditions: substituted o-Chloro-N,N-dialkylarylamides (1 equiv.), Catalyst 1 (5 mol%), KOtBu (2 

equiv.), THF, Blue light, rt, 12 h, isolated yields are reported. 
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3.4.2. Scope of Intramolecular C−H Arylation of N-(o-chloroaryl)-N-methylalkylamide  

After this, N-substituted o-chloroanilide was examined as a potent substrate so that a C−Cl 

bond can be cleaved and the subsequent cyclization can lead to value added oxindoline rings.  

The oxindole framework bearing a tetrasubstituted carbon center at the 3-position is regarded 

as a privileged motif that is often found in the core of a large class of bioactive natural products  

Table 3.3. Scope of intramolecular C−H Arylation of N-(o-chloroaryl)-N-methylalkylamide. 

 

Reaction conditions: substituted N-(o-chloroaryl)-N-methylalkylamide (1 equiv.), Catalyst 1 (5 mol%), 

KOtBu (2 equiv.), THF, Blue light, rt, 12 h, isolated yields are reported. 
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as well as pharmaceutically important compounds.36‒38 Accordingly, o-anilide arylchloride was 

tested under the same reaction conditions to afford 3,3-dimethyloxindole 6a in 88% yield 

(Table 3.3). Electron donating, methoxy or methyl substituents in the o-anilide aryl ring 

survived well through the reaction conditions to furnish products 6b−6d in 70−83% yields. 

Notably, synthesis of 3,3-dialkyloxindole was earlier attempted from the aryl iodide substrate, 

where a precious metal photocatalyst fac-Ir(ppy)3 was employed.39 In case of 2,4-

dichloroanilide molecules, the o-chloro group was selectively cleaved to provide 6e in 72% 

yield. Likewise, highly electron-withdrawing trifluoromethyl group afforded 89% yield of the 

oxindole 6g. Interestingly, a nitro substituent in the aryl ring was tolerant to the reaction 

condition and prepared the heterocycle 6h in 81% yield. Pharmaceutically important spirocycle 

6j and N-benzylatedoxindole 6k were also obtained by this method in excellent yields. 

3.4.3. Cross-Coupling Reaction of Aryl Chlorides 

The visible-light-induced radical reaction has to date been limited to suitably activated 

haloarenes possessing a C(sp2)-X bond adjacent to a π-system, such as α-carbonyl, benzyl, or 

heteroatoms (halogen, oxygen).40−42 To examine the full potential of the highly reducing 

excited state of 2, a few unactivated aryl chlorides were chosen. To this end, it was examined 

a recalcitrant p-methoxy arylchloride whose reduction potential challenges even the class of 

very reducing photocatalysts.43  

Accordingly, different unactivated chlorobenzene substrates were chosen and used for 

C−C cross-coupling reactions with benzene. As shown in Table 3.4, a plethora of biphenyl 

motifs44,45 were synthesized following the photochemical process. Firstly, chlorobenzene was 

tested that provided targeted biphenyl 9a in 72% yield (Table 3.4). Most notably, a highly 

challenging p-methoxy chlorobenzene whose reduction potential to cleave the C−Cl bond is 

demanding −2.90 V vs SCE was examined that afforded the respective biphenyl 9b in 69% 

yield. On the other hand, chlorobenzene containing methyl and nitrile group at para position 

provided 9c and 9d in 63% and 75% respectively. When nitrile group was placed at the ortho 

position of chlorobenzene not much deviation in the yield of respective biphenyl 9e was 

observed, 72% yield.  Other polycyclic aromatic halides, like 2-chloronaphthalene provided 9f 

in 72% yield. Interestingly, 9,10-dichloro anthracene was an effective coupling partner so that 

two phenyl groups can be easily installed at the respective positions to give 9,10- diphenyl 

anthracene 9g in 71% yield. A pyridyl ring was tolerant to the reaction condition to afford 

product 9h in moderate, 66% yield. Additionally, aryl chlorides involving thiophene and N-
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methyl pyrrole as substrates afforded the C−C cross-coupled product 9i−9l in 69−81% yields. 

The three different classes of the reaction, starting from varying strengths of aryl chloride 

bonds, attest the tremendous reducing power of the excited 2 and to steer subsequent ring 

cyclization or cross-coupling reactions. 

Table 3.4. Cross-coupling Reaction of Benzene, N-Methylpyrrole and Thiophene with Aryl Chlorides 

 

Reaction conditions: substituted Chlorobenzene (1 equiv.), Catalyst 1 (5 mol%), KOtBu (2 equiv.), 8a/8b/8c 

(10 equiv.), THF, Blue light, rt, 12 h, isolated yields are reported. 
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3.5. Mechanistic Insights and Control Experiments 

3.5.1. Radical Quenching Experiment and Intermediate Trapping  

As the reaction involves radicals, a radical quenching experiment was performed with TEMPO. 

As expected, the reaction completely shuts down upon addition of TEMPO in 1.0 equivalent. 

Moreover, as a compelling evidence to the aryl radical generation, p-OMe aryl radicals were 

successfully intercepted as its TEMPO adduct (Scheme 3.4). The adduct was detected by high-

resolution mass spectrometry showing its signature at 264.1962 amu.  

 

Scheme 3.4. Tapping of intermediate using TEMPO radical. 

3.5.2. Stern-Volmer Experiment 

As already discussed, the highly reducing excited state of 2 (having Eox
* = −2.90 V vs SCE) is 

capable of cleaving an unactivated C−Cl bond of aryl chloride. To unambiguously prove that 

the electron transfer happens at the excited state of 2, a Stern−Volmer luminescence quenching 

experiment was performed. Gratifyingly, fluorescence intensity of the photocatalyst gradually 

decreased with increasing concentration of aryl chloride and such a decrease generated a clear 

straight-line pattern from the Stern−Volmer plot (Figure 3.6).  

 

Figure 3.6. Stern–Volmer plot for electron transfer from 2* to the 2-chloro-N-isopropyl-N-alkylbenzamide. 
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3.5.3. Electron Transfer Rate Constant Calculations 

Incorporating the lifetime of the fluorophore, that has been measured earlier, the electron 

transfer rate as 2.74×109 M−1 s−1 was calculated. The electron transfer rate constant suggests 

the process to be only limited by diffusion of the quencher and the fluorophore. In comparison, 

a previous photocatalyst CzEPAIPN·‒ transfers electron to aryl chloride at a rate of 1.5×107 

M−1 s−1.22 When compared, the electron transfer rate in our chosen pincer backbone is two 

orders of magnitude faster that also likely reflects in the reduced reaction time (12 h).  

3.6. Plausible Mechanistic Cycle under Photoexcitation 

Taken the photophysical and redox properties of the photocatalyst molecule together, the 

reaction mechanism for the annulation reaction upon C−H functionalization has been 

delineated here. The photoexcitation of 2 prompts the electron transfer to rupture the C−Cl 

bond, generating an aryl radical. It is expected that losing one electron from the system will 

generate a dianionic radical, which is moderately stable that likely reflects in its extremely mild 

first oxidation potential. Notably, the electron transfer from the pincer backbone is reminiscent 

of Murphy's super electron donors, although those worked under stoichiometric conditions.46,47 

The radical anion of Ar−Cl dissociates into an aryl radical, which undergoes a 1,5-

hydrogen atom transfer (HAT) process.48−50 In general, the 1,5-HAT processes are favored over 

1,6-HAT because of their optimum chair like six membered cyclic transition state, thus 

favoring the annulation in this mode.51 The newly generated alkyl radical 11 after HAT attacks 

the aryl ring to generate an intermediate 12 (Scheme 3.5.). In the presence of a strong base 

KOtBu, deprotonation can pursue to leave a radical anion of this species which is a strong 

reductant to give the electron back to the iminosemiquinonate form of the photocatalyst to bring 

back the bisamido form. Therefore, the facile redox interconversion between bisamido and 

iminosemiquinonate helps run the catalytic cycle.  

It is also notable that 2 essentially pushes the limit of accessible reduction potential to 

break the electron rich aryl chloride bond. Earlier important discoveries including sensitization-

induced electron transfer (SenI-ET)52 or consecutive photoinduced electron transfer 

(ConPET)53 have been attempted to break strong bonds. Although conceptually seminal, 

majority of the ConPET catalysts effectively cleaved electron-poor aryl chlorides.54 In this 

report, it has been shown that a simple anionic pincer can strategically reach such a limit upon 

visible light excitation.  
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Scheme 3.5. Plausible mechanistic cycle under photoexcitation. 

3.7. Fate of Catalyst 2 During or After the Reactions 

Further a curious question raised in our mind that what about the fate of the pincer photocatalyst 

and whether such radical generation in the backbone may lead to an N-isopropyl bond cleavage. 

Such bond rupture would be detrimental to the catalyst longevity. To analyse such situation, at 

the end of the reaction and standard work-up, the solution was analyzed through GC−MS, the 

protonated pincer backbone was identified. This observation indicates that catalyst molecules 

remain intact at the end of the cycle. However, the challenging separation of the catalyst from 

the homogeneous solution mixture and our inability to quantify the amount of protonated 

ligands does not completely refute some possibility of the N-alkyl bond cleavage. 

3.8. Conclusions 

In summary, we have unraveled a completely new aspect of a trianionic pincer ligand, where 

the electron-rich pincer steers electron transfer to substrate molecules. This is a rare report 

where the NNN pincer backbone can drive a strong bond cleavage and subsequent C−H 

functionalization without any assistance of a transition metal ion. The excited state of the 

molecule can be easily reached by shining blue light upon it. The molecule is an extreme 

photoreductant that is capable of reductively cleaving even very electron-rich aryl halides, 

essentially pushing the limit of a strong bond cleavage. Following this protocol, we have 

synthesized a wide array of benzannulated rings under mild reaction conditions and short 
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reaction times. This reduction became possible due to the easy access of the two redox states 

by the pincer, whose important intermediate form has been detected spectroscopically. We 

believe that direct redox participation of many such ligands will surface in future where their 

redox properties can be modulated by shining visible light and a tremendous amount of 

chemistry can be developed even under metal-free conditions. 

3.9. Experimental Section  

3.9.1. Methods and Materials 

All operations were carried out in flame-dried glassware using a N2- gas-filled glovebox or 

high-vacuum standard Schlenk techniques under a nitrogen gas atmosphere unless mentioned 

otherwise. THF was refluxed and freshly distilled over sodium/benzophenone and degassed 

using three freeze−pump−thaw cycles. Starting materials and reagents were purchased from 

commercial sources and used without further purification. Tetrabutylammonium 

hexafluorophosphate (TBAPF6) was recrystallized from hot ethanol and ferrocene was purified 

by sublimation before its use in cyclic voltammetry (CV) experiments. Progress of reactions 

was monitored by thin-layer chromatography using a Merck 60 F254 precoated silica gel plate 

and visualized by short-wave ultraviolet light. Flash chromatography was performed with 

Silica Flash P60 silica gel (100−200 mesh). 

3.9.2. Instrumentation and Physical Measurements 

Absorption spectra were recorded using a LAB-INDIA UV/Vis Spectrophotometer UV 3000 

in a UV cuvette of path length 10 mm fitted with a cap. The graphs are plotted using Originpro8. 

1H and 13C{1H} NMR spectra are recorded on a Bruker 400 MHz spectrometer at the 

frequencies of 400 and 101 MHz, respectively. All chemical shifts are reported in parts per 

million (ppm) with respect to the 1H (residual) chemical shifts of the d-solvent. The residual 

solvent signals are taken as the reference (CDCl3, 7.26 ppm for 1H NMR spectra and CDCl3, 

77.16 ppm for 13C NMR spectra). The signals observed are described as s (singlet), d (doublet), 

t (triplet), q (quartet), and m (multiplets). All coupling constants were reported in Hertz (Hz). 

High-resolution mass spectroscopy was performed on Waters Synapt-G2S, analyzer 

configuration Q-ToF with ion mobility and analyzed using Masslynx41. Cyclic voltammetry 

experiments were performed on a Keithley 2450 potentiostat. For the measurement, the 

electrode setup consisted of a glassy carbon working electrode, a Pt wire as the counter 

electrode, and Ag/Ag+ (3 M KCl) as the reference electrode. Emission spectra were collected 
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by a Fluoromax-4 (Horiba Jobin Yvon, NJ) spectrofluorophotometer. The analyte solution was 

placed in a quartz cuvette equipped with a screw cap having a path length of 10 mm. 

Caution! The glovebox and high vacuum Schlenk line should be used with great care and 

safety. THF distillation setup contains sodium metal, which is very reactive metal to air and 

moisture and well-known for their explosive nature. Therefore, these types of setups must be 

used in a limited quantity and handled with care and safety. 

3.9.3. Synthesis of Trianoinic NNN3- Ligand (2) 

In a flame dried Schlenk flask, bis(2-isopropylaminophenyl) amine (1) (57 mg, 0.2 mmol) was 

dissolved in 3 mL of dry THF. The above solution was cooled to a temperature of 0 °C and 

KOtBu (68 mg, 0.6 mmol) was added. The reaction mixture was stirred for 4 h at room 

temperature to obtain a yellow-colored solution. The reaction mixture was filtered through 

celite bed inside the glove box. The solvent was removed under vacuum. The potassium salt of 

trianoinic NNN3- (2) was obtained as yellow-colored solid in 88% yield.  

3.9.4. Cyclic Voltammetry Experiment for 2 

Voltammetry experiments were performed on CHI-610 electrochemical workstation from CH 

Instruments (USA). A homogeneous solution of 2 (1 mM) along with 0.1 M solution of 

tetrabutyl-ammonium hexafluorophosphate salt as an electrolyte was prepared in dry and 

degassed THF. For the measurement, the three-electrode setup consisted of a glassy carbon 

working electrode, a Pt-wire as counter electrode, and an Ag/AgCl (1M KCl) as the reference 

electrode was inserted inside the above solution. The CV spectrum was recorded at a scan rate 

of 100 mVs-1 for the measurement. 

3.9.5. UV-Visible Measurements 

A homogeneous solution was prepared by suspending a finely ground sample of 1 and 2 in dry 

and degassed THF at room temperature. The UV-Visible spectrum of the resulting solutions 

was recorded with the help of a LAB-INDIA UV/VIS Spectrophotometer UV 3000 in an UV-

cuvette of path length 10 mm fitted with cap. 

3.9.6. Time-Correlated Single Photon Counting (TCSPC) Experiment Details for 2 

Condition Dry and degassed THF 

τ1 2.67 ns 

τ2 5.34 ns 
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τ3 10.68 ns 

χ2 1.24 

 

Average excited state lifetime was calculated using equation 1. 

………. (eq. 1) 

where αi and τi denote the amplitude fractions and lifetimes respectively and n is the number 

of lifetime components. For catalyst 2, with amplitude fractions α1 = 4.12×10-2, α2 = 0.20×10-

2, α3 = 18.02×10-2 and their respective lifetime contribution; τ1 = 2.67 ns, τ2 = 5.34 ns, τ3 = 

10.68 ns. Using equation 1, the average lifetime was found to be 10.2 ns. 

3.9.7. Details of Spectroelectrochemical EPR Experiment  

The spectroelectrochemistry is an important technique where electrochemically generated 

transient species can be interrogated by an array of spectroscopic techniques. Kaim and Fiedler 

have written a fantastic tutorial review on this topic for the curious readers.55 The 

spectroelectrochemical EPR cell consists of a three-electrode assembly with a narrow teflon-

coated Pt wire as a working electrode, a naked Pt wire as counter electrode and a coated Ag 

wire as pseudo reference electrode. The working electrode was coated with a teflon tube with 

a coated and uncoated diameter of 0.18 and 0.13 mm, respectively to prevent seepage of 

solvent. The entire assembly is then placed in a standard quartz tube with an electrolyte solution 

to be used in a Magnettech MS-5000 device. Approximately 1 cm of the bottom of the coated 

Pt-working electrode was stripped and positioned vertically at the lowest point of the tube so 

that the redox species of interest is generated at the bottom and well separated from the counter 

electrode. The narrow diameter of the electrodes allows very little to negligible diffusion of the 

electrogenerated species, while the teflon-coating helps to prevent any short-circuiting. Three 

narrow electrodes were soldered to a three-core wire attached to a hollow Teflon tube, which 

is then sealed with an O-ring and collet to allow measurements at low-temperatures. The 

potential of the cell is controlled by the Autolab potentiostat PGSTAT101. The spectra of the 

electrogenerated species of interest were recorded at regular intervals. To ensure efficient 

electrolysis, final spectra were collected after about 30 minutes.  
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EPR spectra at X-band frequency (ca. 9.5 GHz) were obtained with a Magnettech MS-5000 

benchtop EPR spectrometer equipped with a rectangular TE 102 cavity. The measurements 

were carried out in synthetic quartz glass tubes. For EPR spectroelectrochemistry, a three-

electrode setup was employed using two teflon-coated platinum wires (0.005” bare, 0.008” 

coated) as working (or a teflon-coated gold wire (0.003” bare, 0.0055” coated) as working 

electrode) and platinum as counter electrode and a teflon-coated silver wire (0.005” bare, 

0.007” coated) as pseudo-reference electrode. The low temperature EPR-experiment was 

performed at -40 °C under constant flow of liquid nitrogen. 

3.9.8. ICP-MS Analysis for KOtBu to Evaluate Metal Contamination 

This analysis was conducted on iCAP RQ instrument. The contents of transition metal elements 

(Pd, Fe, Co, Ni and Cu) were found to be less than detection limit (0.1 ppm).  

Table 3.5: ICP-MS analysis on the contents (in ppm) of transition metals in KOtBu 

Entry Metals contents (in ppm) 

1 Palladium ND 

2 Iron 0.165 

3 Cobalt ND 

4 Nickel ND 

5 Copper ND 

ND: Not detected 

Additionally, KOtBu from different commercial sources such as Alfa Aesar, Sigma Aldrich, 

TCI were used in a new set of glassware. In all cases, the yield of the reaction was reproducible 

under standard reaction conditions. These results strongly suggest that the reaction is not 

catalyzed by the adventitious presence of transition metals. 

3.9.9. Trapping of Intermediates using TEMPO Radical  

An overnight-dried Schlenk flask with magnetic stirring bar was charged with 4-chloroanisole 

(48 μl, 0.2 mmol), catalyst 1 (6 mg, 10 mol%). 1 mL of dry benzene was added to make a 

brown-colored solution under N2 atmosphere. The color of the reaction mixture instantly 

changed to yellowish brown after the addition of KOtBu (44 mg, 0.4 mmol) into the reaction 

flask. After that TEMPO (32 mg, 0.2 mmol) was added to above reaction mixture. The flask 

was kept under blue light at room temperature. After 12 h of stirring, the reaction was stopped. 
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The TEMPO adduct of p-OMe aryl radical was analysed by high-resolution mass spectrometry 

(HRMS).  

HRMS (ESI, m/z) calcd. for C16H26NO2 [M+H] +: 264.1964; found: 264.1962.  

3.9.10. Stern–Volmer Experiment  

In a nitrogen filled glove box, 10-3 M solution of catalyst 2 was prepared in 1 mL of dry and 

degassed THF. Double dilution was done to give 10-6 M stock solution in 2 mL THF. Different 

quencher concentrations of (0.001 M − 0.005 M) were prepared and used. The fluorescence 

measurement was performed in a 10 mm, 4 mL screw-cap quartz cuvette. Emission intensity 

at 415 nm was recorded for each solution upon excitation at 380 nm. Integrated fluorescence 

intensities were plotted against absolute quencher concentration using Stern-Volmer equation 

(equation 2). 

𝐼𝑜/𝐼 = 1 + 𝐾[𝑄] = 1 + 𝑘𝑞 𝜏[𝑄]    (eq. 2) 

where, Io = fluorescence intensity of 2 in absence of quencher, I = fluorescence intensity in the 

presence of quencher and [Q] is the concentration of quencher, K = Stern–Volmer constant 

which is the product of average radiative lifetime (τ) and quenching rate constant (𝑘𝑞). From 

the plot of 𝐼𝑜/𝐼 vs quencher concentration [Q], K = Stern–Volmer constant was found to be 28 

M-1 and corresponding to Stern–Volmer constant K, electron transfer rate (𝑘𝑞) = 2.74×109 M-

1s-1 was obtained. 

3.9.11. General Procedure for Reaction 

The oven-dried Schlenk flask with magnetic stirring bar was charged with 2-chloro-N,N-

dialkylbenzamide (0.2 mmol), catalyst 1 (6 mg, 10 mol%) and  KOtBu (0.4 mmol) under N2 

atmosphere. 1 ml of dry and degassed THF was added to above reaction mixture. The reaction 

mixture was stirred under blue light at room temperature for 12 hours. After the completion of 

the reaction, the solvent was removed under rotary evaporator. The desired product was 

isolated by column chromatography using hexane/ethylacetate mixture. The isolated pure 

product was further analysed by 1H and 13C NMR spectroscopies. 
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3.9.12. Spectroscopic Characterization of Cross Coupled Product Catalysed by 1 

 

2-isopropyl-3,3-dimethylisoindolin-1-one (4a)56 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (93 mg, 

92%). 

1H NMR (400 MHz, CDCl3) δppm 7.74 (d, J = 7.5 Hz, 1H), 7.47 (t, J = 7.5 Hz, 

1H), 7.36 (t, J = 7.5 Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H), 3.62 (hept, J = 6.8 Hz, 

1H), 1.53 (d, J = 6.8 Hz, 6H), 1.44 (s, 6H). 

13C NMR (101 MHz, CDCl3) δppm 167.35, 151.37, 132.11, 131.35, 127.97, 

123.29, 120.72, 63.40, 44.68, 25.56, 20.62. 

 

 

2-ethyl-3,3-dimethylisoindolin-1-one (4b)57 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (84 mg, 

89%). 

1H NMR (400 MHz, CDCl3) δppm 7.78 (d, J = 7.5 Hz, 1H), 7.50 (t, J = 7.5, 

1.2 Hz, 1H), 7.41 – 7.33 (m, 2H), 3.49 (q, J = 7.2 Hz, 2H), 1.46 (s, 6H), 1.28 

(t, J = 7.2 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δppm 167.33, 151.62, 131.41, 131.03, 127.89, 

123.39, 120.59, 62.76, 33.96, 25.95, 14.72. 

 

 

2,3,3-trimethylisoindolin-1-one (4c) 57 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (73 mg, 

84%).  

1H NMR (400 MHz, CDCl3) δppm 7.80 (dt, J = 7.5, 1.1 Hz, 1H), 7.51 (td, J = 

7.4, 1.2 Hz, 1H), 7.40 (t, J = 7.5 Hz, 2H), 3.01 (s, 3H), 1.43 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 167.29, 151.58, 131.52, 130.94, 128.01, 

123.58, 120.74, 62.13, 24.98, 23.92. 

 

 

2-benzyl-3,3-dimethylisoindolin-1-one (4d) 56 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (116 

mg, 93%). 

1H NMR (400 MHz, CDCl3) δppm 7.90 (d, J = 8.6 Hz, 1H), 7.55 (t, J = 7.5 Hz, 

1H), 7.45 (t, J = 7.5 Hz, 1H), 7.37 (dd, J = 7.3, 2.6 Hz, 3H), 7.32 – 7.27 (m, 

3H), 7.23 (t, J = 7.2 Hz, 1H), 4.75 (s, 2H), 1.36 (s, 6H).  
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13C NMR (101 MHz, CDCl3) δppm 168.01, 152.02, 138.76, 131.86, 130.50, 

128.55, 128.11, 127.83, 127.26, 123.92, 120.74, 63.27, 42.72, 26.43. 

 

 

2-isopropyl-3,3,5-trimethylisoindolin-1-one (4e)56 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (89 mg, 

82%).  

1H NMR (400 MHz, CDCl3) δppm 7.62 (d, J = 7.7 Hz, 1H), 7.18 (d, J = 7.7 

Hz, 1H), 7.11 (s, 1H), 3.60 (hept, J = 6.9 Hz, 1H), 2.42 (s, 3H), 1.55 – 1.50 

(m, 6H), 1.45 – 1.41 (m, 6H).  

13C NMR (101 MHz, CDCl3) δppm 167.41, 151.72, 141.79, 129.53, 128.88, 

123.02, 121.20, 63.13, 44.55, 25.54, 22.02, 20.61. 

 

 

2-isopropyl-3,3,6-trimethylisoindolin-1-one (4f)58 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (100 

mg, 93%). 

1H NMR (400 MHz, CDCl3) δppm 7.62 (d, J = 6.8 Hz, 1H), 7.32 – 7.23 (m, 

2H), 3.62 (hept, J = 6.8 Hz, 1H), 2.47 (s, 3H), 1.56 (s, 3H), 1.55 (s, 3H), 1.53 

(s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 167.28, 148.15, 133.81, 132.73, 131.61, 

127.98, 120.94, 64.28, 44.30, 22.93, 20.56, 18.75. 

 

 

5-fluoro-2-isopropyl-3,3-dimethylisoindolin-1-one (4g)58 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (88 mg, 

80%).  

1H NMR (400 MHz, CDCl3) δppm 7.71 (dd, J = 8.3, 5.0 Hz, 1H), 7.06 (td, J = 

8.8, 8.3, 2.3 Hz, 1H), 6.99 (dd, J = 8.2, 2.2 Hz, 1H), 3.60 (hept, J = 6.8 Hz, 

1H), 1.52 (d, J = 6.9 Hz, 6H), 1.45 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 166.36, 163.87 (1JC-F= 251 Hz), 153.69(3JC-

F= 9 Hz), 128.02(4JC-F= 2 Hz), 125.28(3JC-F= 9 Hz), 115.47(2JC-F= 24 Hz), 

108.03(2JC-F= 23 Hz), 63.04, 44.77, 25.45, 20.56. 19F NMR (376 MHz, CDCl3) 

δ -108.04. 
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2-isopropyl-5,6-dimethoxy-3,3-dimethylisoindolin-1-one (4h)57 

The compound was purified by column chromatography (silica gel) with 15% 

mixture of ethyl acetate in hexane to give the product as a white solid (100 

mg, 76%). 

1H NMR (400 MHz, CDCl3) δppm 7.23 (s, 1H), 6.76 (s, 1H), 3.94 (s, 3H), 3.91 

(s, 3H), 3.61 (p, J = 6.8 Hz, 1H), 1.53 (d, J = 6.9 Hz, 6H), 1.44 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 167.49, 152.41, 149.52, 144.85, 124.29, 

104.97, 102.96, 62.95, 56.32, 44.70, 25.65, 20.69. 

 

 

4,10b-dimethyl-1,3,4,10b-tetrahydropyrido[2,1-a]isoindol-6(2H)-one 

(4i)56 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (100 

mg, 93%). 

1H NMR (400 MHz, CDCl3) δppm 7.82 (d, J = 7.5 Hz, 1H), 7.50 (t, J = 7.5 Hz, 

1H), 7.40 (t, J = 7.5 Hz, 1H), 7.32 (d, J = 7.5 Hz, 1H), 4.85 (t, J = 6.7 Hz, 1H), 

2.09 (ddt, J = 30.1, 13.6, 3.4 Hz, 2H), 1.75 – 1.61 (m, 2H), 1.56 (s, 3H), 1.37 

(d, J = 7.3 Hz, 3H), 1.34 – 1.15 (m, 2H).  

13C NMR (101 MHz, CDCl3) δppm 166.89, 152.95, 131.49, 130.56, 127.90, 

123.83, 120.36, 61.45, 43.47, 36.16, 30.00, 25.55, 19.71, 16.53. 

 

 

10b-methyl-1,3,4,10b-tetrahydropyrido[2,1-a]isoindol-6(2H)-one (4j)56 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a colorless oil (93 

mg, 93%). 

1H NMR (400 MHz, CDCl3) δppm 7.84 (d, J = 7.5 Hz, 1H), 7.51 (td, J = 7.4, 

1.3 Hz, 1H), 7.45 – 7.35 (m, 2H), 4.40 (dd, J = 13.9, 4.5 Hz, 1H), 2.95 (td, J 

= 13.2, 3.2 Hz, 1H), 2.09 (dd, J = 13.0, 1.5 Hz, 1H), 1.89 – 1.68 (m, 3H), 1.45 

(s, 3H), 1.35 – 1.17 (m, 2H).  

13C NMR (101 MHz, CDCl3) δppm 165.83, 152.53, 131.36, 131.00, 127.94, 

123.86, 120.55, 60.93, 36.56, 36.30, 25.54, 21.11, 20.45. 

 

 

2'-cyclohexylspiro[cyclohexane-1,1'-isoindolin]-3'-one (4k)56 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (127 

mg, 90%). 

1H NMR (400 MHz, CDCl3) δppm 7.81 (dd, J = 7.6, 1.8 Hz, 1H), 7.76 (d, J = 

6.5 Hz, 1H), 7.45 (pd, J = 7.3, 1.5 Hz, 2H), 3.12 (tt, J = 12.0, 3.8 Hz, 1H), 
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2.63 (q, J = 12.0 Hz, 2H), 1.99 – 1.82 (m, 9H), 1.66 (s, 2H), 1.59 (d, J = 13.8 

Hz, 2H), 1.48 (d, J = 6.7 Hz, 2H), 1.42 – 1.23 (m, 4H).  

13C NMR (101 MHz, CDCl3) δppm 167.33, 150.18, 132.79, 130.43, 127.80, 

123.50, 123.30, 66.12, 53.14, 33.20, 30.14, 26.72, 25.36, 24.79, 22.65. 

 

 

6-isopropyl-7,7-dimethyl-6,7-dihydro-5H-pyrrolo[3,4-b]pyridin-5-one 

(4l)57 

The compound was purified by column chromatography (Alumina gel) with 

10% mixture of ethyl acetate in hexane to give the product as a white solid 

(94 mg, 92%). 

1H NMR (400 MHz, CDCl3) δppm 8.67 (dd, J = 4.9, 1.6 Hz, 1H), 8.03 (dd, J 

= 7.6, 1.6 Hz, 1H), 7.33 (dd, J = 7.6, 4.9 Hz, 1H), 3.68 (hept, J = 6.8 Hz, 1H), 

1.56 (d, J = 6.8 Hz, 6H), 1.52 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 169.49, 165.52, 152.10, 131.55, 125.59, 

123.26, 64.58, 45.04, 23.89, 20.65. 

 

 

1,3,3-trimethylindolin-2-one (6a)59 

The compound was purified by column chromatography (silica gel) with 5% 

mixture of ethyl acetate in hexane to give the product as a colorless oil (77 

mg, 88%). 

1H NMR (400 MHz, CDCl3) δppm 7.27 – 7.21 (m, 1H), 7.19 (d, J = 7.3 Hz, 

1H), 7.04 (t, J = 7.5 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 3.20 (s, 3H), 1.35 (s, 

6H).  

13C NMR (101 MHz, CDCl3) δppm 181.20, 142.49, 135.65, 127.58, 122.40, 

122.15, 107.95, 44.02, 26.08, 24.28. 

 

 

5-methoxy-1,3,3-trimethylindolin-2-one (6b)59 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a colorless oil (72 

mg, 70%). 

1H NMR (400 MHz, CDCl3) δppm 6.81 (d, J = 2.3 Hz, 1H), 6.76 (dd, J = 8.4, 

2.4 Hz, 1H), 6.73 (d, J = 8.3 Hz, 1H), 3.78 (s, 3H), 3.17 (s, 3H), 1.34 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 181.10, 156.14, 137.30, 136.22, 111.61, 

110.12, 108.31, 55.86, 44.68, 26.35, 24.47. 
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1,3,3,5-tetramethylindolin-2-one (6c)59 

The compound was purified by column chromatography (silica gel) with 5% 

mixture of ethyl acetate in hexane to give the product as a yellow oil (78 mg, 

83%). 

1H NMR (400 MHz, CDCl3) δppm 7.06 (ddd, J = 7.8, 1.7, 0.9 Hz, 1H), 7.03 – 

7.01 (m, 1H), 6.73 (d, J = 7.8 Hz, 1H), 3.19 (s, 3H), 2.35 (s, 3H), 1.35 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 181.49, 140.35, 136.00, 132.12, 127.95, 

123.28, 107.86, 44.35, 26.35, 24.52, 21.23. 

 

1,3,3,4,6-pentamethylindolin-2-one (6d) 

The compound was purified by column chromatography (silica gel) with 5% 

mixture of ethyl acetate in hexane to give the product as a white solid (83 mg, 

82%).  

1H NMR (400 MHz, CDCl3) δppm 6.65 (s, 1H), 6.53 (s, 1H), 3.18 (s, 3H), 2.35 

(s, 3H), 2.34 (s, 3H), 1.43 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 181.65, 143.01, 137.44, 133.69, 129.68, 

125.52, 106.75, 44.69, 26.22, 22.51, 21.51, 21.48, 18.01, 17.97. 

 

 

5-chloro-1,3,3-trimethylindolin-2-one (6e)59 

The compound was purified by column chromatography (silica gel) with 5% 

mixture of ethyl acetate in hexane to give the product as a yellow solid (75 

mg, 72%). 

1H NMR (400 MHz, CDCl3) δppm 7.22 (dd, J = 8.2, 2.2 Hz, 1H), 7.16 (d, J = 

2.0 Hz, 1H), 6.75 (d, J = 8.2 Hz, 1H), 3.19 (s, 3H), 1.35 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 180.91, 141.30, 137.57, 127.96, 127.67, 

123.04, 109.06, 44.56, 26.43, 24.37. 

 

 

5-fluoro-1,3,3-trimethylindolin-2-one (6f)59 

The compound was purified by column chromatography (silica gel) with 5% 

mixture of ethyl acetate in hexane to give the product as a yellow solid (82 

mg, 85%). 

1H NMR (400 MHz, CDCl3) δppm 6.98 – 6.89 (m, 2H), 6.74 (dd, J = 9.2, 4.2 

Hz, 1H), 3.18 (s, 3H), 1.34 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 181.04, 158.28 (d, 1JC-F= 241 Hz), 

138.58(d, 4JC-F = 2 Hz), 137.51(d, 3JC-F = 8 Hz), 113.69(2JC-F = 24 Hz), 

110.48(2JC-F = 24 Hz), 108.46(3JC-F = 8 Hz), 44.73, 26.41, 24.35. 19F NMR 

(376 MHz, CDCl3) δ -120.90. 
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1,3,3-trimethyl-5-(trifluoromethyl)indolin-2-one (6g)59 

The compound was purified by column chromatography (silica gel) with 5% 

mixture of ethyl acetate in hexane to give the product as a white solid (108 

mg, 89%).  

1H NMR (400 MHz, CDCl3) δppm 7.54 (ddd, J = 8.2, 1.9, 1.0 Hz, 1H), 7.42 

(d, J = 1.8 Hz, 1H), 6.91 (d, J = 8.2 Hz, 1H), 3.24 (s, 3H), 1.39 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 181.34, 145.75, 136.42, 125.60(q, 3JC-F = 

4 Hz), 124.70(q, 2JC-F = 32 Hz), 123.25(q, 1JC-F = 272 Hz), 119.45(q, 3JC-F = 4 

Hz), 107.87, 44.30, 26.52, 24.35. 19F NMR (376 MHz, CDCl3) δ -61.35. 

 

1,3,3-trimethyl-5-nitroindolin-2-one (6h)59 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a yellow solid (89 

mg, 81%).  

1H NMR (400 MHz, CDCl3) δppm 8.22 (dd, J = 8.6, 2.2 Hz, 1H), 8.07 (d, J = 

2.2 Hz, 1H), 6.94 (d, J = 8.6 Hz, 1H), 3.28 (d, J = 1.1 Hz, 3H), 1.41 (d, J = 

1.3 Hz, 6H).  

13C NMR (101 MHz, CDCl3) δppm 181.28, 148.44, 143.44, 136.46, 125.20, 

118.29, 107.68, 44.22, 26.67, 24.15. 

 

 

1,3,3-trimethyl-2-oxoindoline-5-carbonitrile (6i)59 

The compound was purified by column chromatography (silica gel) with 10% 

mixture of ethyl acetate in hexane to give the product as a white solid (85 mg, 

85%).  

1H NMR (400 MHz, CDCl3) δppm 7.59 (dd, J = 8.1, 1.6 Hz, 1H), 7.44 (d, J = 

1.6 Hz, 1H), 6.91 (d, J = 8.1 Hz, 1H), 3.24 (s, 3H), 1.38 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 181.01, 146.66, 136.79, 133.28, 125.83, 

119.41, 108.57, 105.66, 44.11, 26.56, 24.26. 

 

 

1'-methylspiro[cyclohexane-1,3'-indolin]-2'-one (6j)56 

The compound was purified by column chromatography (silica gel) with 5% 

mixture of ethyl acetate in hexane to give the product as a white solid (94 mg, 

89%). 

1H NMR (400 MHz, CDCl3) δppm 7.46 (d, J = 7.4 Hz, 1H), 7.29 (d, J = 7.7 

Hz, 1H), 7.05 (t, J = 7.0 Hz, 1H), 6.85 (d, J = 7.7 Hz, 1H), 3.20 (s, 3H), 1.94 

(ddd, J = 13.9, 6.7, 3.3 Hz, 2H), 1.90 – 1.82 (m, 2H), 1.82 – 1.67 (m, 4H), 1.67 

– 1.60 (m, 2H), 1.56 (dq, J = 12.8, 3.4 Hz, 2H).  

13C NMR (101 MHz, CDCl3) δppm 180.88, 142.94, 135.52, 127.56, 124.03, 

122.05, 108.02, 47.62, 33.11, 26.30, 25.31, 21.34. 
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1-benzyl-3,3-dimethylindolin-2-one (6k)59 

The compound was purified by column chromatography (silica gel) with 5% 

mixture of ethyl acetate in hexane to give the product as a white solid (99 mg, 

79%). 

1H NMR (400 MHz, CDCl3) δppm 7.35 – 7.26 (m, 5H), 7.24 (dd, J = 7.3, 1.5 

Hz, 1H), 7.15 (td, J = 7.7, 1.3 Hz, 1H), 7.07 – 7.02 (m, 1H), 6.75 (d, J = 7.3 

Hz, 1H), 4.94 (s, 2H), 1.47 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 181.50, 141.68, 136.13, 135.80, 128.81, 

127.63, 127.58, 127.20, 122.57, 122.38, 109.13, 44.23, 43.55, 24.59. 

 

 

Biphenyl (9a)60  

The compound was purified by column chromatography (silica gel) with 

hexane to give the product as a white solid (55 mg, 72%).  

1H NMR (400 MHz, CDCl3) δppm 7.67 – 7.59 (m, 4H), 7.47 (q, J = 5.1, 3.0 

Hz, 4H), 7.38 (dd, J = 7.8, 4.4 Hz, 2H).  

13C NMR (101 MHz, CDCl3) δppm 141.36, 128.89, 127.39, 127.31. 

 

 

4-methoxy-1,1'-biphenyl (9b)60 

The compound was purified by column chromatography (silica gel) with 1% 

mixture of ethyl acetate in hexane to give the product as a white solid (64 mg, 

69%).  

1H NMR (400 MHz, CDCl3) δppm 7.60 – 7.54 (m, 4H), 7.45 (dd, J = 8.3, 6.8 

Hz, 2H), 7.36 – 7.31 (m, 1H), 7.04 – 6.99 (m, 2H), 3.88 (s, 3H).  

13C NMR (101 MHz, CDCl3) δppm 159.26, 140.95, 133.90, 128.86, 128.29, 

126.88, 126.79, 114.32, 55.50. 

 

 

4-methyl-1,1'-biphenyl (9c)60 

The compound was purified by column chromatography (silica gel) with 

hexane to give the product as a white solid (53 mg, 63%). 

1H NMR (400 MHz, CDCl3) δppm 7.63 (dd, J = 8.3, 1.4 Hz, 2H), 7.54 (d, J = 

8.2 Hz, 2H), 7.47 (dd, J = 8.4, 6.9 Hz, 2H), 7.39 – 7.34 (m, 1H), 7.29 (d, J = 

7.8 Hz, 2H), 2.44 (s, 3H).  

13C NMR (101 MHz, CDCl3) δppm 141.28, 138.48, 137.15, 129.61, 128.85, 

127.13, 127.11, 21.23. 
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[1,1'-biphenyl]-4-carbonitrile (9d)60 

The compound was purified by column chromatography (silica gel) with 1% 

ethyl acetate in hexane to give the product as a white solid (68 mg, 75%).  

1H NMR (400 MHz, CDCl3) δppm 7.73 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 

Hz, 2H), 7.59 (d, J = 7.3 Hz, 2H), 7.49 (t, J = 7.4 Hz, 2H), 7.43 (t, J = 7.3 Hz, 

1H).  

13C NMR (101 MHz, CDCl3) δppm 145.81, 139.30, 132.74, 129.25, 128.80, 

127.87, 127.37, 119.12, 111.01. 

 

 

[1,1'-biphenyl]-2-carbonitrile (9e)61 

The compound was purified by column chromatography (silica gel) with 1% 

ethyl acetate in hexane to give the product as a white solid (68 mg, 72%).  

1H NMR (400 MHz, CDCl3) δppm 7.77 (dd, J = 7.7, 1.3 Hz, 1H), 7.65 (td, J = 

7.7, 1.4 Hz, 1H), 7.61 – 7.55 (m, 2H), 7.55 – 7.42 (m, 5H).  

13C NMR (101 MHz, CDCl3) δppm 145.54, 138.19, 133.82, 132.92, 130.16, 

128.83, 128.81, 128.79, 127.63, 118.83, 111.30. 

 

 

2-phenylnaphthalene (9f)62 

The compound was purified by column chromatography (silica gel) with 2% 

ethyl acetate in hexane to give the product as a white solid (73 mg, 72%).  

1H NMR (400 MHz, CDCl3) δppm 8.07 (s, 1H), 7.96 – 7.87 (m, 3H), 7.80 – 

7.72 (m, 3H), 7.52 (td, J = 8.6, 7.7, 4.8 Hz, 4H), 7.41 (t, J = 7.4 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δppm 141.25, 138.68, 133.80, 132.74, 128.99, 

128.55, 128.33, 127.78, 127.57, 127.48, 126.42, 126.06, 125.94, 125.73. 

 

 

9,10-diphenylanthracene (9g)63 

The compound was purified by column chromatography (silica gel) with 

hexane to give the product as a white solid (117 mg, 71%). 

1H NMR (400 MHz, CDCl3) δppm 8.52 (dq, J = 8.9, 1.0 Hz, 4H), 8.45 (s, 2H), 

8.00 (dd, J = 8.5, 1.1 Hz, 4H), 7.61 (ddd, J = 8.9, 6.6, 1.3 Hz, 4H), 7.51 (ddd, 

J = 7.9, 6.6, 1.2 Hz, 4H).  

13C NMR (101 MHz, CDCl3) δppm 132.31, 130.73, 128.75, 127.78, 127.35, 

127.25, 125.80, 122.50. 

 

 

2-phenylpyridine (9h)64 

The compound was purified by column chromatography (silica gel) with 2% 

ethyl acetate in hexane to give the product as a colorless oil (51.2 mg, 66%). 



  Chapter 3 

103 
 

1H NMR (400 MHz, CDCl3) δppm 8.73 (d, J = 4.9 Hz, 1H), 8.05 – 7.98 (m, 

2H), 7.80 – 7.73 (m, 2H), 7.54 – 7.48 (m, 2H), 7.48 – 7.41 (m, 1H), 7.25 (ddd, 

J = 6.3, 4.8, 2.3 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δppm 157.60, 149.80, 139.53, 136.87, 129.07, 

128.87, 127.03, 122.22, 120.70. 

 

 

2-(m-tolyl)thiophene (9i)60 

The compound was purified by column chromatography (silica gel) with 

hexane to give the product as a white solid (69 mg, 79%). 

1H NMR (400 MHz, CDCl3) δppm 7.44 (d, J = 7.0 Hz, 2H), 7.33 – 7.30 (m, 

1H), 7.28 (d, J = 5.0 Hz, 1H), 7.15 – 7.07 (m, 2H), 2.41 (s, 3H).  

13C NMR (101 MHz, CDCl3) δppm 144.71, 138.65, 134.44, 128.91, 128.40, 

128.07, 126.83, 124.77, 123.23, 123.10, 21.60. 

 

 

2-(3,5-dimethylphenyl)thiophene (9j)60 

The compound was purified by column chromatography (silica gel) with 

hexane to give the product as a white solid (76 mg, 81%).  

1H NMR (400 MHz, CDCl3) δppm 7.32 (dd, J = 3.6, 1.2 Hz, 1H), 7.30 (d, J = 

1.2 Hz, 3H), 7.10 (dd, J = 5.1, 3.6 Hz, 1H), 6.97 (s, 1H), 2.39 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 144.84, 138.54, 134.36, 129.34, 128.00, 

124.60, 124.00, 123.00, 21.46, 21.43. 

  

 

2-(3,5-dimethylphenyl)-1-methyl-1H-pyrrole (9k)65 

The compound was purified by column chromatography (silica gel) with 

hexane to give the product as a white solid (65 mg, 70%). 

1H NMR (400 MHz, CDCl3) δppm 7.03 (d, J = 1.6 Hz, 2H), 6.96 (s, 1H), 6.70 

(t, J = 2.3 Hz, 1H), 6.19 (d, J = 2.3 Hz, 2H), 3.66 (s, 3H), 2.35 (s, 6H).  

13C NMR (101 MHz, CDCl3) δppm 137.82, 134.83, 133.24, 128.48, 126.56, 

123.38, 108.43, 107.65, 35.06, 21.38. 

 

 

2-(4-(tert-butyl)phenyl)-1-methyl-1H-pyrrole (9l)66 

The compound was purified by column chromatography (silica gel) with 

hexane to give the product as a white solid (73 mg, 69%). 

1H NMR (400 MHz, CDCl3) δppm 7.45 – 7.42 (m, 2H), 7.37 – 7.33 (m, 2H), 

6.72 (t, J = 2.3 Hz, 1H), 6.21 (t, J = 2.2 Hz, 2H), 3.68 (s, 3H), 1.37 (s, 12H).  

13C NMR (101 MHz, CDCl3) δppm 149.77, 134.74, 130.58, 128.48, 125.40, 

123.44, 108.48, 107.76, 35.19, 34.68, 31.49. 
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3.10. Introduction 

Over the decades, the generation of radical species has been extensively studied and 

exploited.67 Instead of various approaches, radical mediated transformation holds a significant 

place to access the synthesis of these type of unique heterocycles. However, generation of free 

radicals generally needs high activation energy or drastic reaction conditions.  Intriguingly, the 

field of photocatalysis is rapidly growing area of research as an alternate of such high energy 

demanding transformations.68-70 As a consequence of this, the use of visible-light as a source 

of energy for promoting chemical transformation has emerged as an interesting topic in organic 

synthesis.71 Over the past decade, MacMillan72,73, Yoon74,75, Stephenson76-78 have done 

extensive work on heavy metal (Ir, Pt, Ru) based complexes ([Ru(bpy)3]
2+ fac-Ir(ppy)3 

[Ir(ppy)2(bpy)]+ etc.) and organo-photocatalyst which has been widely used over wide range 

of applications in organic synthesis, like C–C bond formation, [2 + 2] enone cycloadditions75, 

reductive dehalogenation of activated alkyl halides78 etc. 

Heterocyclic scaffolds are predominant components of a variety of important natural 

products and prevalent structural motifs in biologically active molecules, agrochemicals and 

designed materials.79-82 In particular, indolines and oxindoles are privileged scaffolds in 

pharmaceutical83, 84 and naturally occurring alkaloids.85 Under this scenario, various efforts 

have been made to develop an efficient and sustainable protocols to synthesize these potent 

molecules.   

The organic halides as radical precursors hold a significant place in efficient organic 

synthesis.86-88 In this direction, Chulbom Lee and co-workers first time reported a visible-light-

induced photocatalytic reductive transformation of organohalides (X= I and Br) towards the 

synthesis of indolines using [(ppy)2Ir(dtbbpy)]PF6 as a photocatalyst (Scheme 1).88 They 

demonstrated a crucial role of DIPEA acting as a reductant and a source hydrogen atom. In the 

same direction, Chi-Ming Che has communicated a bis-NHC Ir(III) complexes photocatalyst 

towards the synthesis of indolines.89 In 2017, Gwilherm Evano and co-workers has also 

described a protocol to synthesize indoline from aromatic iodide with [(DPEphos)(bcp)Cu]PF6 

photocatalyst.90 As bromides are found to be less active towards indoline synthesis, a strong 

reducing photocatalyst is required to active such aryl halides. Recently, this concern has been 

addressed by Barriault and co-workers using dinuclear gold(I) complexes ([Au2(dppm)2]OTf2) 

as photo-catalysts but this gold complex shows absorption in the high energy UV region, which 

may leads to the destructive or undesired side reactions.91  Although, metal promoted 
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photoredox strategies shows their excellence in small molecule activation but such catalysts 

also revealed some drawbacks such as cost and environmental incompatibility.  

In this context, metal free photochemical protocols are much reliable alternate to overcomes 

these issues. In 2018, Márcio has explored a strategy to synthesis indoline by photoirradiation 

electron donor–acceptor (EDA) complex but this protocol is not much atom economic as excess 

of additive is needed.92 Nevertheless, in spite of the considerable development has been made 

in this field, the design of general and mild photochemical strategies that improves efficiency, 

lower cost and decrease waste are highly desirable. 

 

Scheme 3.6. (a) Redox behaviour of NNN pincer (b) Our work. 

Recently, our group has described that a simple organic molecule in its anionic form is capable 

of catalysing light induced C–C bond formation from unactivated aryl halides under mild 

conditions.60,93,94 
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3.11. Results and Discussion 

In our previous part of this chapter, the electron tranfer ability of pincer’s was demonstrated, 

the parent trisamido assigned as trianionic NNN-pincer (2) and its one-electron oxidized 

iminosemiquinonate form could be accessed readily (scheme 3.6). 

To our advantage, again trianionic pincer 2 was used as photocatalyst under 

photochemical condition towards the synthesis of Indolines and oxindoles. Following the same 

strategy, a series of indolines and oxindoles was synthesized using a photocatalytic 

intramolecular reductive cyclization reaction. This reaction uses several N-substituted 

chloroanilines in the presence of trianionic NNN pincer as an organic photocatalyst. More 

importantly, the KOtBu not only acts as base to deprotonate the NNNH3 (1) but also behave as 

reductant to bring back the oxidised trianionic NNN pincer (2imq) into 2 and complete the 

catalytic cycle. Importantly, the redox behaviour of KOtBu have been thoroughly investigated 

by Murphy group.95 Further, it was observed that the KOtBu oxidised at mild oxidation 

potential (+0.10 V vs SCE) in DMF solvent.96 Interestingly, the tert-butoxide radical is short 

living species which eventually generate acetone as the byproduct.95 Gratifyingly, this by 

product behaves as hydrogen atom transfer (HAT) source97 which finally affords the privileged 

indoline and oxindole Scaffolds. So, KOtBu make an endeavour to ensure that its can acts as a 

base, a reductant and a hydrogen atom transfer (HAT) source. On the other hand, aryl chlorides 

are used which are significantly abundant and cheaper starting material correlated to aryl 

iodides and aryl bromides.98 A major consideration of this exercise is to utilize a cheap, 

abundant starting materials and metal free organic photocatalyst which falls in visible region 

to avoids deleterious side reactions. To the best of our knowledge, this is the first example of 

metal free visible-light-driven radical cyclization for synthesis of indolines and oxindoles using 

organic chlorides via last stage hydrogen atom transfer. 

3.12. Catalytic Applications  

Initially, a N-allyl-N-(2-chlorophenyl)acetamide 3 was taken as model substrate to setup the 

best reaction conditions. Pleasingly, 1-(3-methylindolin-1-yl)ethan-1-one 4a was formed in 

quantitative yield (98% by NMR analysis) with only 5 mol% loading of the NNNH3 pincer 

catalyst 1 (Table 3.6, entry 2). On reducing the catalyst loading to 2 mol% the yield of reaction 

was diminished to 59%. Further, lowing the base equivalence results into lowering of overall 

yield of the reaction (Table 3.6, entry 3-4).  A set of optimization studies fix the parameters for 

the best reaction condition and establishes that the reaction is complete in 6 h at room 
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temperature. Instead of KOtBu, we also examined some organic bases such as NEt3, DABCO, 

and DIPEA (Table 3.6, entry 5). No desired product was observed as assay by thin layer 

chromatography which might be due to inability of such weak bases to generate the active 

trianionic NNN pincer 2.  

Furthermore, K2CO3 also found ineffective base for this transformation. Although, the 

possibility of activation of substrate by KOtBu is negligible, but to be sure a reaction was set 

only in the presence of KOtBu, which resulted a negative. Ultimately, last three entry 8-10 in 

table 3.6 conclude that catalyst 1, KOtBu, light are predominant component of the reaction to 

be successful.  

Table 3.6. Optimization studies. 

 

Entry Variation from standard conditions % Yieldb 

1 None 98(93)c 

2 2 mol% of 1 59 

3 1.0 equiv of KOtBu 68 

4 0.5 equiv of KOtBu 38 

5 Only NEt3/DABCO/DIPEA ND 

6 K2CO3 instead of KOtBu 12 

7 Only KOtBu ND 

8 Absence of light ND 

9 Absence of 1 ND 

10 Absence of KOtBu ND 

Standard conditions: (a) N-allyl-N-(2-chlorophenyl)acetamide (0.2 mmol), KOtBu (0.3 mmol), 1 (5 mol%),  

and dry MeCN (1 mL), room temperature under a N2 atmosphere, blue LEDs (450 nm), 6 h.  bNMR yields, 

cIsolated yield. ND = not detected. 
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3.12.1. Scope of the Reaction Catalyzed by Catalyst 1 

3.12.1.1. Scope for Reductive Cyclization of N-allyl-N-(2-chlorophenyl)acetamide 

After the extensive study of best optimization conditions, the synthetic utility of this protocols 

was extended to various substrate having different functional group. The isolated yield of the 

product 4a was determined to be 93% upon appropriate column-chromatographic separation 

(Table 3.7). Identically, -Me, -tBu containing N-allyl-N-(2-chlorophenyl)acetamide afforded 

4b-4c in 89-84% isolated yields. Electron donating group such as p-OMe is well tolerated to 

provide 4d in 83% yield.  

Table 3.7. Substrate Scope for Reductive Cyclization of N-allyl-N-(2-chlorophenyl)acetamide 
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To generate the variety of halogen containing desired product like 1-(5-chloro-3-

methylindolin-1-yl)ethan-1-one 4e and 1-(5-bromo-3-methylindolin-1-yl)ethan-1-one 4f, we 

chose N-allyl-N-(2-bromo-4-chlorophenyl)acetamide and N-allyl-N-(2-iodo-4-

bromophenyl)acetamide as iodo and bromo aryls are easy to activate because of low reduction 

potential as compare to chloro one . The reaction was ceased after 3 hours in order to avoid the 

activation of halogen at para position. Fortunately, both the desired products 4e and 4f was 

obtained in 76-68%. A variety of electron withdrawing groups involving p-F, p-CN responded 

very well under the set of reaction conditions and afforded 80% and 92% isolated yield of 4g 

and 4h respectively. Similarly, p-OCF3 and p-CF3 provided 4i and 4j in 89-90% isolated yield. 

Instead of terminal N-allyl, internal olefin like N-crotonyl motifs such as N-(but-2-en-1-yl)-N-

(2-chlorophenyl)acetamide were well behaved, afforded 4k in 91% isolated yield. After that N-

Boc functionalitieswas examined, tert-butyl allyl(2-chlorophenyl)carbamate, since these 

functional groups possess much synthetic utility.  Interestingly, these groups were well 

tolerated to afford 93% yields of the desired product 4l.   

3.12.1.2. Scope for Reductive Cyclization of N-allyl-N-(2-chlorophenyl)acetamide 

As the substituted oxindole framework are privileged motif that is often found in the core of a 

large class of bioactive natural products as well as pharmaceutically important compounds.99-

101 In our synthetic effort, N-(2-chlorophenyl)-N-alkylmethacrylamide was chosen as the 

substrate, so that a reductive cleavage of C-Cl bond can engender a aryl radical. The oxindole 

3,3’-dimethyl oxindole, 6a was conveniently synthesized in very high, 92% yield when the 

catalyst loading was only 5 mol% (Table 3.8). Similarly, electron donating groups such as -

OMe, -Me, substitutions were compatible with the process to furnish oxindoles (6b-6d) in 88-

76% yields. The chloro- substitution on the aryl ring of amides was retained during the 

synthesis to result oxindole 6e in 73% yield when N-(2-bromo-4-chlorophenyl)-N-

methylmethacrylamide was used in place of 2-chloro acryamide. Similarly, strong electron 

withdrawing groups such as -F, -CF3 and CN substitutions were compatible with the process 

to furnish oxindoles (6f-6h) in 92-82% yields. After that we introduced nitro functionalities at 

para position of respective chloromethacrylamide, since these functional groups possess much 

synthetic utility.  Interestingly, nitro substitution was well tolerated to afford 6i in 75% yield. 

Additionally, the protocol was tested on different N-alkylated methaacrylamide, N-benzyl, N-

ethyl, N-isopropyl while the cyclized products 6j-6l were obtained in 81-74% yield. 
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Table 3.8. Substrate Scope for Reductive Cyclization of N-(2-chlorophenyl)-N-alkylmethacrylamide 

 

3.13. Mechanistic Investigations 

As, an intrigued nature of the redox noninnocence of the trianionic NNN pincer has been 

discussed and how that can promote the catalytic efficiency for the chosen photo-redox catalyst 

in this report. The electron transfer step from the catalyst was further interogated, that reductive 

cleaves the C-Cl bond of an aryl amide. The measured excited state reduction potential for 

trianionic NNN pincer 2, -2.90 V vs SCE, suggests the electron transfer from catalyst to sigma 

antibonding orbital of C-Cl is thermodynamically favorable. So, the NNN pincer can easily 

activate the aryl C-Cl bond via transfer single electron to sigma antibonding of C-Cl to generate 

resulted aryl radical. This generated radical is one the key step in various organic 

transformation to make the valuable products.    
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3.13.1. TEMPO Quenching Experiment 

The reductive cleavage of C-Cl bond will generate the putative aryl radical. To find a 

compelling proof for its generation, the radical intermediate was intercepted with a readily 

available TEMPO radical. Predominantly, one equivalent of the radical trap TEMPO was 

added to the reaction mixture. Fortunately, the TEMPO was able to capture this radical 

intermediate in the form of adduct 7 (Scheme 3a). The adduct 7 was detected by high-resolution 

mass spectrometry. Further, methyl radical is also a side product of tertiary butoxide radical 

that was also form an adduct with TEMPO 8 (Scheme 3.7b). The signature of methyl radical 

TEMPO was also seen in HRMS.   

 

Scheme 3.7. (a) Trapping of aryl radical intermediate using TEMPO radical. 

 

3.14. Plausible Catalytic Cycle  

Mechanistically, the trianionic NNN pincer 2 is pushed up to excited state by shining the light 

on it (Scheme 3.8). After that, excited NNN pincer (2) transfer single electron to sigma 

antibonding orbital of C-Cl bond leading to bond cleavage to give a aryl radical at C2 position 

of aryl ring. Further, the corresponding aryl radical is generated through the reductive cleavage 

of the C–Cl bond, generating 5-exo cyclization products. Further, the corresponding aryl 

radical is sufficiently living to undergo 5-exo cyclization with terminal olefinic arm and 

generates terminal alkyl radical species (II). This may be due to the fact that 5-exo cyclization 

is kinetically more favourable in comparison to 6-endo cyclization via the radical pathway.102 

A question arises that how the iminosemiquinonate form 2imq is going back to 

iminocatecholate 2. Interestingly, trianionic NNN pincer 2 undergoes reversible one electron 

redox at a potential of 0.13 V vs SCE and oxidation potential of potassium tert-butoxide (Eox 

= 0.1 V vs SCE)96 also lies in the range of this potential window. So, the KOtBu is sufficiently 

reducing to reduce the one-electron oxidized backbone of 2 (i.e., 2imq), so that the parent 

unoxidized form 2 is back and eliminates a tert-butoxide radical (Scheme 4). Interestingly, the 

reversibility of trianionic NNN pincer was further proved by sperate reduction of oxidised 



  Chapter 3 

115 
 

trianionic NNN pincer i.e., 2imq using KOtBu as reductant. In order to prepare 

iminosemiquinonate from 2imq, the trianionic NNN pincer was prepared by treatment of 3 

equivalent of KOtBu, which results into a yellow color solid. Further, the one electron oxidised 

form of trianionic NNN pincer i.e., 2imq was generated using one equivalent of silver triflate, 

resulting a green color solid. After that, in order to regain the fully reduced form of trianionic 

NNN pincer 2, the above green colour solid was treated with KOtBu. Fortunately, after 3 hours 

of stirring at room temperature under dark conditions, the similar yellow color compound was 

regained. So, the redox potential values and separate reduction of 2imq with KOtBu is concrete 

proof of insitu reduction of 2imq to 2 during the catalytic cycle.  

 

Scheme 3.8. Plausible catalytic cycle. 

After supplying the redox noninnocent NNN pincer supplies electron during the reductive 

cleavage of C-Cl, oxidized NNN pincer behaves as an electron sink and gets the electron back. 
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In essence the role of KOtBu is more to providing help to iminosemiquinonate from 2imq to 

come back to 2 via electron transfer processes by forming tert-butoxide radical. The KOtBu 

plays a preponderant role and overall tunes the redox transformation. Upon electron transfer, 

once the 2 is generated in the presence of a KOtBu, the tert-butoxide radical is generated which 

immediately affords acetone via methyl radical elimination.95 Impressively, acetone is also well 

established as source of hydrogen atom.97 Finally, the hydrogen atom abstraction happens to 

provide desired product. An alternative possibility of HAT by solvent was also considered. In 

such case, it is logical to perform deuterium labelling experiment. For the sake of argument, a 

quantitative reaction was set in the presence of deuterated acetonitrile. From 1H NMR analysis, 

there was no deuterium incorporation was observed which conclude that the last stage hydrogen 

atom transfer is taking place from insitu generated acetone instead of solvent acetonitrile.      

 

3.15. Conclusions 

In Conclusion, we have synthesis indolines and oxindoles exclusively via photo-induced 

cyclization of substituted aryl chlorides. Electron rich and conjugated behaviour of trianionic 

NNN pincer in fully deprotonated form provide easily accessible redox states. Low oxidation 

potential at ground state is further enhanced once the molecule is excited by light irradiation 

that facilitates subsequent electron transfer from electron rich trianionic NNN pincer backbone. 

KOtBu plays three major role, activation of catalyst, resuscitate the pincer from oxidized form 

and fount of hydrogen atom transfer. A plethora of challenging indoline and oxindoles has been 

accomplished by this methodology proving the great utility of metal free catalysis when both 

catalyst and KOtBu plays a predominant role. A series of controls and intermediate isolation 

provide reliable evidences for reductive cleavage of the substrate and fate of KOtBu.   

3.16. Experimental Section  

3.16.1. General Procedure for Optimization of Reaction Condition 

An adequately dried Schlenk flask (overnight at 120 °C oven) with magnetic stirring bar was 

charged with N-allyl-N-(2-chlorophenyl)acetamide 3 (42 mg, 0.2 mmol), catalyst 1 (3 mg, 5 

mol%). 1 mL of dry acetonitrile was added to make a brown-colored solution under N2 

atmosphere. The color of the reaction mixture instantly changed to yellowish brown upon the 

addition of KOtBu (34 mg, 0.3 mmol) into the reaction flask. The flask was kept under blue 

light (450 nm, 15 W) at room temperature. The Schlenk flask was placed 6-7 inch away from 

the light source. After 6 hours of stirring, the solvent was removed under vacuum. The crude 
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reaction mixture was dissolved in DCM and organic layer was washed with water. The organic 

layer was collected and dried over anhydrous MgSO4. DCM was removed using rotary 

evaporator. The yield of the desired product 1-(3-methylindolin-1-yl)ethan-1-one 4a was 

determined by NMR analysis. 

3.16.2. Procedure for Trapping of Intermediates using TEMPO Radical  

An overnight-dried Schlenk flask with magnetic stirring bar was charged with N-allyl-N-(2-

chlorophenyl)acetamide 3 (42 mg, 0.2 mmol), catalyst 1 (3 mg, 5 mol%). 1 mL of dry 

acetonitrile was added to make a brown colored solution under N2 atmosphere. The color of 

the reaction mixture instantly changed to yellowish brown after the addition of KOtBu (34 mg, 

0.4 mmol) into the reaction flask. After that TEMPO (32 mg, 0.2 mmol) was added to above 

reaction mixture. The flask was kept under blue light at room temperature. After 6 h of stirring, 

the reaction was ceased. The TEMPO adduct of N-allyl-N-(phenyl)acetamide radical was 

analysed by High-Resolution Mass Spectrometry (HRMS). 

For 7, HRMS (ESI, m/z) calcd. for C20H31N2O2 [M + H] +: 331.2386; found: 331.2381.  

For 8, HRMS (ESI, m/z) calcd. for C10H22NO [M + H] +: 172.1701; found: 172.1691. 

3.16.3. General Procedure for Reaction 

The oven-dried Schlenk flask with magnetic stirring bar was charged with 2-chloro-N,N-

dialkylbenzamide (0.2 mmol), catalyst 1 (3 mg, 5 mol%) and  KOtBu (0.4 mmol) under N2 

atmosphere. 1 ml of dry and degassed THF was added to above reaction mixture. The reaction 

mixture was stirred under blue light at room temperature for 12 hours. After the completion of 

the reaction, the solvent was removed under rotary evaporator. The desired product was 

isolated by column chromatography using hexane/ethylacetate mixture. The isolated pure 

product was further analysed by 1H and 13C NMR spectroscopies. 

3.16.4. Spectroscopic Characterization of Cyclized Products 

 

1-(3-methylindolin-1-yl)ethan-1-one (4a)92  

The compound was purified by column chromatography (silica gel) with 

10% mixture of ethyl acetate in hexane to give the product as a white 

solid (86 mg, 98%). 

1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.1 Hz, 1H), 7.21 (d, J = 7.6 

Hz, 1H), 7.19 – 7.14 (m, 1H), 7.04 (t, J = 7.6 Hz, 1H), 4.21 (t, J = 9.5 
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Hz, 1H), 3.57 (dd, J = 9.9, 6.7 Hz, 1H), 3.50 (dd, J = 15.9, 6.6 Hz, 1H), 

2.22 (s, 3H), 1.36 (d, J = 6.8 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 168.80, 142.48, 136.42, 127.85, 123.83, 

123.48, 116.99, 57.06, 34.87, 24.38, 20.40. 

 

 

1-(3,5-dimethylindolin-1-yl)ethan-1-one (4b)92 

The compound was purified by column chromatography (silica gel) with 

10% mixture of ethyl acetate in hexane to give the product as a white 

solid (84 mg, 89%). 

1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.2 Hz, 1H), 7.00 (d, J = 5.5 

Hz, 1H), 6.96 (s, 1H), 4.18 (t, J = 9.7 Hz, 1H), 3.55 (dd, J = 10.0, 6.7 Hz, 

1H), 3.45 (dq, J = 13.7, 6.9 Hz, 1H), 2.31 (s, 3H), 2.20 (s, 3H), 1.33 (d, 

J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 168.42, 140.17, 136.51, 133.41, 

128.24, 124.11, 116.67, 57.17, 34.81, 24.23, 21.16, 20.35. 

 

 

1-(5-(tert-butyl)-3-methylindolin-1-yl)ethan-1-one (4c) 

The compound was purified by column chromatography (silica gel) 

with 10% mixture of ethyl acetate in hexane to give the product as a 

white solid (97 mg, 84%).  

1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 8.5 Hz, 1H), 7.23 (dd, J = 

8.5, 2.0 Hz, 1H), 7.17 (t, J = 1.5 Hz, 1H), 4.20 (t, J = 9.6 Hz, 1H), 3.56 

(dd, J = 10.0, 6.8 Hz, 1H), 3.48 (dq, J = 13.8, 6.9 Hz, 1H), 2.20 (s, 3H), 

1.37 (d, J = 6.8 Hz, 3H), 1.31 (s, 9H).  

13C NMR (101 MHz, CDCl3) δ 168.42, 147.04, 140.16, 136.12, 

124.69, 120.30, 116.43, 57.27, 35.05, 34.63, 31.67, 24.21, 20.37. 

 

 

1-(5-methoxy-3-methylindolin-1-yl)ethan-1-one (4d) 

The compound was purified by column chromatography (silica gel) 

with 10% mixture of ethyl acetate in hexane to give the product as a 

white solid (85 mg, 83%). 

1H NMR (400 MHz, CDCl3) δ 8.12 – 8.07 (m, 1H), 6.72 (ddd, J = 7.1, 

2.7, 0.8 Hz, 2H), 4.20 (dd, J = 10.1, 9.3 Hz, 1H), 3.78 (s, 3H), 3.56 (dd, 
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J = 10.1, 6.8 Hz, 1H), 3.46 (dd, J = 15.9, 6.7 Hz, 1H), 2.19 (s, 3H), 

1.34 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 168.05, 156.53, 138.08, 136.27, 

117.60, 112.04, 109.95, 57.23, 55.74, 34.99, 24.07, 20.23. 

 

1-(5-chloro-3-methylindolin-1-yl)ethan-1-one (4e)92 

The compound was purified by column chromatography (silica gel) with 

10% mixture of ethyl acetate in hexane to give the product as a white 

solid (80 mg, 76%). 

1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 8.6 Hz, 1H), 7.14 (dd, J = 

8.6, 2.2 Hz, 1H), 7.11 – 7.08 (m, 1H), 4.21 (t, J = 9.8 Hz, 1H), 3.58 (dd, 

J = 10.1, 6.8 Hz, 1H), 3.47 (dq, J = 13.9, 7.0 Hz, 1H), 2.20 (s, 3H), 1.34 

(d, J = 6.9 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 168.78, 141.12, 138.33, 128.64, 127.72, 

123.77, 117.87, 57.12, 34.74, 24.20, 20.23. 

 

 

1-(5-bromo-3-methylindolin-1-yl)ethan-1-one (4f)103 

The compound was purified by column chromatography (silica gel) with 

10% mixture of ethyl acetate in hexane to give the product as a white 

solid (86 mg, 68%). 

1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.6 Hz, 1H), 7.30 – 7.27 (m, 

1H), 7.24 (t, J = 1.6 Hz, 1H), 4.20 (t, J = 9.7 Hz, 1H), 3.57 (dd, J = 10.1, 

6.8 Hz, 1H), 3.48 (dt, J = 9.3, 6.7 Hz, 1H), 2.20 (s, 3H), 1.34 (d, J = 6.9 

Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 168.85, 141.60, 138.72, 130.66, 126.68, 

118.35, 116.19, 57.08, 34.72, 24.24, 20.26. 

 

 

1-(5-fluoro-3-methylindolin-1-yl)ethan-1-one (4g)92 

The compound was purified by column chromatography (silica gel) with 

10% mixture of ethyl acetate in hexane to give the product as a white 

solid (77 mg, 80%). 

1H NMR (400 MHz, CDCl3) δ 8.13 (dd, J = 8.7, 4.9 Hz, 1H), 6.90 – 6.82 

(m, 2H), 4.22 (t, J = 9.8 Hz, 1H), 3.59 (dd, J = 10.2, 6.8 Hz, 1H), 3.48 

(dq, J = 14.3, 7.0 Hz, 1H), 2.20 (s, 3H), 1.34 (d, J = 6.9 Hz, 3H).  
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13C NMR (101 MHz, CDCl3) δ 168.49, 160.78(d, 1JC-F= 242 Hz), 

138.58(d, 3JC-F= 8 Hz), 138.50(d, 3JC-F= 8 Hz), 117.86(d, 3JC-F= 8 Hz), 

114.13(d, 3JC-F= 23 Hz), 110.91(d, 3JC-F= 24 Hz), 57.24, 34.85, 24.11, 

20.17.  

19F NMR (376 MHz, CDCl3) δ -119.20. 

 

 

1-acetyl-3-methylindoline-5-carbonitrile (4h)92 

The compound was purified by column chromatography (silica gel) with 

15% mixture of ethyl acetate in hexane to give the product as a white 

solid (92 mg, 92%). 

1H NMR (400 MHz, CDCl3) δ 8.26 (d, J = 8.4 Hz, 1H), 7.51 (dd, J = 

8.3, 1.7 Hz, 1H), 7.41 (s, 1H), 4.28 (t, J = 9.9 Hz, 1H), 3.65 (dd, J = 10.1, 

6.7 Hz, 1H), 3.53 (d, J = 6.9 Hz, 1H), 2.25 (s, 3H), 1.38 (d, J = 6.9 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 169.57, 146.17, 137.47, 133.08, 

127.27, 119.47, 117.19, 106.61, 57.12, 34.54, 24.45, 20.33. 

 

 

1-(3-methyl-5-(trifluoromethoxy)indolin-1-yl)ethan-1-one (4i)103 

The compound was purified by column chromatography (silica gel) 

with 10% mixture of ethyl acetate in hexane to give the product as a 

white solid (115 mg, 89%). 

1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.7 Hz, 1H), 7.00 (s, 1H), 

4.25 (t, J = 9.8 Hz, 1H), 3.62 (dd, J = 10.1, 6.8 Hz, 1H), 3.51 (d, J = 7.0 

Hz, 1H), 2.22 (s, 3H), 1.37 (d, J = 6.8 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 168.84, 145.29, 145.27, 141.13, 138.22, 

121.91, 120.65, 119.36, 117.55, 116.80, 57.25, 34.79, 29.82, 24.19, 

20.17.  

19F NMR (376 MHz, CDCl3) δ -58.13. 

 

 

1-(3-methyl-5-(trifluoromethyl)indolin-1-yl)ethan-1-one(4j)103 

The compound was purified by column chromatography (silica gel) 

with 10% mixture of ethyl acetate in hexane to give the product as a 

white solid (109 mg, 90%).  



  Chapter 3 

121 
 

1H NMR (400 MHz, CDCl3) δ 8.25 (d, J = 8.4 Hz, 1H), 7.45 (d, J = 8.5 

Hz, 1H), 7.37 (s, 1H), 4.26 (t, J = 9.8 Hz, 1H), 3.64 (dd, J = 10.1, 6.8 

Hz, 1H), 3.53 (d, J = 6.9 Hz, 1H), 2.24 (s, 3H), 1.38 (d, J = 6.8 Hz, 

3H).  

13C NMR (101 MHz, CDCl3) δ 169.35, 145.27, 137.03, 125.58, 

120.59, 116.68, 57.24, 34.67, 32.04, 29.82, 24.37, 20.29, 14.25.  

19F NMR (376 MHz, CDCl3) δ -61.59. 

 

 

1-(3-ethylindolin-1-yl)ethan-1-one(4k)92 

The compound was purified by column chromatography (silica gel) 

with 10% mixture of ethyl acetate in hexane to give the product as a 

white solid (86 mg, 91%). 

1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.1 Hz, 1H), 7.18 (dd, J = 

17.5, 8.0 Hz, 2H), 7.02 (t, J = 7.5 Hz, 1H), 4.18 – 4.09 (m, 1H), 3.67 

(dd, J = 10.3, 5.9 Hz, 1H), 3.33 (tt, J = 9.5, 5.3 Hz, 1H), 2.22 (s, 3H), 

1.84 (td, J = 8.1, 7.3, 3.6 Hz, 1H), 1.64 – 1.54 (m, 1H), 0.98 (t, J = 7.4 

Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 168.78, 142.81, 135.05, 127.87, 

123.91, 123.66, 116.98, 54.80, 41.57, 28.22, 24.37, 11.27. 

 

 

tert-butyl 3-methylindoline-1-carboxylate(4l)90 

The compound was purified by column chromatography (silica gel) 

with 1% mixture of ethyl acetate in hexane to give the product as a 

white solid (108 mg, 93%). 

1H NMR (400 MHz, CDCl3) δ 7.15 (dd, J = 18.5, 7.5 Hz, 3H), 6.95 (t, 

J = 7.4 Hz, 1H), 4.14 (t, J = 10.3 Hz, 1H), 3.50 (t, J = 9.9 Hz, 1H), 3.39 

(dt, J = 9.4, 6.8 Hz, 1H), 1.57 (s, 9H), 1.32 (d, J = 6.9 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 152.66, 127.61, 123.64, 122.31, 

114.68, 55.72, 34.13, 28.56, 20.37. 
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1,3,3-trimethylindolin-2-one (6a)59 

The compound was purified by column chromatography (silica gel) with 

5% mixture of ethyl acetate in hexane to give the product as a colorless 

oil (81 mg, 92%). 

1H NMR (400 MHz, CDCl3) δ 7.27 – 7.21 (m, 1H), 7.19 (d, J = 7.3 Hz, 

1H), 7.04 (t, J = 7.5 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 3.20 (s, 3H), 1.35 

(s, 6H).  

13C NMR (101 MHz, CDCl3) δ 181.20, 142.49, 135.65, 127.58, 122.40, 

122.15, 107.95, 44.02, 26.08, 24.28. 

 

 

5-methoxy-1,3,3-trimethylindolin-2-one (6b)59 

The compound was purified by column chromatography (silica gel) with 

10% mixture of ethyl acetate in hexane to give the product as a colorless 

oil (90 mg, 88%). 

1H NMR (400 MHz, CDCl3) δ 6.81 (d, J = 2.3 Hz, 1H), 6.76 (dd, J = 

8.4, 2.4 Hz, 1H), 6.73 (d, J = 8.3 Hz, 1H), 3.78 (s, 3H), 3.17 (s, 3H), 1.34 

(s, 6H).  

13C NMR (101 MHz, CDCl3) δ 181.10, 156.14, 137.30, 136.22, 111.61, 

110.12, 108.31, 55.86, 44.68, 26.35, 24.47. 

 

 

1,3,3,5-tetramethylindolin-2-one (6c)59 

The compound was purified by column chromatography (silica gel) 

with 5% mixture of ethyl acetate in hexane to give the product as a 

yellow oil (80 mg, 86%). 

1H NMR (400 MHz, CDCl3) δ 7.06 (ddd, J = 7.8, 1.7, 0.9 Hz, 1H), 

7.03 – 7.01 (m, 1H), 6.73 (d, J = 7.8 Hz, 1H), 3.19 (s, 3H), 2.34 (s, 3H), 

1.35 (s, 6H).  

13C NMR (101 MHz, CDCl3) δ 181.41, 140.29, 135.93, 132.05, 

127.90, 123.22, 107.81, 44.29, 26.29, 24.48, 24.46, 21.18. 
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1,3,3,4,6-pentamethylindolin-2-one (6d)104 

The compound was purified by column chromatography (silica gel) with 

5% mixture of ethyl acetate in hexane to give the product as a white solid 

(77 mg, 76%).  

1H NMR (400 MHz, CDCl3) δ 6.65 (s, 1H), 6.53 (s, 1H), 3.18 (s, 3H), 

2.35 (s, 3H), 2.34 (s, 3H), 1.43 (s, 6H).  

13C NMR (101 MHz, CDCl3) δ 181.85, 143.16, 137.60, 133.88, 129.84, 

125.64, 106.87, 44.85, 26.39, 22.64, 21.63, 18.13. 

 

5-chloro-1,3,3-trimethylindolin-2-one (6e)59 

The compound was purified by column chromatography (silica gel) with 

5% mixture of ethyl acetate in hexane to give the product as a yellow 

solid (76 mg, 73%). 

1H NMR (400 MHz, CDCl3) δ 7.22 (dd, J = 8.2, 2.2 Hz, 1H), 7.16 (d, J 

= 2.0 Hz, 1H), 6.75 (d, J = 8.2 Hz, 1H), 3.19 (s, 3H), 1.35 (s, 6H).  

13C NMR (101 MHz, CDCl3) δ 180.93, 141.30, 137.57, 127.97, 127.67, 

123.05, 109.07, 44.58, 26.45, 24.38. 

 

5-fluoro-1,3,3-trimethylindolin-2-one (6f)59 

The compound was purified by column chromatography (silica gel) with 

5% mixture of ethyl acetate in hexane to give the product as a yellow 

solid (82 mg, 85%). 

1H NMR (400 MHz, CDCl3) δ 6.98 – 6.89 (m, 2H), 6.74 (dd, J = 9.2, 

4.2 Hz, 1H), 3.20 (s, 3H), 1.36 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 181.10, 158.33 (d, 1JC-F= 241 Hz), 

138.64(d, 4JC-F= 2 Hz), 137.55(d, 3JC-F= 8 Hz), 113.74(d, 2JC-F= 24 Hz), 

110.54(d, 2JC-F= 24 Hz), 108.50(d, 3JC-F= 8 Hz), 44.79, 26.48, 24.41.  

19F NMR (376 MHz, CDCl3) δ -120.90. 

 

 

1,3,3-trimethyl-5-(trifluoromethyl)indolin-2-one (6g)59 

The compound was purified by column chromatography (silica gel) with 

5% mixture of ethyl acetate in hexane to give the product as a white solid 

(100 mg, 82%). 
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1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 9.0 Hz, 1H), 7.42 (s, 1H), 

6.91 (d, J = 8.2 Hz, 1H), 3.24 (s, 3H), 1.39 (s, 6H).  

13C NMR (101 MHz, CDCl3) δ 181.36, 145.74, 136.41, 125.64(q, 3JC-F= 

4 Hz), 124.70(q, 2JC-F= 32 Hz), 123.24(q, 1JC-F= 272 Hz), 119.45(q, 3JC-

F= 4 Hz), 107.88, 44.31, 26.53, 24.34.  

19F NMR (376 MHz, CDCl3) δ -61.34. 

 

 

1,3,3-trimethyl-2-oxoindoline-5-carbonitrile (6i)59 

The compound was purified by column chromatography (silica gel) with 

10% mixture of ethyl acetate in hexane to give the product as a white 

solid (92 mg, 92%). 

1H NMR (400 MHz, CDCl3) δ 7.60 (dd, J = 8.1, 1.6 Hz, 1H), 7.45 (d, J 

= 1.6 Hz, 1H), 6.91 (d, J = 8.1 Hz, 1H), 3.24 (s, 3H), 1.39 (s, 6H).  

13C NMR (101 MHz, CDCl3) δ 181.04, 146.69, 136.83, 133.31, 125.86, 

119.44, 108.58, 105.71, 44.15, 26.59, 24.30. 

 

1,3,3-trimethyl-5-nitroindolin-2-one (6h)59 

The compound was purified by column chromatography (silica gel) with 

10% mixture of ethyl acetate in hexane to give the product as a yellow 

solid (82 mg, 75%). 

1H NMR (400 MHz, CDCl3) δ 8.20 (dd, J = 8.6, 2.2 Hz, 1H), 8.05 (d, J 

= 2.2 Hz, 1H), 6.92 (d, J = 8.6 Hz, 1H), 3.26 (d, J = 1.1 Hz, 3H), 1.39 

(d, J = 1.3 Hz, 6H).  

13C NMR (101 MHz, CDCl3) δ 181.28, 148.44, 143.44, 136.46, 125.20, 

118.29, 107.68, 44.22, 26.67, 24.15. 

 

 

1-benzyl-3,3-dimethylindolin-2-one (6k)59 

The compound was purified by column chromatography (silica gel) with 

5% mixture of ethyl acetate in hexane to give the product as a white solid 

(93 mg, 74%). 

1H NMR (400 MHz, CDCl3) δ 7.30 (dd, J = 13.8, 6.7 Hz, 5H), 7.22 (d, 

J = 7.3 Hz, 1H), 7.14 (t, J = 7.1 Hz, 1H), 7.03 (t, J = 7.5 Hz, 1H), 6.72 

(d, J = 7.8 Hz, 1H), 4.92 (s, 2H), 1.44 (s, 6H).  
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13C NMR (101 MHz, CDCl3) δ 181.60, 141.79, 136.21, 135.92, 128.90, 

127.70, 127.66, 127.29, 122.63, 122.46, 109.21, 44.33, 43.65, 24.68. 

 

1-ethyl-3,3-dimethylindolin-2-one (6l)105 

The compound was purified by column chromatography (silica gel) 

with 5% mixture of ethyl acetate in hexane to give the product as a 

white solid (73 mg, 77%). 

1H NMR (400 MHz, CDCl3) δ 7.26 (dd, J = 7.7, 1.3 Hz, 1H), 7.23 – 

7.19 (m, 1H), 7.05 (td, J = 7.5, 1.0 Hz, 1H), 6.87 (dd, J = 7.8, 0.8 Hz, 

1H), 3.76 (q, J = 7.2 Hz, 2H), 1.36 (s, 6H), 1.26 (t, J = 7.2 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 168.84, 145.29, 145.27, 141.13, 

138.22, 121.91, 120.65, 119.36, 117.55, 116.80, 57.25, 34.79, 29.82, 

24.19, 20.17. 

 

1-isopropyl-3,3-dimethylindolin-2-one (6m)105 

The compound was purified by column chromatography (silica gel) with 

5% mixture of ethyl acetate in hexane to give the product as a white solid 

(82 mg, 81%). 

1H NMR (400 MHz, CDCl3) δ 7.22 (ddd, J = 8.5, 7.5, 1.2 Hz, 2H), 7.03 

(t, J = 7.4 Hz, 2H), 4.66 (hept, J = 7.1 Hz, 1H), 1.48 (d, J = 7.1 Hz, 6H), 

1.35 (s, 6H).  

13C NMR (101 MHz, CDCl3) δ 181.17, 141.29, 136.53, 127.44, 122.66, 

121.99, 110.01, 43.97, 43.53, 24.63, 19.56. 
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Applied to Catalytic Formation of α-Ketoamides 
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4.1. Introduction 

The use of organic ligand motifs to store redox equivalents is a preeminent theme in enzymatic 

reactions and has inspired chemists to mimic such systems for efficient chemical 

transformations.1–4 The ability of some ligands to store and deliver redox equivalents has 

opened up new avenues in catalysis, where crucial steps are mostly regulated by ligand-

dominated redox processes.5–9 This fact also has a significant implication in sustainable 

catalysis, where 3d transition metals can be utilized in opposition to their rare, expensive and 

toxic heavy metal congeners.10,11 A good covalency between the 3d metal and the ligand 

backbone can emulate the overall two-electron behaviour of their heavier analogues. This fact 

has created tremendous momentum in identifying suitable redox-active ligands that in 

conjunction with 3d transition metals can perform chemical reactions in a catalytic fashion.12–

15  

 Among different classes of redox-active backbones, formazanates hold a special 

place.16,17 They were introduced as close analogues to ubiquitous β-diketiminates, where more 

heteroatoms were placed in the ligand architecture, so that the delocalized π* orbitals could be 

further lowered in energy. Through a number of elegant studies, the redox non-innocent nature 

of formazanates has been firmly established.18,19 Furthermore, coordination to main group 

metals and non-metals with formazanates has been introduced to obtain impressive 

photophysical properties of the synthesized molecules.20,21 The ligand-based redox events have 

been carefully evaluated to precisely determine the electronic structures of the complexes.19,22–

24 Conversely, despite their proven roles as redox reservoirs, experimental demonstration of 

catalytic activity eliciting from the redox non-innocence of the formazanate ligands remains 

elusive. 

 In this chapter, an iron formazanate complex was used to demonstrate the catalytic 

reactivity, where a crucial redox step is dictated by the ligand's ability to store and release 

electrons in a reversible manner and stabilize it by the extended delocalization, over its 

backbone (Scheme 4.1). Although, iron formazanate complex (1) has already been prepared 

and characterised by Gilroy group25,26 in 2008 but catalytic activity of the earlier reported an 

iron formazanate complex (1) equipped with redox non-innocent formazanate ligands was not 

explored. This example fulfills the promised conjecture that redox non-innocence of 

formazanate can lead to efficient catalytic reactions. The single electron transfer is facilitated 
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due to the redox non-innocence of the formazanate backbone, where the oxidation is fully 

ligand-centered. 

 

Scheme 4.1. Redox non-innocence of iron-formazanate complex to promote single electron transfer and 

reductive cleavage of tetrabromomethane. 

α-Ketoamides are an important class of functional group in medicinal chemistry as drug 

molecules, biologically relevant, synthetic intermediates for many organic transformations, as 

building blocks and in metal complexes. Orexin receptor antagonists, cytokine inhibitors, 

epoxide hydrolase inhibitors, are well known bioactive α-ketoamides (Scheme 4.2).27 

 

Scheme 4.2. Examples of bioactive α-ketoamide. 

Due to the biological and synthetic demands, significant efforts have been dedicated for the 

construction of these structural motifs. For instance, in 1982 the Yamamoto group28 reported a 

catalytic double carbonylation of organohalogen compounds promoted by palladium 

complexes resulting into α-ketoamides on reaction with secondary amines (Scheme 4.3). In 

this direction, the Wang group29 reported synthesis of α-ketoamides from α-ketoacids with 

tertiary amines using silver catalyst via N-dealkylation of tertiary amines. However, a strong 

oxidant K2S2O8 was used at high temperature (120 °C). Since tertiary amines are easily 
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available, often a demethylation route is followed to prepare a secondary amine. Recently, a 

photochemical route employing Ru(bpy)3(PF6)2 as the photocatalyst has been examined to 

carry out such a demethylation reaction.30  

The present investigated method that relies on the redox non-innocence of the formazanate, is 

thermal and obviates the need of expensive ruthenium photocatalysts. In this chapter, a single 

electron transfer (SET) approach for highly selective mono-demethylation of tert-amine to 

generate secondary amine and subsequent coupling with α-ketocarboxylic acids to form α-

ketoamides was explored. However, to the best of our knowledge there is no report for the such 

type of reaction using iron metal complex under mild thermal conditions. 

 

Scheme 4.3. Literature reports and the present method for α-ketoamide synthesis. 

4.2. Results and Discussion  

In the pursuit of demonstrating redox transformations led by a formazanate backbone, 1,5-

bis(2-hydroxyphenyl)-3-cyanoformazan ligand was chosen. Such a trianionic N2O2 ligand 

backbone offers four coordination sites for the central metal and facilitates electronic 

conjugation to be further extended to the phenolate groups. The CN group placed at the third 

position of the ligand will exert only the inductive effect as it is placed on the nodal plane of 

the ligand's LUMO (Figure 4.1b). The great utility of the ligand backbone in the redox 
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transformations lies in the accessibility of high-lying filled (e‒ donor) and low-lying empty (e‒ 

acceptor) orbitals of Π-symmetry.31 

 

Figure 4.1. a) HOMO of formazanate ligand. b) LUMO of formazanate ligand. 

4.2.1. Synthesis of Formazanate Ligand and Iron(III) Complex 1  

The formazanate ligand (L) and an iron(III) complex 1 (Scheme 4.4) were prepared following 

the literature procedure.25,26 The reaction of cyanoacetic acid with diazonium salt of o-hydroxy 

aniline at low temperature in strong alkaline medium resulted in formazanate ligand (L). All 

the protons from ligand were abstracted by sodium hydride. The anhydrous ferric chloride salt 

was added to the fully deprotonated ligand in the presence of pyridine. In this complex 1, iron 

is coordinated to two nitrogen atoms and two oxygen atoms from the phenolate arm in a 

pseudo-octahedral environment, where two pyridyl ligands are coordinated axially and the iron 

center is lying in the same plane as the formazan (scheme 4.4). Each of the coordinated pyridine 

is oriented such that their ring planes bisect the N2-Fe-N4 bond angle. 
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Scheme 4.4. Synthesis of 3-cyano-1,5-dihydroxyphenylformazan (L) and iron(3-cyano-1,5-(2-

hydroxyphenylformazanato)-bis-pyridine (1). The crystal structure was reproduced from ref. 26.  

This iron (III) complex 1 was employed for the demethylation of a tertiary amine, with the 

hope that ligand based redox heavily drives this chemistry. The high-lying Π-orbital suggests 

that reductive redox behaviour offered by the complex will be very much ligand-centered.  

4.2.2. Catalytic Application 

α-ketoamides were prepared from α-ketoacid in the presence of tertiary amine (N,N-dimethyl 

aniline) by using 1 as a catalyst wherein the tertiary amine is acting as a nitrogen source.32 

Gratifyingly, a model reaction with N,N-dimethyl aniline and α-ketoacid in the presence of 

tetrabromomethane yielded the desired amide product, 5a in an 89% yield (Scheme 4.5).  

 

Scheme 4.5. The α-ketoamide formation reaction catalysed by 1. 

A series of optimization studies disclosed that the two equivalents base DABCO was required 

for an efficient reaction, which primarily deprotonated the carboxylic acid to its respective 

carboxylate salt. The reaction temperature and time were optimized to be 60 °C and 12 h (Table 

4.1). Encouragingly, water can be chosen as the reaction medium, with a slight mixing of 

acetonitrile (0.1 mL) to augment the solubility of catalyst 1. The catalytic performance of the 

chosen molecule is very commendable, since only 2 mol% loading of the catalyst was sufficient 

to carry out the reaction successfully (Table 4.1, entry 3). Only water as a solvent did not 

provided the appropriate result due to low solubility of metal complex 1 (Table 4.1, entry 4).  

When a strong oxidant Na2S2O8 was used in place of CBr4, the desired product was not 

observed (Table 4.1, entry 11) clearly indicating that CBr3
· radical from CBr4 have a crucial 

role in this catalysis. Other oxidant like molecular oxygen, CBrCl3, TBHP were not as effective 

as CBr4 (Table 4.1, entry 12–15). DABCO was found to be more efficient base as compared to 

other organic bases (Table 4.1, entry 16–18). The simple iron(III) precursor FeCl3 did not 
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catalyze the reaction, proving that the entire metal complex is required and the ligand has a 

special role in completing the transformation. 

Table 4.1. Optimization of reaction conditions. 

 

Entry 
Acid (3) 

equiv 

Catalyst 

Loading 

(mol%) 

Oxidant Base Yielda 

1 1 2 CBr4 DABCO 65 

2 1.5 2 CBr4 DABCO 77 

3 2 2 CBr4 DABCO 89 

4 2 2 CBr4 DABCO 68b 

5 2 1 CBr4 DABCO 62 

6 2 0.5 CBr4 DABCO 24 

7 2 - CBr4 DABCO ND 

8 2 2 CBr4 DABCO 25c 

9 2 2 - DABCO ND 

10 2 2 CBr4 - 18 

11 2 2 Na2S2O8 DABCO ND 

12 2 2 O2 DABCO ND 

13 2 2 CBrCl3 DABCO 25 

15 2 2 TBHP DABCO trace 

16 2 2 CBr4 DBU 29 

17 2 2 CBr4 2,6 Lutidine 29 

18 2 2 CBr4 NEt3 20 

19 2 FeCl3 CBr4 DABCO trace 

Note: a) GC yield b) reaction using H2O as the only solvent. c) at room temperature. 

4.2.2.1. Scope and Synthetic Utility of Demethylation Amidation Reaction by Catalyst 1  

Having the mechanistic details sketched, the scope of the reaction was elaborated. As described 

in Table 4.2, an array of amines was tested for the demethylative amidation reaction. The para-

substitutions of this N,N-dimethyl aniline by –Br, –Cl, –OMe, and  -Me were all well tolerated 

and furnished the α-ketoamide products (5b–5e) in 59–92% yields. Similarly, the ortho- and 

meta-substituted anilines were introduced in the amide products 5f–5h in 47–69% isolated 



Chapter 4 

144 
 

yields. A more challenging aliphatic amine such as diethylmethyl amine afforded the product 

5i in 70% yield. Similarly, N-methylpyrolidine or N-methylpiperidine were equally effective 

in introducing the amides on the carboxylic acid to forge products 5j and 5k in 67 and 62% 

yields, respectively. Finally, a morpholine amine was successfully installed in the amide 

product 5l in 55% yield. 

Table 4.2. Substrate scope for demethylative amidation varying N,N-dimethylaniline, α-ketoacid and 

benzoic acid. 

 

Reaction conditions: substituted N,N-dimethylanilne (1 equiv), substituted α-ketoacid/benzoic acid (2 

equiv), DABCO (2 equiv), CBr4 (1.5 equiv) and 1 (2 mol%) in solvent (H2O:MeCN ; 1:0.05), 6 h, isolated 

yields are reported. 

Next, the scope of different carboxylic acids for this amidation reaction was examined. 

Accordingly, para-substitution of α-keto benzoic acid by –tBu, –F, and OMe groups was well 

suited for this reaction and afforded products 6a–6c in 62–79% yields. ortho-methyl and 1,3,5-

trimethyl substitution in the keto benzoic acid was also suitable for the reaction furnishing the 

desired amide products 6d and 6e in 85% and 75% yields, respectively. Interestingly, a 

heterocycle thiophene in the α-keto acid was well tolerated so that the amide product 6g can be 

isolated in 61% yield. Finally, to test the efficiency of the developed protocol, an orexin 
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receptor antagonist38 molecule (6h) was synthesized in a few steps (see the details in the 

experimental Section 2.6.8). An ethynyl-substituted aniline was deployed to forge this value-

added molecule in 62% yield, where the demethylation is carried out by the redox-active 

formazanate backbone. The method was further effective in scaling-up the reaction, as the 

preparation afforded a 55% yield of the antagonist in a gram-scale reaction. 

Additionally, the demethylation reaction was connected to simple amidation. Along this goal, 

a large number of substituted benzoic acids (7a–7g), cyclohexylcarboxylic acid (7i), acrylic 

acid (7j) and thiophenecarboxylic acid (7k) were converted to their corresponding amide 

derivatives in good yields starting from a tertiary amine. A vast substrate scope including both 

general carboxylic acids and α-keto acids likely attests the generality of this synthetic method. 

4.3. Mechanistic Insights and Control Experiments 

4.3.1. Cyclic Voltammetry Experiment 

To interrogate the electrochemical behaviour of 1, a cyclic voltammetry experiment was 

performed. The iron complex in acetonitrile solvent showed a quasi-reversible oxidation wave 

at a mild potential of 0.36 V (vs. Fc0/+) (Figure 4.2). The quasi-reversible behaviour, as 

reflected in the low current during the cathodic wave might be indicative of limited chemical 

stability of the oxidized radical cation, 1·+ in its solution state, especially at a slow scan rate. 

Notably, the oxidation potential for complex 1 is also in close proximity to the redox-inert Al+3 

complex with the same ligand backbone, strongly indicating a ligand-centered oxidation.33 

 

Figure 4.2. CV of 1 mM of 1 dissolved in acetonitrile along with 0.1 M solution of tetrabutyl-ammonium 

hexafluorophosphate salt as an electrolyte. The scan rate was 50 mVs-1 for the measurement. 

4.3.2. Chemical Synthesis of Oxidized Radical Cation 1·+ 
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To get more information about the oxidised form of 1 (1·+), we attempted the chemical 

synthesis of oxidized radical cation 1·+. Due to the large reduction potential of AgOTf, this 

oxidant has been used in many organometallic transformations. So, to oxidize 1, AgOTf was 

chosen as an oxidant. Addition of one equivalent of silver triflate to a THF solution of 1 resulted 

in a rapid colour change from blue to maroon red (Scheme 4.6). The oxidized product was 

separated by filtration from the by-product metallic silver. The oxidized molecule is air 

sensitive in nature, but can remain stable for weeks in the solid state under an inert atmosphere.  

 

Scheme 4.6. Synthesis of (1·+). Axial coordinated pyridyl ligand has been omitted for clarity. 

4.4. Characterization of 1·+ 

The characterization of oxidised iron complex 1·+ is essential to gain insight into the electronic 

structure, fate of the catalyst and mechanistic insight of reaction. Unfortunately, due the high 

sensitivity and insignificant life time of oxidised iron complex 1·+ inside the solution, the single 

crystal of this metal complex could not be obtained for single crystal x-ray diffraction (SC-

XRD) studies. In order to elaborate the electronic structure of 1·+ some physical and theoretical 

experiments were performed. 

4.4.1. UV–Visible Analysis of 1·+ 
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Figure 4.3. UV–Vis plot for 1 (grey line) and oxidised product 1·+ (red line) recorded in dry and degassed 

THF at room temperature. 

The electronic spectra of complexes 1 and 1·+ are presented in Figure 4.3. As previously 

discussed, the absorption spectra of 1 was similar to the literature report.26 The spectra of the 

complex have absorption peaks in the UV (λmax) 335 nm and in the visible (λmax) 392 and 631 

nm. Upon scrutinizing through UV–Visible spectroscopy, it is observed that the complex 1·+ 

absorbs at 455 and this broad absorption is connected to a second short band up to 600 nm. 

4.4.2. Magnetic Moment Measurement of Oxidised Iron Complex 1·+ 

The magnetic moment is a useful tool to know the number of unpaired electrons in any system. 

A crucial information regarding the nature of unpaired electron can also be obtained, like how 

the unpaired electrons are coupled to each other. If the two-electron system is considered then 

there are two possibilities: 

(a) Both the electrons are strongly antiferromagnetically coupled. So, in that case both the 

unpaired electrons have equal but opposite spin quantum numbers. That means, total spin is 

zero and total spin quantum number represents singlet state (Figure 4.4). 

 

Figure 4.4. Strong antiferromagnetic coupling of electrons.  

(b) Both the electrons are weakly antiferromagnetically coupled or not coupled. In that case 

both the electrons have some antiferromagnetic coupling but still both the spin vectors do not 

neutralise the overall spin magnetic moment. On the other hand, if there is very minute 

antiferromagnetic coupling or electrons are not coupled, then the overall spin is one and total 

spin quantum number represents triplet state (Figure 4.5). 

 

Figure 4.5. Weak antiferromagnetic coupling/ uncoupled electrons.  
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The solid-state magnetic moments for complex 1 has already been reported in literature.26 The 

room-temperature magnetic moment of 1 is 1.82 μB, indicating that the Fe(III) ion is low-spin 

with one unpaired electron in one of the d-orbital. On the other hand, the room temperature 

magnetic moment measurement of 1·+ in the solution state by Evans magnetometry34,35 revealed 

a value of 2.6(2) μB, which is very close to the spin-only value for two unpaired electrons. The 

value closely represents the triplet state that has been confirmed from computational analysis.  

4.5. Computational Analysis 

The electronic structure of 1 and its oxidized counterpart 1·+ were investigated computationally 

(Figure 4.6a). On comparing the metrical parameters of single crystal X-ray diffraction (SC-

XRD) data analysis of 1 and computationally optimised 1·+, no deviation in bond length of 

formazanate backbone was observed. The spin density distribution in the triplet state clearly 

shows an excess spin density in both iron and the formazanate backbone (Figure 4.6b). The 

calculations clearly support the major locus of the oxidation to be the ligand backbone. DFT 

calculations at the B3LYP level for 1·+ disclosed a triplet ground state with an 

antiferromagnetically coupled, open-shell singlet, to be only 0.3 kcal mol-1 higher in energy 

(Figure 4.6c).  

 

Figure 4.6. (a) Computationally optimized 1·+ at its triplet state. (b) Excess alpha spin density distribution 

of 1·+ at the triplet state. (c) Energy difference between open-shell singlet and triplet state of 1·+. 

This broken symmetry, BS(1,1) solution36 for the open-shell singlet represents an extremely 

weakly coupled ligand and iron d-electron with a negligible overlap integral of 0.0005 (Figure 
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4.7 and 4.8). We anticipate such a weak coupling originates from the heavily delocalized nature 

of the ligand-based unpaired spin. 

 

Figure 4.7.  MO for S=1 state, 1·+. 

 

Figure 4.8. MO for open-shell singlet structure, 1·+. 

4.6.  Control experiments 

4.6.1. Trapping of Radical Intermediates 
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To prove the intermediacy of carboxylate radical during the reaction, a radical trap 1,1-

diphenylethene was incorporated resulting in the trapping of intermediate which was confirmed 

by high resolution mass spectrometry showing its signature peak at 347.1254 amu (Scheme 

4.7a). Furthermore, as a conclusive proof of the radical-mediated reaction, the reaction stops 

completely when TEMPO is introduced in the reaction mixture. Moreover, under such  

 

Scheme 4.7. (a) Trapping of carboxyl radical adduct. (b) Trapping of tribromomethane radical. 

conditions, a CBr3
· radical was intercepted as its TEMPO adduct and was detected by ESI mass 

spectrometry (Scheme 4.7b) showing its signature at 405.9030 amu.  

The trapping of such crucial intermediates provides compelling evidence for the radical 

reaction and the generation of key intermediates where reductive cleavage is advanced by the 

single electron transfer from the formazanate ligand backbone. 

4.6.2. Kinetics of Reaction  

A kinetic experiment was performed by taking the aliquots from the reaction mixture under the 

optimised reaction conditions. It was observed that the product yield was getting saturated after 

2 hours. Gratifyingly, the reaction followed the pseudo-first-order rate kinetics (Figure 4.9). 
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Figure 4.9. a) Growth of product vs time (min). b) Pseudo-first order plot. 

4.7. Proposed Reaction Mechanism 

Mechanistically, this electron reservoir property of the formazanate helps in reducing CBr4 to 

generate the CBr3
· radical, which can be the starting point for the catalytic reaction. 

Furthermore, the quasi-reversible oxidation wave suggests that the formazanate backbone may 

accept the electron back during the catalytic cycle. 

 

Scheme 4.8. Plausible catalytic cycle for the formation of α-ketoamide. 
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Both the carboxylate anion of α-ketoacid (V) or tertiary amine (2) can donate one electron back 

to 1·+ to reduce it (Scheme 4.8). The depletion of the electron density in the formazanate 

backbone makes it sufficiently electron hungry so that mild reductants (such as amine and 

carboxylates) can reduce it, regenerating the catalyst. In the meantime, CBr3
· would be able to 

abstract a hydrogen atom from the methyl group of the tertiary amine radical cation (I) so that 

an amidinium species (II) results. Such an amidinium cation (II) can be readily hydrolysed to 

afford a tertiary amine (III) where one of the arms is an alcohol. This species is very prone to 

release formaldehyde so that a secondary amine (IV), N-methyl aniline, results. In essence, 

demethylation of a tertiary amine is facilitated by the electron transfer from the parent amine 

to the electron-depleted, oxidized formazanate ligand backbone.37  

Meanwhile, the carboxylate salt (V) is also mildly reducing, which can reduce the 

oxidized formazanate backbone and generate a carboxyl radical species (VI). The proof of 

intermediacy of VI and CBr3
· radical during the reaction has been discussed in intermediate 

trapping experiment (Scheme 4.7). The CBr4 can react with the carboxylic radical to form an 

α-keto carboxylic acid bromide (VII), which upon nucleophilic attack by the secondary amine 

generates the desired α-ketoamide product (5a). 

4.8. Conclusions 

To summarize, this report showcases the rare example of formazanate redox non-innocence 

applied in catalysis.39 An iron formazanate reductively cleaves a C–Br bond where the 

oxidation is accommodated in the p-delocalized ligand framework. The electronic structure 

analysis of the radical cation clearly supports the ligand's participation in crucial redox steps 

en route to demethylation of a tertiary amine. We hope more well-known redox-active ligands 

will be delivering important redox transformations to steer catalysis in the future. 

4.9. Experimental Section  

4.9.1. Chemicals and Reagents 

All reactions were carried out using air sensitive manipulations and glove box unless otherwise 

mentioned. The solvents used were of analytical grade and purified wherever necessary as per 

the standard literature protocol. Tetrahydrofuran (THF) was refluxed and freshly distilled over 

sodium/benzophenone and degassed using three freeze-pump-thaw cycles. All chemicals were 

purchased from Sigma-Aldrich, Avra, TCI, Alfa Aesar and GLR innovations. CD3CN and 

CDCl3 were purchased from Euroisotope. All chemicals were used as purchased until and 
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unless mentioned. Progress of reactions was monitored by thin-layer chromatography (TLC) 

using Merck 60 F254 precoated silica gel plate and visualized by short-wave ultraviolet light. 

Flash chromatography was performed with Silica Flash P60 silica gel (100–200 mesh). 

4.9.2. Instrumentation and Physical Measurements 

Absorption spectra were recorded using LAB-INDIA UV/VIS Spectrophotometer UV 3000 in 

an UV-cuvette of path length 10 mm fitted with cap. The graphs were plotted using Originpro8. 

1H and 13C {1H} NMR spectra were recorded on a Bruker 400 MHz spectrometer at 400 MHz 

and 101 MHz respectively. The residual solvent signals were taken as the reference (CDCl3, 

7.26 ppm for 1H NMR spectra and CDCl3, 77.16 ppm for 13C NMR spectra). The signals 

observed are described as: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplets). All 

coupling constants were reported in hertz. High-resolution mass spectrometry was performed 

on Waters Synapt-G2S, with analyser configuration Q-ToF, ion mobility and analysed using 

Masslynx41. Cyclic Voltammetry experiments were performed CHI-610 electrochemical 

workstation from CH Instruments (USA). For the measurement, the three-electrode setup 

consisted of a glassy carbon working electrode, a Pt-wire as counter electrode, and an Ag/AgCl 

(1M KCl) as the reference electrode. 

 All DFT calculations have been carried out using the ORCA 4.2.1 program40. Geometry 

optimizations and single point calculations were carried out by employing the B3LYP41,42 

functional. All atoms were described by the def2-TZVP43,44 basis set. Vibrational calculations 

were done to ensure that the geometries are true minima. 

Caution! The Glovebox and high vacuum Shlenk line should be used with great care and 

safety. THF distillation setup contains sodium metal, which is very reactive metal to air and 

moisture and well-known for their explosive nature. Therefore, these types of setups must be 

used in a limited quantity and handled with care and safety. 

4.9.3. Synthesis of Formazanate Ligand (L) and Iron(3-cyano-1,5-(2-hydroxyphenyl- 

formazanato)-bis-pyridine (1) 

4.9.3.1. Synthesis of Ligand 3-cyano-1,5-dihydroxyphenylformazan (L) 

The ligand L was prepared by following the literature protocol with slight modifications.25 To 

a solution of o-aminophenol (4.36 g, 40 mmol) in 12 M concentrated hydrochloric acid (10 

mL) and water (10 mL) at -5 °C, as solution of sodium nitrite (3.00 g, 43 mmol) in water was 

added in small portions over a period of 10 min. After 15 min of stirring, the mixture was added 
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to a second solution containing cyanoacetic acid (1.70 g, 20 mmol), sodium hydroxide (8.00 g, 

200 mmol) and water (100 mL) at 0 °C over a period of 30 min. The resulting dark red solid 

was isolated via filtration and purified via flash column chromatography (neutral alumina and 

dichloromethane). The eluate was concentrated in Vacuo to afford L as a dark red gummy 

solid. The above gummy solid was triturated using hexane, which resulted into a dark red 

powder. This powder was used as such for synthesis of iron metal complex without any further 

purifications. 

4.9.3.2. Synthesis of Iron(3-cyano-1,5-(2-hydroxyphenylformazanato)-bis-pyridine (1) 

Formazan ligand L (250 mg, 0.88 mmol) was dissolved in freshly distilled THF (10 mL) under 

argon and treated with sodium hydride (108 mg of 60% emulsion in oil, 2.7 mmol) before being 

left to stir for 16 h, changing in colour from red to dark blue. Iron(III) chloride (144 mg, 0.88 

mmol) and pyridine (0.36 mL, 4.5 mmol) were added, and the reaction was left to stir for 16 h, 

at which time the solution was a dark blue colour. The mixture was then filtered and the solvent 

was removed under vacuum. Trituration with hexanes allowed for 1 to be isolated as a dark 

blue solid, yield: 304 mg (70% based on ligand L). The formation of metal complex was 

confirmed by UV‒Visible analysis of prepared complex. Similar UV‒Visible spectrum was 

obtained as reported in literature.26 

4.9.3.3. Synthesis of Mono-Oxidised Iron(3-cyano-1,5-(2-hydroxyphenylformazanato)-

bis-pyridine (1·+) 

In a Schlenk flask 1 (246 mg, 0.5 mmol) was dissolved in 5 mL of THF and silver triflate (129 

mg, 0.5 mmol) was added to the solution. During the addition, the colour of the reaction mixture 

turned to brown from greenish blue over the course of 1 h. The reaction mixture was further 

stirred for 12 h at room temperature. At the completion of the reaction, the reaction mixture 

was filtered and the filtrate was removed under high vacuum. The oxidized product was 

isolated (205 mg, 83% yield). UV‒Vis spectroscopic data was collected for both 1 and 1·+ 

under inert conditions. 

4.9.4. Intermediate Trapping 

(a) Carboxyl Radical Trapping 

Following the standard reaction conditions, a 20 mL vial was charged with N,N-

dimethylaniline (26 µL, 0.2 mmol), α-ketocarboxylic acids (60 mg, 0.4 mmol), DABCO (45 

mg, 0.4 mmol) and 1,1-Diphenylethylene (36 µL, 0.2 mmol ). 2 mL of distilled water was 
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added to the vial to make a clear solution. A solution of tetrabromomethane (99 mg, 0.3 mmol) 

in 100 µL of acetonitrile was added to the reaction mixture. The above reaction mixture was 

loaded with catalyst 1 (2 mol%, 4.9 mg) and was stirred at 60 °C temperature. After 6 h, the 

product 5a was obtained in 40% yield and the carboxyl radical adduct (VIa) (scheme 4.7a) was 

analysed by High-resolution mass spectrometry. (ESI mode, m/z) calcd. for C22H19O4 [M+H]+: 

347.1283; found: 347.1254. 

(b) CBr3 Radical Trapping 

Following the standard reaction conditions, a 20 mL vial was charged with N,N-

dimethylaniline (26 µL, 0.2 mmol), α-ketocarboxylic acids (60 mg, 0.4 mmol), DABCO (45 

mg, 0.4 mmol) and  TEMPO (62 mg, 0.4 mmol)). 2 mL of distilled water was added to the vial 

to make a clear solution. A solution of tetrabromomethane (99 mg, 0.3 mmol) in 100 µL of 

acetonitrile was added to the reaction mixture. The above reaction mixture was loaded with 

catalyst 1 (2 mol%, 4.9 mg) and was stirred at a temperature of 60 °C. After 6 h, there is no 

formation of product as assayed by TLC. The CBr3
· radical adduct (VIb) (scheme 4.7b) was 

detected by high-resolution mass spectrometry (HRMS). HRMS (ESI, m/z) calcd. for 

C10H19Br3NO [M+H]+: 405.9017; found: 405.9030. 

4.9.7. General Procedure for Demethylative Amidation Catalyzed by 1 

Using the optimized condition, the reaction was carried out with N,N-dimethylaniline (65 µL, 

0.5 mmol), α-ketocarboxylic acids (150 mg, 1.0 mmol) and DABCO (112 mg, 1.0 mmol). 2 

mL of distilled water was added to the vial to make a clear solution. A solution of 

tetrabromomethane (248 mg, 0.75 mmol) in 100 µL of acetonitrile was added to the reaction 

mixture. The above reaction mixture was loaded with catalyst 1 (2 mol%, 4.9 mg) and was 

stirred at a temperature of 60 °C. After 6 h, the reaction aqueous layer was extracted with ethyl 

acetate and dried over anhydrous MgSO4. Ethyl acetate was removed under reduced pressure 

and the desired product was separated from crude mixture by flash column chromatography 

using silica as stationary phase and hexane:ethylacetate as eluent. All products were 

characterized by 1H and 13C NMR spectroscopic techniques.  

4.9.8. Gram-Scale Synthesis of Orexin Receptor Agonist38 

As per general optimised reaction conditions, a 100 mL round bottomed flask was charged with 

N-(4-chlorophenethyl)-N-methylaniline (1.23 g, 5 mmol), 2-oxo-2-phenylacetic acid (1.5 g, 10 

mmol), DABCO (1.12 g, 10 mmol) and 40 mL of distilled water was added to make a clear 

solution. A solution of tetrabromomethane (2.5 g, 7.5 mmol) in 2 mL of acetonitrile was added 
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to the reaction mixture. The above reaction mixture was loaded with catalyst 1 (2 mol%, 49 

mg) and was stirred at 60 °C temperature. After 6 h, the reaction aqueous layer was extracted 

with ethyl acetate and dried over anhydrous MgSO4. Ethyl acetate was removed under reduced 

pressure and the desired product was separated from crude mixture by flash column 

chromatography using silica as stationary phase and hexane:ethylacetate (9:1) as eluent. The 

pure product orexin receptor agonist (6h) was obtained in 55% yield (0.99 g) as a white solid. 

1H NMR (400 MHz, CDCl3) δppm 7.64 – 7.60 (m, 2H), 7.57 – 7.52 (m, 1H), 7.39 (t, J = 7.7 Hz, 

2H), 7.31 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 6.93 (d, J = 7.9 Hz, 1H), 6.78 (d, J = 

2.4 Hz, 1H), 6.68 (dd, J = 7.9, 2.4 Hz, 1H), 4.21 – 4.15 (m, 2H), 2.92 (t, J = 7.4 Hz, 2H), 2.15 

(s, 3H), 2.09 (s, 3H). 13C NMR (101 MHz, CDCl3) δppm 190.7, 167.0, 138.2, 137.2, 136.8, 

136.7, 134.2, 133.7, 132.5, 130.7, 130.5, 129.4, 128.7, 128.7, 128.7, 125.1, 48.8, 33.0, 19.8, 

19.4. 

 

Scheme 4.9. Gram-scale synthesis of orexin receptor agonist (6h) by 1. 

4.9.9. Spectroscopic Characterization for Demethylative Amidation Products 

 

 

 

 

 

N-Methyl-2-oxo-N,2-diphenylacetamide (5a) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (107 mg, yield 89%). 

1H NMR (400 MHz, CDCl3) δppm 7.88 – 7.82 (m, 2H), 7.59 – 7.53 (m, 

1H), 7.43 (q, J = 7.9 Hz, 2H), 7.35 (d, J = 8.7 Hz, 1H), 7.25 – 7.11 (m, 

3H), 7.01 (d, J = 8.7 Hz, 1H), 3.48 and 3.45 (s, 3H, N-CH3, major and 

minor, conformers). 

13C NMR (101 MHz, CDCl3) δppm 190.9, 167.2, 141.2, 134.6, 133.6, 

129.6, 129.5, 128.9, 128.4, 126.8, 36.3. 

HRMS (ESI, m/z) calcd. for C15H14NO2 [M+H]+: 240.1024; found: 

290.1026. 
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N-(4-bromophenyl)-N-methyl-2-oxo-2-phenylacetamide (5b) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow gummy liquid (100 mg, 63%). 

1H NMR (400 MHz, CDCl3) δppm 7.85 (dd, J = 7.3, 1.3 Hz, 2H), 7.58 

(t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 7.20 (d, J = 8.8 Hz, 2H), 

7.07 (d, J = 8.8 Hz, 2H), 3.45 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 190.7, 167.0, 139.8, 134.6, 134.0, 

133.4, 129.8, 129.5, 129.0, 128.2, 36.3. 

HRMS (ESI, m/z) calcd. for C15H13BrNO2 [M+H]+: 318.0130; found: 

318.0147. 

 

N-(4-chlorophenyl)-N-methyl-2-oxo-2-phenylacetamide (5c 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow gummy liquid (81 mg, 59%). 

1H NMR (400 MHz, CDCl3) δppm 7.85 (d, J = 7.5 Hz, 2H), 7.58 (t, J = 

7.4 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 7.34 (d, J = 8.7 Hz, 2H), 7.01 (d, 

J = 8.7 Hz, 2H), 3.44 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 190.6, 166.9, 140.3, 134.6, 133.3, 

132.8, 129.5, 129.0, 128.4, 122.0, 36.3. 

HRMS (ESI, m/z) calcd. for C15H13ClNO2 [M+H]+: 274.0635; found: 

274.0639. 

 

 

N-(4-methoxyphenyl)-N-methyl-2-oxo-2-phenylacetamide (5d) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow gummy liquid (124 mg, 92%). 

1H NMR (400 MHz, CDCl3) δppm 7.83 (d, J = 7.8 Hz, 2H), 7.56 (t, J = 

7.4 Hz, 1H), 7.43 (t, J = 6.8 Hz, 2H), 7.05 (d, J = 6.5 Hz, 2H), 6.72 (d, 

J = 6.5 Hz, 2H), 3.71 (s, 3H), 3.43 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 191.3, 167.4, 159.2, 134.4, 133.7, 

133.6, 129.5, 128.9, 128.5, 114.7, 55.5, 36.6. 

HRMS (ESI, m/z) calcd. for C16H16NO3 [M+H]+: 270.1130; found: 

270.1136. 
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N-methyl-2-oxo-2-phenyl-N-(p-tolyl)acetamide (5e) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow gummy liquid (104 mg, 82%). 

1H NMR (400 MHz, CDCl3) δppm 7.89 – 7.82 (m, 2H), 7.55 (t, J = 7.5 

Hz, 1H), 7.42 (t, J = 7.7 Hz, 2H), 7.01 (s, 4H), 3.45 (s, 3H), 2.23 (s, 

3H). 

13C NMR (101 MHz, CDCl3) δppm 191.0, 167.2, 138.5, 138.2, 134.3, 

133.5, 130.2, 129.5, 128.8, 126.6, 36.3, 21.1. 

HRMS (ESI, m/z) calcd. for C16H16NO2 [M+H]+: 254.1181; found: 

254.1198. 

 

 

N-methyl-2-oxo-2-phenyl-N-(o-tolyl)acetamide (5f) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 90:10 hexane/ethyl acetate) afforded the desired product as 

a yellow oil (67 mg, 53%). 

1H NMR (400 MHz, CDCl3) δppm 7.85 – 7.79 (m, 2H), 7.55 (t, J = 7.4 

Hz, 1H), 7.41 (t, J = 7.8 Hz, 2H), 7.19 – 7.11 (m, 2H), 6.97 (dd, J = 4.7, 

1.8 Hz, 2H), 3.36 (s, 3H), 2.30 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 190.7, 167.1, 139.5, 136.7, 134.3, 

133.4, 131.6, 129.4, 129.2, 129.2, 128.8, 128.7, 126.9, 35.4, 17.8. 

HRMS (ESI, m/z) calcd. for C16H16NO2 [M+H]+: 254.1181; found: 

254.1171. 

 

 

N-(2-bromophenyl)-N-methyl-2-oxo-2-phenylacetamide (5g) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a white solid (75 mg, 47%). 

1H NMR (400 MHz, CDCl3) δppm 7.89 (dd, J = 8.4, 1.3 Hz, 2H), 7.57 – 

7.50 (m, 2H), 7.42 (t, J = 7.8 Hz, 2H), 7.29 (dd, J = 7.8, 1.8 Hz, 1H), 

7.25 – 7.20 (m, 1H), 7.13 (td, J = 7.6, 1.8 Hz, 1H), 3.42 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 190.2, 166.8, 139.9, 134.5, 134.0, 

133.0, 131.3, 130.4, 129.9, 128.7, 128.6, 123.1, 35.6. 

HRMS (ESI, m/z) calcd. for C15H13BrNO2 [M+H]+: 318.0130; found: 

318.0144 
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N-(3-methoxyphenyl)-N-methyl-2-oxo-2-phenylacetamide (5h) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow oil (93 mg, 69%). 

1H NMR (400 MHz, CDCl3) δppm 7.92 – 7.84 (m, 2H), 7.58 (t, J = 7.4 

Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 7.13 (t, J = 8.1 Hz, 1H), 6.76 – 6.68 

(m, 2H), 6.65 (t, J = 2.3 Hz, 1H), 3.61 (s, 3H), 3.48 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 190.8, 167.2, 160.4, 142.4, 134.4, 

133.8, 130.4, 129.6, 128.9, 118.8, 114.2, 112.3, 55.4, 36.3. 

HRMS (ESI, m/z) calcd. for C16H16NO3 [M+H]+: 270.1130; found: 

270.1124. 

 

 

N,N-diethyl-2-oxo-2-phenylacetamide (5i) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow liquid (72 mg, 70%). 

1H NMR (400 MHz, CDCl3) δppm 7.93 (dd, J = 8.3, 1.3 Hz, 2H), 7.67 – 

7.59 (m, 1H), 7.50 (dd, J = 8.4, 7.1 Hz, 2H), 3.56 (q, J = 7.2 Hz, 2H), 

3.23 (q, J = 7.1 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H), 1.15 (t, J = 7.1 Hz, 

3H). 

13C NMR (101 MHz, CDCl3) δppm 191.7, 166.8, 134.7, 133.3, 129.7, 

129.1, 42.2, 38.9, 14.2, 13.0. 

HRMS (ESI, m/z) calcd. for C12H16NO2 [M+H]+: 206.1181; found: 

206.1194. 

 

 

1-phenyl-2-(pyrrolidin-1-yl)ethane-1,2-dione (5j) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow liquid (68 mg, 67%). 

1H NMR (400 MHz, CDCl3) δppm 7.98 (d, J = 7.5 Hz, 2H), 7.62 (t, J = 

7.4 Hz, 1H), 7.49 (t, J = 7.6 Hz, 2H), 3.64 (t, J = 6.6 Hz, 2H), 3.41 (t, J 

= 6.4 Hz, 2H), 1.98 – 1.89 (m, 4H). 

13C NMR (101 MHz, CDCl3) δppm 191.7, 165.0, 134.7, 133.0, 130.0, 

129.0, 46.8, 45.3, 26.0, 24.1. 

HRMS (ESI, m/z) calcd. for C12H14NO2 [M+H]+: 204.1024; found: 

204.1035. 
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1-phenyl-2-(piperidin-1-yl)ethane-1,2-dione (5k) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow liquid (67 mg, 62%). 

1H NMR (400 MHz, CDCl3) δppm 7.99 – 7.90 (m, 2H), 7.66 – 7.59 (m, 

1H), 7.50 (t, J = 7.7 Hz, 2H), 3.73 – 3.66 (m, 2H), 3.33 – 3.24 (m, 2H), 

1.68 (p, J = 2.9 Hz, 4H), 1.58 – 1.49 (m, 2H). 

13C NMR (101 MHz, CDCl3) δppm 192.1, 165.5, 134.8, 133.3, 129.7, 

129.1, 47.1, 42.2, 26.3, 25.5, 24.5. 

HRMS (ESI, m/z) calcd. for C13H16NO2 [M+H]+: 218.1181; found: 

218.1172. 

 

1-Morpholino-2-phenylethane-1,2-dione (5l) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 75:25 hexane/ethyl acetate) afforded the desired product as 

a yellow liquid (60 mg, 55%). 

1H NMR (400 MHz, CDCl3) δppm 7.95 – 7.89 (m, 2H), 7.62 (t, J = 7.4 

Hz, 1H), 7.48 (t, J = 7.8 Hz, 2H), 3.76 (s, 4H), 3.61 (t, J = 4.8 Hz, 2H), 

3.37 – 3.32 (m, 2H). 

13C NMR (101 MHz, CDCl3) δppm 191.2, 165.5, 135.0, 133.0, 129.6, 

129.1, 66.7, 66.6, 46.2, 41.6. 

HRMS (ESI, m/z) calcd. for C12H14NO3 [M+H]+: 220.0974; found: 

220.0994. 

 

 

2-(4-(Tert-butyl)phenyl)-N-methyl-2-oxo-N-phenylacetamide (6a) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 90:10 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (94 mg, 69%). 

1H NMR (400 MHz, CDCl3) δppm 7.79 (d, J = 8.8 Hz, 2H), 7.44 (d, J = 

8.8 Hz, 2H), 7.27 – 7.19 (m, 3H), 7.17 – 7.13 (m, 2H), 3.48 (s, 3H), 

1.31 (s, 9H). 

13C NMR (101 MHz, CDCl3) δppm 190.5, 167.4, 158.3, 141.5, 131.1, 

129.6, 129.5, 128.1, 126.8, 125.9, 36.3, 35.4, 31.1. 
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2-(4-Fluorophenyl)-N-methyl-2-oxo-N-phenylacetamide (6b) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow gummy liquid (80 mg, 62%). 

1H NMR (400 MHz, CDCl3) δppm 7.88 (dd, J = 8.9, 5.3 Hz, 2H), 7.26 – 

7.18 (m, 3H), 7.15 – 7.05 (m, 4H), 3.47 and 3.32 (s, 3H, N-CH3, Major 

and Minor conformers). 

13C NMR (101 MHz, CDCl3) δppm 189.2, 167.7, 166.9, 165.1, 141.2, 

132.3, 132.2, 129.7, 128.3, 126.8, 116.3, 116.1, 36.3. 

 

 

2-(4-Methoxyphenyl)-N-methyl-2-oxo-N-phenylacetamide (6c) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow gummy liquid (110 mg, 79%). 

1H NMR (400 MHz, CDCl3) δppm 7.83 (d, J = 9.0 Hz, 2H), 7.22 (dd, J 

= 10.6, 7.1 Hz, 3H), 7.13 (dd, J = 8.1, 1.6 Hz, 2H), 6.90 (d, J = 8.9 Hz, 

2H), 3.85 (s, 3H), 3.47 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 189.6, 167.5, 164.5, 141.5, 132.0, 

129.6, 128.1, 126.8, 114.2, 55.7, 36.3. 

HRMS (ESI, m/z) calcd. for C16H16NO3 [M+H]+: 270.1130; found: 

270.1124. 

 

 

N-Methyl-2-oxo-N-phenyl-2-(o-tolyl)acetamide (6d) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:15 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (67 mg, 85%). 

1H NMR (400 MHz, CDCl3) δppm 7.79 (dd, J = 7.8, 1.6 Hz, 1H), 7.36 

(td, J = 7.5, 1.5 Hz, 1H), 7.25 (t, J = 7.2 Hz, 1H), 7.23 – 7.16 (m, 3H), 

7.13 – 7.06 (m, 3H), 3.43 (s, 3H), 2.26 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 193.3, 167.6, 141.1, 140.7, 133.1, 

132.3, 132.2, 131.8, 129.5, 128.1, 127.1, 125.8, 36.2, 21.2. 

 

 

2-mesityl-N-methyl-2-oxo-N-phenylacetamide (6e) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a pale-yellow solid (67 mg, 75%). 
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1H NMR (400 MHz, CDCl3) δppm 7.21 (dd, J = 5.3, 1.9 Hz, 3H), 7.08 – 

7.02 (m, 2H), 6.69 (s, 2H), 3.37 (s, 3H), 2.21 (s, 3H), 2.18 (s, 6H). 

13C NMR (101 MHz, CDCl3) δppm 194.4, 167.0, 141.5, 141.4, 137.7, 

133.0, 129.7, 129.4, 128.1, 127.0, 37.8, 21.2, 20.8. 

HRMS (ESI, m/z) calcd. for C18H20NO2 [M+H]+: 282.1494; found: 

282.1465. 

 

 

N-methyl-N,2-diphenylacetamide (6f) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow gummy liquid (99 mg, 78%). 

1H NMR (400 MHz, CDCl3) δppm 7.32 – 7.21 (m, 7H), 7.06 – 7.01 (m, 

2H), 6.82 (dd, J = 7.6, 2.1 Hz, 2H), 3.89 (s, 2H), 3.29 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 197.0, 166.9, 141.3, 131.7, 130.1, 

129.5, 128.8, 128.2, 127.5, 126.7, 47.0, 36.8. 

 

 

N-Methyl-2-oxo-N-phenyl-2-(thiophen-2-yl)acetamide (6g) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (75 mg, 61%). 

1H NMR (400 MHz, CDCl3) δppm 7.85 (d, J = 3.9 Hz, 1H), 7.72 (d, J = 

6.1 Hz, 1H), 7.30 (d, J = 7.3 Hz, 3H), 7.20 – 7.14 (m, 3H), 3.48 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 182.7, 166.1, 141.7, 140.8, 136.0, 

135.6, 132.9, 129.7, 128.6, 128.2, 126.6, 36.8, 29.8. 

 

 

N-methyl-N-phenylbenzamide (7a) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (69 mg, 65%). 

1H NMR (400 MHz, CDCl3) δppm 7.29 (d, J = 6.8 Hz, 2H), 7.24 – 7.18 

(m, 3H), 7.17 – 7.09 (m, 3H), 7.02 (d, J = 7.2 Hz, 2H), 3.49 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 170.7, 144.9, 135.9, 129.6, 129.2, 

128.8, 127.8, 127.0, 126.5, 38.5. 
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N,4-dimethyl-N-phenylbenzamide (7b) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (77 mg, 68%). 

1H NMR (400 MHz, CDCl3) δppm 7.25 – 7.11 (m, 5H), 7.03 (d, J = 7.1 

Hz, 2H), 6.95 (d, J = 8.1 Hz, 2H), 3.48 (s, 3H), 2.24 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 170.8, 145.3, 139.9, 133.0, 129.2, 

129.0, 128.5, 127.0, 126.4, 38.6, 21.4. 

HRMS (ESI, m/z) calcd. for C15H16NO [M+H]+: 226.1232; found: 

226.1222. 

 

 

4-fluoro-N-methyl-N-phenylbenzamide (7c) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:15 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (81 mg, 71%). 

1H NMR (400 MHz, CDCl3) δppm 7.26 (dd, J = 15.2, 8.4 Hz, 4H), 7.15 

(t, J = 6.8 Hz, 1H), 7.05 (d, J = 8.2 Hz, 2H), 6.67 (d, J = 8.8 Hz, 2H), 

3.74 (s, 3H), 3.50 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 170.4, 160.7, 145.5, 131.0, 129.3, 

128.0, 126.9, 126.4, 113.1, 55.3, 38.7. 

 

 

4-chloro-N-methyl-N-phenylbenzamide (7d) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (85 mg, 69%). 

1H NMR (400 MHz, CDCl3) δppm 7.23 (dd, J = 8.3, 3.5 Hz, 4H), 7.19 – 

7.11 (m, 3H), 7.02 (d, J = 7.8 Hz, 2H), 3.49 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 169.4, 144.6, 135.7, 134.3, 130.3, 

129.4, 128.0, 126.9, 126.8, 38.5. 

 

 

4-methoxy-N-methyl-N-phenylbenzamide (7e) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 75:25 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (90 mg, 75%). 
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1H NMR (400 MHz, CDCl3) δppm 7.26 (dd, J = 15.2, 8.4 Hz, 4H), 7.15 

(t, J = 6.8 Hz, 1H), 7.05 (d, J = 8.2 Hz, 2H), 6.67 (d, J = 8.8 Hz, 2H), 

3.74 (s, 3H), 3.50 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 170.4, 160.7, 145.5, 131.0, 129.3, 

128.0, 126.9, 126.4, 113.1, 55.3, 38.7. 

 

 

N,2-dimethyl-N-phenylbenzamide (7f) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow solid (42 mg, 37%). 

1H NMR (400 MHz, CDCl3) δppm 7.51 (d, J = 2.0 Hz, 1H), 7.27 (d, J = 

4.6 Hz, 4H), 7.18 (t, J = 7.4 Hz, 1H), 7.12 – 7.05 (m, 3H), 6.31 (d, J = 

8.5 Hz, 1H), 3.47 (s, 3H), 2.83 (d, J = 3.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δppm 169.4, 147.1, 145.7, 134.0, 130.4, 

129.40, 126.9, 126.4, 124.2, 108.8, 38.9, 30.4. 

 

 

3,4-dimethoxy-N-methyl-N-phenylbenzamide (7g) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a yellow gummy liquid (149 mg, 55%). 

1H NMR (400 MHz, CDCl3) δppm 7.25 – 7.19 (m, 2H), 7.16 – 7.10 (m, 

1H), 7.03 (d, J = 8.1 Hz, 2H), 6.91 (dd, J = 8.3, 2.1 Hz, 1H), 6.82 (d, J 

= 2.1 Hz, 1H), 6.61 (d, J = 8.4 Hz, 1H), 3.78 (s, 3H), 3.61 (s, 3H), 3.47 

(s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 170.19, 150.26, 147.94, 145.67, 

129.35, 127.89, 126.91, 126.47, 122.91, 112.49, 109.96, 55.90, 55.77, 

38.77. 

 

 

N-methyl-N,2-diphenylacetamide (7h) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 85:15 hexane/ethyl acetate) afforded the desired product as 

a yellow oil. (46 mg, 41%). 

1H NMR (400 MHz, CDCl3) δppm 7.43 – 7.35 (m, 3H), 7.21 (dd, J = 

10.5, 7.0 Hz, 3H), 7.12 (d, J = 7.7 Hz, 2H), 7.05 (d, J = 6.6 Hz, 2H), 

3.46 (s, 2H), 3.28 (s, 3H). 
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13C NMR (101 MHz, CDCl3) δppm 171.2, 144.1, 135.6, 129.8, 129.2, 

128.4, 128.1, 127.8, 126.7, 41.0, 37.8. 

HRMS (ESI, m/z) calcd. for C15H16NO [M+H]+: 226.1232; found: 

226.1254. 

 

 

N-methyl-N-phenylcyclohexanecarboxamide (7i) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:15 hexane/ethyl acetate) afforded the desired product as 

a yellow liquid (89 mg, 82%). 

1H NMR (400 MHz, CDCl3) δppm 7.39 (t, J = 7.6 Hz, 2H), 7.32 (t, J = 

7.4 Hz, 1H), 7.15 (d, J = 7.7 Hz, 2H), 3.21 (s, 3H), 2.16 (s, 1H), 1.62 

(d, J = 13.0 Hz, 4H), 1.50 (q, J = 12.7, 11.2 Hz, 3H), 1.15 (q, J = 13.0 

Hz, 1H), 0.94 (t, J = 12.9 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δppm 176.5, 144.3, 129.8, 127.7, 127.3, 

41.4, 37.5, 29.5, 25.7, 25.6. 

HRMS (ESI, m/z) calcd. for C14H20NO [M+H]+: 218.1545; found: 

218.1540. 

 

N-methyl-N-phenylacrylamide (7j) 

The general procedure was followed. Column chromatography (SiO2, 

eluting with 80:20 hexane/ethyl acetate) afforded the desired product as 

a white solid (36 mg, 45%). 

1H NMR (400 MHz, CDCl3) δppm 7.41 (t, J = 7.4 Hz, 2H), 7.33 (t, J = 

7.5 Hz, 1H), 7.22 – 7.14 (m, 2H), 6.37 (dd, J = 16.8, 2.1 Hz, 1H), 6.07 

(dd, J = 16.8, 10.3 Hz, 1H), 5.51 (dd, J = 10.3, 2.1 Hz, 1H), 3.36 (s, 

3H). 

13C NMR (101 MHz, CDCl3) δppm 165.9, 143.6, 129.7, 128.6, 127.8, 

127.6, 127.4, 37.6. 

 

 

N-methyl-N-phenylthiophene-3-carboxamide (7k) 

The general procedure afforded the desired product as a yellow solid 

(62 mg, 57%). 

1H NMR (400 MHz, CDCl3) δppm 7.34 (t, J = 7.3 Hz, 2H), 7.30 – 7.25 

(m, 1H), 7.20 (dd, J = 3.0, 1.3 Hz, 1H), 7.17 – 7.12 (m, 2H), 7.03 (dd, J 

= 5.1, 3.0 Hz, 1H), 6.88 (dd, J = 5.1, 1.3 Hz, 1H), 3.48 (s, 3H). 

13C NMR (101 MHz, CDCl3) δppm 165.0, 144.9, 136.8, 129.9, 129.5, 

128.6, 127.3, 127.2, 124.4, 38.6. 
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5.1. Introduction 

Catalytic processes, heavily governed by ligand-based redox is at the mainstay of 3d transition 

metal catalysis.1–4 Major inspiration in this direction comes from metal-radical motifs in active 

sites of metalloenzymes including cytochrome P-4505 or galactose oxidase6. In such cases the 

ligands’ capability of holding an electron is judged as instrumental in dictating the final 

outcome of the process. Mimicking such processes derived tremendous recent attention since 

such redox reservoir/sink characteristics can ideally emulate two-electron processes on 3d-

transition metal systems, which are as such prone to perform one-electron chemistry.7–11 In 

such processes, often the ligand plays a preeminent role, far beyond their traditional 

participation as robust ancillary that also fine tunes the electronics at the metal coordination 

sphere. Recent developments showed few prominent examples where an intricate interplay of 

the ligand and the 3d-metal can succeed to solve challenging chemical/electrochemical 

processes.12–15 Since there is a strong drive for 3d transition metal catalysis as an approach to 

sustainability, there is a genuine need to identifying ligand backbones that directly participate 

in redox reactions, thus imitating the reactivity patterns afforded by precious metals.16–18  

Along the progress of 3d transition metal catalysis, iron is a major contributor.19-20 It is 

the second most abundant element available in Earth’s crust. Inexpensive iron metal salts often 

promote radical chemistry, and has shown its strong presence in cross-coupling chemistry and 

atom-transfer radical polymerization reactions.21-24 Surprisingly, the precise role of iron’s 

oxidation state is not thoroughly evaluated in many reactions.25 Knowing the oxidation state of 

iron is important to control the processes where switching to a redox noninnocent ligand often 

alters spin state population in iron and change the course of a catalytic process. In this chapter, 

we report a redox noninnocent formazanate backbone coordinated to iron, where the complex 

is capable of promoting radical chemistry to conduct C-H tertiary alkylation of heteroarenes. 

It has been utilized in a series of chemical transformations under very small amount of catalyst 

loading. By thorough Mössbauer and EPR spectroscopic analysis we prove that the 

formazanate ligand motif helps in single electron transfer, largely retaining the iron’s oxidation 

state throughout the catalytic cycle. 

5.2. Results and Discussion 

In the portfolio of redox noninnocent ligands 2-iminopyridines,26 bis(imino)pyridines,27 o-

phenylenediamines,28 dithiolenes,29 are some of the key motifs that often drive important 

chemical transformations in tandem with 3d-metals. Structurally, formazanate is very close to 
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ubiquitous β-diketiminates,30 although further coordination can be introduced by modifying 

the N-aryl group. Previously, the formazanate coordinated transition metal complexes have 

been utilized for synthesizing molecules with impressive photophysical properties.31-32 

However, their use in developing homogeneous catalysts is relatively scarce.33-34  

5.2.1. Synthesis of Formazanate Ligand and Iron(III) Complex 1  

In our work, we selected 1,5-bis(2-hydroxyphenyl)-3-phenylformazan (L) backbone that can 

afford tetradentate coordination (Scheme 5.1).35 The synthesis of the desirable catalyst 

molecule starts with deprotonation of L by 3.1 equivalents of NaH and the coordination to 

Fe(III) precursor, following a literature procedure.35 Accordingly, treatment of FeCl3 in the 

THF solution of the deprotonated ligand backbone immediately evinces a color change from 

dark blue to darkgreen, that lead to the formation of (L)Fe(THF)2 complex, tentatively (Scheme 

5.1a). 

 

Scheme 5.1. (a) Attempted synthesis of (L)FeIII(THF)2 complex 1. (b) ligand-centered reversible redox 

process. 

It was expected that the tetradentate coordination of the azophenolate with Fe(III) will be in 

plane, and the two axial positions will be filled with loosely bound THF. This assignment is in 

line with Hick’s iron formazanate complex, where a similar formazanate ligand coordinates to 

Fe(III), and two pyridine molecules binds axially to complete the octahedral coordination 

sphere.35 Notably, the coordinated THF is a labile placeholder and its removal gives access to 

free binding site for an incoming substrate.  
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5.3. Characterization of (L)FeIII(THF)2 Complex  (1) and Single Electron Oxidised form 

of 1 

5.3.1. Mössbauer spectroscopic Analysis of Complex 1  

To unambiguously assign the iron oxidation state in 1, solid sample was analyzed through zero-

field Mössbauer spectroscopy at a temperature of 20 K. Fitting the experimental data displayed 

two major subspectra in close to 1:1 ratio. The first subspectrum displays an isomer shift of δ 

0.59 mm s-1 and quadrupole splitting, ΔEQ of 0.85 mm s-1 (Figure 5.1).  

 

Figure 5.1. 57Fe Mössbauer spectroscopic (zero-field) analysis for the Fe(III)formazanate complex 1. The 

data was collected at 20 K.  

This set of values strongly suggests a high-spin (HS) Fe(III) (labeled as 1a, Scheme 5.2) 

molecule likely in a pseudooctahedral ligand environment. The relatively smaller quadrupole 

splitting parameter, that provides the measure of the asymmetry of the electric field gradient at 

the nucleus, suggests relatively symmetric environment akin to S = 5/2 spin state. On the other 

hand, the second subspectrum also discloses a well-resolved quadrupole doublet with δ 0.32 

mm s-1 and ΔEQ of 0.85 mm s-1. The change in isomer shift compared to the first subspectrum 

is indicative of another HS Fe(III) (S = 5/2) (labeled as 1b, Scheme 5.2) species in solid state. 

The lower value of δ for the second species hints the iron to remain in a strong ligand 

environment, that prompts us to suggest the retention of a chloride ligand in an “ate” complex. 

The chloride is an anionic ligand and forms a much shorter, and hence stronger bond to Fe(III), 

in comparison to THF. Multiple attempts to crystalize the iron molecules in this speciation 

were futile due to the mixture of Fe(III) species in solution. Prior literature report also disclosed 
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the difficulty in characterizing such sample speciation via crystallography when multiple 

species are present due to solvent vs counter anion coordination.36  

 

Scheme 5.2. a) Plausible Fe(III) molecules to describe the composition of 1. b) The corresponding species 

upon one-electron oxidation describing composition of 2. 

5.3.2. High Resolution Mass Spectrometry Analysis of Fe(III)formazanate Complex 1 

However, the synthesized iron complex contains two species. As per above discussion, the 

second species might be an iron complex with one of chloride ligand attached to the metal 

center. As, the final species is ate complex with one negative charge on the coordination sphere 

having sodium as counter cation. So, the ESI mass spectrometry experiment in negative mode 

was conducted. Fortunately, the ESI mass spectrometry identified the presence of 1b in 

solution. For 1b: HRMS (ESI, m/z) calcd. for C19H12ClFeN4O2 [M - H]-: 420.9977; found: 

420.9970. 

Such an iron chloride complex was also documented in a prior report where the ligand 

backbone involved a β-diketiminate appended with phenolic arms.37 We note that speciation 

and availing multiple spin states, depending on the very small change in the ligand environment 

is rather common for Fe(III) complexes.38-43  
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In turn, we rely on Mössbauer, EPR and magnetic data was conto gather electronic information 

for the suggested Fe(III) molecules from formazanate coordination. 

5.3.3. Solid State Magnetic Moment Analysis of Fe(III)formazanate Complex 1 

In line with the presence of two HS Fe(III) species present in a solid mixture, a magnetic 

moment measurement was conducted at room temperature revealed a value of 5.8 μB, strongly 

supporting the  S = 5/2 Fe(III) species being present.  In essence, the sample represents a 

physical mixture of two different Fe(III) molecules both possessing HS iron centers.44  

5.3.4. Cyclic Voltammetry Measurement of Fe(III)formazanate Complex 1 

The formazanate backbone is redox noninnocent45 and it is anticipated that the electron-rich 

nature of the backbone will prompt the oxidation majorly on the ligand backbone. A cyclic 

voltammetry measurement in dichloromethane solution evinced a broad quasi-reversible wave 

at 0.38 V (vs Fc+/Fc couple) (Figure 2).  

 

Figure 5.2. a) CV of 1 mM of 1 dissolved in dichloromethane along with 0.1 M solution of tetrabutyl-

ammonium hexafluorophosphate salt as an electrolyte. The scan rate was 200 mV s-1. b) DPV plot during 

oxidation wave c) DPV plot during reduction wave.  

Such a moderate potential required to extract out one electron from the system is indicative of 

ligand-based oxidation since the alternative iron-centered oxidation; Fe(III)/Fe(IV) couple will 

demand a much positive potential. The observed potential also comes closer to the previously 

observed formazanate ligand oxidation for an aluminum complex.46 The broad quasi-reversible 

wave also hints the presence of two species having a narrow difference in their redox potentials, 

Apparently, the differential pulse voltammetry (DPV) study clearly located two peaks having 

a difference of 120 mV in their peak potentials (Figure 5.2b). Furthermore, a second 

irreversible oxidation wave was located at 1.26 V, which is also in strong agreement with the 

prior report involving the (formazanate)Al complex.46 The cyclic voltammetry experiment has 
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been repeated multiple times on different batches of sample to conclude that the presence of 

two Fe(III) molecules is reproducible under the preparatory method.  

5.3.5. UV-Visible Analysis of Ligand (L) and Fe(III)-formazanate Complex 1 

 

Figure 5.5. UV-Visible spectrum of Ligand (Violet line) and Fe(III) formazanate complex (Blue line) 

TD-DFT was performed to analyse the nature of electronic transitions further. The TD-DFT 

analysis of the complex 1a displays transitions at 357 nm, 390 nm, 440 nm, 511 nm. Similarly, 

the TD-DFT analysis of the complex 1b shows transitions at 363 nm, 421 nm, 566 nm, 666 

nm. Both the predicted spectra closely resemble the experimental absorption spectra of 

complex 1. Along with some ligand-centered transitions, majority of transitions involve mixed 

metal-ligand orbitals.  

5.4. Synthesis and Characterization of Oxidised Fe(III) Complex 2  

5.4.1. Synthesis of Oxidized Fe(III)formazanate Complex 2 

The chemical oxidation of the bulk starting complexes by AgOTf showed a rapid color change 

to reddish brown, and the oxidation were completed within an hour. Extracting the resulting 

oxidized product in THF left a dark brown colored material. 19F NMR spectroscopic data was 

collected on the sample to find the resonance at -19 ppm (with respect to BF3.OEt2). The crude 

sample was subjected to HRMS for further studies. From mass spectrum, the signature of 2a, 

where a triflate ligand is bound to Fe(III) was observed. Similarly, the oxidized version of 1b 

was further diagnosed via mass spectrometry to retain the chloride ion (2b).  
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For 2a: HRMS (ESI, m/z) calcd. for C20H14F3FeN4O5S [M + H]+: 534.9987; found: 534.9941.  

For 2b: HRMS (ESI, m/z) calcd. for C19H12ClFeN4O2 [M - H]-: 420.9977; found: 420.9981.   

5.4.2. Mössbauer spectroscopic Analysis of Oxidised Iron(III) Complex 2  

To unambiguously assign the oxidation state of the iron center, Mössbauer spectroscopic 

analysis was conducted.  Gratifyingly, in the zero-field Mössbauer analysis, again two major 

subspectra were visible. The first major subspectrum displayed the isomer shift δ 0.66 mm s-1 

with a ΔEQ of 1.02 mm s-1. The small change of the isomer shift value compared to the parent 

molecule suggests the iron oxidation to remain unaltered (Figure 3) proving oxidation at the 

formazanate backbone.47-48 We assign this as HS, (L•+)FeIII(THF)(OTf), 2a (Scheme 2). 

Plausibly, the depletion of electron density in the ligand backbone reduces the sigma-electron 

donation to the metal center, making the s-electron density around iron nucleus less, thus 

shifting the chemical shift to a slightly higher value. Similarly, the fitting of the data reveals 

the second subspectrum that is represented by δ and ΔEQ of 0.42 and 0.98 mm s-1 respectively. 

These values represent the HS, (L•+)FeIIICl(THF), 2b (Scheme 5.2).  

 

Figure 5.3. 57Fe zero-field Mössbauer spectroscopic analysis (20 K) for the oxidized sample from 1.   

In the oxidized sample the two subspectra shows up in a 3:2 ratio, that concludes that the two 

HS iron species are likely in equilibrium at starting mixture, so that upon oxidation the relative 

proportion may change. The higher value of quadrupole split in the oxidized variety (both 2a 

and 2b) hints increased asymmetry in the electronic environment of the system. This likely 

stems from the change in electric field gradients from oxidized ligand backbone, as well as a 
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probable triflate binding. Indeed, the mass spectrometric analysis revealed the presence of an 

iron-bound triflate in 2a.  

Additionally, the 19F NMR resonance appeared at δ -19 ppm, as a real broad peak.  In 

moderately coordinating solvent, the triflate easily exchanges with the solvent that also causes 

such peak broadening.49-50 However, such a weak binding of triflate does not change the spin 

state of the Fe(III) center.  

5.4.3. EPR Analysis of Fe(III)formazanate Complex 1 and Oxidised Fe(III) Complex 2 

Moreover, the X-band EPR spectroscopic determination of the iron speciation is in close 

agreement with the Mössbauer spectroscopic data. A THF glass of the parent sample at 4.2 K 

clearly evinces the signature of S = 5/2 Fe(III) species. The low temperature data shows a small 

signal at g = 9.76, while a strong and sharp signal at g = 5.84, 3.12 and 1.99 respectively (Figure 

5.4a).51 From the emergence of the g values for the HS molecule, it was estimated that the 

rhombicity (D/E) to be close to 0.1.52 In this spectrum, few peaks are relatively broad and they 

represent both S = 5/2 Fe(III) species to be available in the analyzed sample, consistent with 

Mössbauer and CV experiments. 

 

Figure 5.4. (a)  X-band EPR spectrum of 1 in frozen THF at 4.2 K. (b) X-band EPR spectrum of the oxidized 

sample 2 in frozen THF at 4.2 K. 

To unambiguously ascertain the ligand-based oxidation, the oxidized mixture was further 

interrogated by EPR spectroscopy. The EPR analysis on the oxidized batch discloses the 

presence of S= 5/2 species along with the clear signature of oxidized ligand backbone.  The 

EPR signature for the S = 5/2 species is clear at g = 4.25, 3.19 and 1.86 that pertains to a 

rhombicity of 0.2. Most importantly, the formazanate ligand oxidation is prominent with the 

appearance of an anisotropic signal centered around g = 2.01 with visible hyperfine features. 
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The ligand-based SOMO for the radical cation, 2•+ shows major molecular orbital coefficients 

on two nitrogens, that are directly coordinated to Fe(III) (Figure 4b). Keeping this into account, 

the simulation of this part of the spectrum was attempted that found to be a good fit. 

Theoretically reproducing the spectrum strongly suggests the ligand-based electron to couple 

with two nitrogens along with iron (Figure 5.4b). However, the interaction of the ligand-based 

radical with the iron d-electron is very weak that is supported by the appearance of separated 

signal pertaining to an organic radical. Overall, the X-band EPR spectroscopic data strongly 

supports that the one-electron oxidation to happen on the formazanate ligand backbone, while 

the iron oxidation state is retained as +3. Indeed, retention of Kramer’s system in the oxidized 

sample directly speaks for the preservation of the metal oxidation state during the process. 

5.5. Computational Analysis 

This ligand-based oxidation was further interrogated by DFT analysis focusing on the S = 5/2 

molecule 2a at B3LYP level of theory.53-54 The electronic structure of the oxidized molecule 

2a can represent two different spin scenario; the structure can possess a spin-uncoupled septet 

state, or alternatively, the ligand-based electron may antiferromagnetically couple the S = 5/2 

of iron to overall represent an open-shell quintet state (Figure 5.6). In DFT calculations, both 

the septet and open-shell quintet states are extremely close in energy having an energy 

difference of only 1.2 kcal mol-1 favoring the septet as ground state.  

 

Figure 5.6. Calculated energy difference between spin-uncoupled septet state and open-shell quintet state 

Notably, the open-shell quintet geometry was optimized by a BS(5,1) formalism and found to 

feature an extremely weakly coupled metal d-electron with ligand electron.55 The spin densities 

for the both septet and BS(5,1) solution is presented in (Figure 5.7). This weak coupling aligns 

very well with our EPR observation, where a separate organic radical signal has been 

recognized along with signatures of Fe(III) center. All these spectroscopic, magnetochemical, 



  Chapter 5 

181 
 

and computational data provide compelling proof for the formazanate ligand oxidation, with 

the clear retention of Fe(III) oxidation state upon oxidizing 1. 

 

Figure 5.7. (a) Electronic description of the septet state of 2a and Excess alpha spin density distribution 

of 2a at the septet. (b) Electronic description of the quintet state originating from BS(5,1) solution of 2a and 

unpaired electron spin density distribution due to unpaired electrons of 2a at its open-shell quintet state from 

BS(5,1) solution. (c) Electronic description of the septet state of 2b and Excess alpha spin density 

distribution of 2b at the septet. (d) Electronic description of the quintet state originating from BS(5,1) 

solution of 2b and unpaired electron spin density distribution due to unpaired electrons of 2b at its open-

shell quintet state from BS(5,1) solution. 

5.6. Catalytic Applications 

Upon establishing the ligand noninnocence of the formazanate backbone, the catalytic activity 

of 1 was explored where the chemical transformation will be facilitated by the ligand-redox 

property. A methodology where a quaternary carbon center can be created in a heteroarene was 

chosen since majority of the known processes suffer from the installation of sterically 

encumbering tertiary group.56 In this domain, iron catalysts often rely on oxidative addition or 
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concerted metalation-deprotonation (CMD) to transform C-H bonds in the presence of an 

oxidant or Grignard reagent.57 It was planned to generate a tertiary alkyl radical via single 

electron transfer process and utilize such a radical for C-H functionalization, so that an aromatic 

ring with a quaternary center can be realized.  Along this direction, a tertiary α-haloester has 

been chosen as the substrate molecule that can be a convenient source of tertiary radical, and 

can alkylate a host of heterocycle rings following radical mechanism.  

 

Scheme 5.3. C-H functionalization of heterocycle ring with tertiary alkyl ester. 

5.6.1. Optimization of Reaction Conditions 

Initially, a benzofuran 3 was reacted with ethyl α-bromoisobutyrate 4 in presence of 1.5 

equivalent of base, triethylamine. Pleasingly, 2-alkylated benzofuran 5a was formed in 

quantitative yield (98% by GC analysis) with only 1 mol% loading of the iron catalyst 1 in 

MeCN (Table 5.1, entry 4).  

Table 5.1. Optimization of the reaction conditions 

Entry Base Solvent Yield (%)b 

1 NEt3 dioxane 84 

2 NEt3 THF 64 

3 NEt3 Toluene 21 

4 NEt3 MeCN 
98 

5 DABCO MeCN 26 

6 Na2CO3 MeCN 35 

7 DIPEA MeCN 92 

8c NEt3 MeCN 85 

9d NEt3 MeCN 30 

10e NEt3 MeCN ND 

11 - MeCN 18 
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aReaction conditions: 3 (0.25 mmol), 4 (0.2 mmol), Catalyst 1 (1 mol%), base (0.3 mmol) in solvent at 100 

°C for 12 h. bYield determined by Gas chromatography. c Using 1 equivalent of 3. d at 70 °C. e Without 

catalyst. 

A set of optimization studies fix the parameters for the best reaction conditions and establishes 

that the reaction is completed in 12 h when heated at a temperature of 100 °C. DABCO and 

Na2CO3 were not as effective base as NEt3. Diisopropylethylamine (DIPEA) provided almost 

similar yield of final product. Lowering the reaction temperature to 70 °C, diminished the yield 

to 30%.  Catalyst and base are the crucial component of the reaction. In the absence of either 

of them, almost negligible product formation was observed (Table 5.1, entry 10, 11). 

5.6.2. Scope and Synthetic Utility of the Reaction by Catalyst 1 

5.6.2.1. Scope of Different Heterocycles, with Different Tertiary α-Bromoesters/Tertiary 

α-Bromoamides 

With the best optimized reaction condition, the isolated yield of the product 5a was determined 

to be 91% upon appropriate column-chromatographic separation (Table 5.2). Identically, -Me, 

-Br containing benzofurans afforded 5b-5c in 78-82% isolated yields. Furthermore, aldehyde 

group at the C5 position of benzofuran is well tolerated to provide 5d in 62% yield.  Multiple 

sources of tertiary radicals involving 4, all responded very well under this C-Br bond activation 

strategy and resulted products 2-alkylated benzofurans 5e-5h in 69-92% isolated yields. 

Furthermore, the tertiary radical source spanned an amide, so that N-benzyl-2-bromo-2-

methylpropanamide, N-cyclohexyl-2-bromo-2-methylpropanamide were considered as 

substrates. Both tertiary radical sources efficiently generated the desired radical so that a 

smooth alkylation was conducted on benzofuran to furnish 5j and 5k in 63-77% yields. Along 

with aliphatic esters, other aryl ester motifs as the source of tertiary alkyl radical were also 

well-behaved, since multiple p-substituted benzyl esters afforded the 2-alkylated furans in high 

yields. After this, aldehyde and nitro functionalities was also examined in the α-bromoester, 

since these functional groups possess much synthetic utility.  Interestingly, these groups were 

well tolerated to afford 75-88% yields of the products 5m and 5n.  It is noteworthy, that 2-

substitution of a heterocycle such as furan is more challenging over the activated 3-position 

and the tertiary radical’s stability paves an easy access to this position. By this way, the radical 

stability also dictates the regioselectivity of the process.  

Along the same C-H functionalization by tertiary alkyl groups to other heterocycles, 

indoles are valuable molecules in natural products and pharmaceuticals. Henceforth, we 
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examined synthetic utility of this developed protocol on various substituted indoles. In all cases 

the tertiary alkylated indoles 7a-7d were isolated in 62-78% yields (Table 5.2). Notably, 3-

methyl indole when reacted with tertiary α-bromoesters, afforded the product 7e in 76% yield. 

Additionally, the protocol was tested on sulfur containing heterocycle thiophene, while the 

alkylated products 9a-9c were obtained in 69-92% yields (Table 5.2).  

Table 5.2. Substrate scope of different heterocycles, with different tertiary α-bromoesters/tertiary α-

bromoamides 
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5.6.2.2. Scope of Different Tertiary α-Bromoesters/Tertiary α-Bromoamides with p-OMe 

Styrene 

To expand the synthetic utility of the protocol further, we planned to alkylate styrenes with 

tertiary alkyl groups containing ester or amide motifs. Towards this goal, we chose p-OMe-

styrene and reacted with an α-bromo ester to furnish the Heck-like coupling product 11a in 

94% isolated yield (Table 5.3). Changing the other substrate to tert-butyl ester synthesized 11b 

in 67% yield. Similarly, a variety of tertiary alkyl radical sources afforded the vinylic C-H-

substituted styrenes 11c-11e in 81-92% isolated yields. Additionally, a p-OMe-styrene with a 

tertiary-α-bromo amide afforded product 11f in 69% yield.  

Table 5.3. Scope of different tertiary α-bromoesters/tertiary α-bromoamides with p-OMe styrene. 

 

5.6.2.3. Scope of Intramolecular C−H Arylation of Tertiary α-Bromo Amides 

Upon successfully synthesizing a series of C-H substituted styrenes, we harnessed this 

synthetic protocol by intramolecular annulation to fabricate a series of oxindoles. The oxindole 

scaffolds are privileged structural motifs that are encountered in a large number of bioactive 

targets and natural products.58-59 Also, several tetrasubstituted oxindoles are often found in 



Chapter 5 

186 
 

pharmaceutically important molecules or potent oral inotropes.59 In our synthetic effort, we 

chose α-bromo amides as the substrate, so that a reductive cleavage of C-Br bond can engender 

a tertiary radical. In agreement with the radical’s stability as a deterministic factor, we observed 

primary and secondary bromoesters not to afford the desirable oxindole products. The putative 

radical cyclizes in a downstream process followed by deprotonation and electron transfer to 

complete the catalytic cycle. Following this, the oxindole 3,3’-dimethyl oxindole, 13a is 

conveniently synthesized in a very high, 86% yield when the catalyst loading was only 1 mol% 

(Table 5.4). The chloro- substitution on the aryl ring of amides was retained during the 

synthesis to result oxindole 13b in 91% yield. Similarly, substituents having electron donating 

and strongly electron withdrawing nature, such as -Me, -OMe, -F and -CF3 were compatible 

with the process to furnish oxindoles (13c-13f) in 78-92% yields. Encouragingly, nitro 

substitution was well tolerated to synthesize 13g in 88% yield.   

Table 5.4. Scope of Intramolecular C−H Arylation of tertiary α-bromo amides 

 

5.6.2.4. Synthetic Utility of Oxindoles 

To prove the importance of synthesized oxindole product, demethylation of the N-Me in the 

indole was targeted. Gratifyingly, the demethylation was successful to result the parent 

indolinone 13aa in 73% yield (Scheme 4). Furthermore, the oxindole framework can be easily 
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converted to thioindole motifs by the treatment of Lawesson’s reagent,60 resulting 13ab in 91% 

yield. 

 

Scheme 5.4. Conversion of oxindole 13a to, a). 3,3-dimethylindolin-2-one b). 1,3,3-trimethylindoline-2-

thione. 

5.7. Mechanistic Insights and Control Experiments 

After successfully performing the catalytic reactions, the mechanistic detail of the reaction was 

elucidated. In this direction, the intrigued redox noninnocence of the formazanate backbone 

was depicted that promotes the catalytic efficiency for the chosen iron catalyst in this report. 

To understand these details, there is need to focused on the electron transfer step from the 

catalyst, that reductively cleaves the C-Br bond of an α-bromo ester.  Since the coordination 

sphere of the iron in 1a is relatively vacant, owing to the presence of labile placeholders THF, 

binding of the substrate to the iron center is highly possible. This substrate binding is also 

feasible to 1b, possibly making it a contributor to the catalysis. Substrate binding will facilitate 

an inner-sphere electron transfer over the outer-sphere processes.  

 

Figure 5.8. CV of 1 mM of 4 dissolved in DCM along with 0.1 M solution of tetrabutyl-ammonium 

hexafluorophosphate salt as an electrolyte. The scan rate was 100 mVs-1 for the measurement.  
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The measured reduction potential for the α-bromo ester, -1.07 V vs SCE (Figure 5.8), does not 

suggest thermodynamically favorable electron transfer in an outer-sphere manner. As soon as 

the α-bromo ester binds to the Lewis acidic Fe(III) center its reduction becomes much easier, 

and the electron transfer from the formazanate backbone happens clearly via the iron center. 

The reductive cleavage of C-Br bond generates the putative tertiary alkyl radical.  

5.7.1. Trapping of Intermediates 

To prove its generation, we added one equivalent of the radical trap TEMPO to the reaction 

mixture. To our pleasure, TEMPO adduct 14a (Scheme 5.5a) of the putative tertiary radical 

was detected by high-resolution mass spectrometry. Furthermore, when butylated hydroxy 

toluene was used as the radical trap, the formed adduct was very stable. Such an adduct 15 was 

chromatographically isolated in 82% yield and fully characterized by NMR spectroscopies. 

Isolation and thorough characterization of the tertiary radical adduct is a compelling proof for 

the radical intermediacy in the reaction. Mechanistically, the thus formed tertiary radical will 

attack the benzofuran at its C2 position to generate a radical at its C3 position. Treatment of 

TEMPO radical with the reaction mixture was able to capture the alkyl benzofuran radical 14b 

(Scheme 5.5a) that has been identified by high-resolution mass spectrometry. The resulting 

radical is sufficiently reducing to reduce the one-electron oxidized backbone of 2a, so that the 

parent unoxidized form 1a is back and alkyl benzofuran cation 19 (Scheme 5.6) is formed. To 

demonstrate that the cationic intermediate forms in a reaction mixture, this cationic 

intermediate can be easily intercepted with a readily available anion. Along that goal the 

diethylmalonate was chosen so that a stable anion can be generated in situ by the abstraction 

of the active methylene group by a mild base.  Fortunately, the diethyl malonate arrested the 

putative benzofuran cation 19 (Scheme 5.6) and was able to capture this cationic intermediate 

in the form of 16 (Scheme 5.5c), that was further identified by HRMS.  

So, the redox noninnocent formazanate supplies requisite electron during the reductive 

cleavage of C-Br bond, and it also behaves as an electron sink when the oxidized catalyst 

system gets the electron back. In essence the role of iron is more to providing the template and 

to help in electron transfer processes by forming a good metal-ligand covalent bond. The ligand 

plays a preponderant role and overall tunes the redox transformation. Upon electron transfer, 

once the cation is generated in presence of a base, proton abstraction happens to provide the 

desired product. An alternative possibility of bromide anion performing a SET to reduce 2 to  
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Scheme 5.5. (a) Trapping of tertiary alkyl radical, and another intermediate using TEMPO. (b) Isolation of 

tertiary alkyl radical adduct intercepted by butylated hydroxytoluene, BHT. (c) Trapping of alkyl benzofuran 

cation using diethylmalonate anion. (d) Trapping of bromine radical. 

1 was also considered (Scheme 5.5d). In such case, it is logical to expect the formation of 

bromine radical, which did not happen. In the case of radical-promoted reaction often chain 

propagation step proceeds to furnish the product. However, the interception of cationic 

benzofuran 19 also discarded the possibility of chain propagation. Moreover, in presence of a 

weak base such as NEt3, deprotonation of 18 to generate a radical anion that may promote SET 

does not seem plausible. 

5.8. Proposed Reaction Mechanism 

Mechanistically, this electron reservoir property of the formazanate helps in reducing α-bromo 

ester to generate the tertiary alkyl radical, which can be the starting point for the catalytic 

reaction. Furthermore, the generated radical coupled with benzofuran at C2 position. The quasi-

reversible oxidation wave suggests that the formazanate backbone may accept the electron back 

during the catalytic cycle. The benzofuran radical can donate one electron back to 2 to reduce 
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it (Scheme 5.6). In the meantime, base would be able to abstract a proton from the benzofuran 

cationic intermediate and provides the final product. 

 

 

Scheme 5.6. Plausible catalytic mechanistic cycle for the reductive cleavage of α-bromo ester and radical-

mediated C-H tertiary alkylation of a heteroarene. 

5.9. Conclusions 

In summary, an iron (III) formazanate complex was prepared, that steers tertiary alkylation of 

C-H bonds of heteroarene and styrene exclusively via ligand-redox process. The complex can 

remain as a mixture of two molecules in FeIII high spin states which may be dependent on the 
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other ligand coordination to the iron center. Presence of a labile place holder ligand THF 

provides an easy access to the vacant site at the metal center that facilitates substrate binding 

and subsequent electron transfer from electron rich formazanate ligand backbone. The Ligand-

dominated oxidation was probed by zero-field Mössbauer and EPR spectroscopies that strongly 

suggest the iron’s retention of oxidation state to +3 upon oxidation of the complex. As such the 

metal center behaves as a communicating medium between the formazanate ligand backbone 

and the substrate, α-bromo ester. A plethora of challenging C-H alkylation by tertiary alkyl 

groups has been accomplished by this method proving the great utility of 3d transition metal 

catalysis when ligand plays a preponderant role. A series of control reactions and critical 

intermediate isolation provide credible evidences for ligand-based electron flow to promote the 

reductive cleavage of a C-Br bond of the substrate. It is believed that this example will 

encourage further to unravel the untapped potential of several redox active ligand backbones 

to facilitate important chemical transformations.  

5.10. Experimental Section  

5.10.1. Chemicals and Reagents 

All operations were carried out in flame-dried glassware using N2 gas filled glovebox or high-

vacuum standard Schlenk techniques under nitrogen gas atmosphere until unless mentioned. 

THF refluxed and freshly distilled over sodium/benzophenone. and degassed using three 

freeze-pump-thaw cycles. Starting materials and reagents were purchased from commercial 

sources and used without further purification. Formazan was prepared by following literature 

procedures. Tetrabutylammonium hexafluorophosphate (TBAPF6) was recrystallized from hot 

ethanol, and ferrocene was purified by sublimation before use in cyclic voltammetry (CV) 

experiments. Progress of reactions was monitored by thin-layer chromatography using Merck 

60 F254 precoated silica gel plate and visualized by short-wave ultraviolet light. Flash 

chromatography was performed with Silica Flash P60 silica gel (100–200 mesh). 

5.10.2. Instrumentation and Physical Measurements 

All graphs are plotted using Originpro8. 1H and 13C {1H} NMR spectra were recorded on a 

Bruker 400 MHz spectrometer at 400 and 101 MHz respectively. All chemical shifts are 

reported in part per million (ppm) with respect to the 1H (residual) chemical shifts of the d-

solvent. The residual solvent signals were taken as the reference (CDCl3, 7.26 ppm for 1H NMR 

spectra and CDCl3, 77.16 ppm for 13C NMR spectra). The signals observed are described as: s 

(singlet), d (doublet), t (triplet), q (quartet), m (multiplets). All coupling constants were 
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reported in hertz. High resolution mass spectroscopy was performed on Waters Synapt-G2S, 

analyser configuration Q-ToF with ion mobility and analysed using Masslynx41. Cyclic 

Voltammetry experiments were performed on Keithley 2450 potentiostat. For the 

measurement, the electrode setup consisted of a glassy carbon working electrode, a Pt-wire as 

counter electrode, and an Ag+/Ag (3M KCl) as the reference electrode. 

57Fe Mössbauer Measurement 

Zero-field 57Fe Mössbauer spectra were recorded on a SooCo MS6 Spectrometer at 20 K. 

Spectra were recorded in PTFE sample holders with about 20 mg of sample. The minimum 

experimental line width is 0.28 mm s-1. The temperature of the samples was held constant in a 

Janis CCS-850 closed cycle cryostat with sample in exchange gas (helium). 57Co was used as 

the radiation source. Isomer shifts were determined relative to α-iron. The zero-field splitting 

spectrum was simulated by using Lorenzian doublets, and processed with WMOSS4 software. 

EPR Measurement 

EPR spectra of the complexes at X-band frequency (ca. 9.43 GHz) were obtained from a Bruker 

EMX system ESP 300 equipped with a Hewlett-Packard Frequency counter 5350B, a Bruker 

ER035M gaussmeter for g values determination and a continuous flow cryostat ESR 900 from 

Oxford instruments for measurements at liquid helium temperature (4.2 K). During the data 

collection the modulation amplitude and modulation frequency were set at 4 Gauss and 100 

kHz respectively.  

Caution! The Glovebox and high vacuum Shlenk line should be used with great care and 

safety. THF distillation setup contains sodium metal, which is very reactive metal to air and 

moisture and well-known for their explosive nature. Therefore, these types of setups must be 

used in a limited quantity and handled with care and safety. 

5.10.3. Procedure for Synthesis of Fe(III)-Formazanate Complex (1) 

In a Schlenk flask, 3-Phenyl-1,5-dihydroxyphenylformazan (L) (332 mg, 1mmol) was 

dissolved in 10 mL of THF under nitrogen atmosphere to make a clear violet colored solution. 

The reaction mixture was kept at a temperature of -78 °C. Sodium hydride (126 mg of 60% 

dispersion in mineral oil, 3.1 mmol) was slowly added to the above reaction mixture, the 

solution turned into dark blue over the stirring of 10 minutes. The reaction mixture was stirred 

for an additional 1 hour at room temperature. After that, a solution of anhydrous FeCl3 (162 

mg, 1 mmol) in THF was prepared and added dropwise to the above reaction mixture at a 

temperature of 0 °C. Instantaneous color change was observed. After 2 hours stirring at room 
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temperature, the solvent was removed under high vacuum. The dark residue was dissolved in 

CH2Cl2 and filtered through celite bed. The filtrate was collected and CH2Cl2 was removed 

under vacuum. The residue was triturated with hexane. Dark green colored solid was obtained 

in 72% yield. From the Mössbauer and EPR spectroscopic data it is clear that the complex 1 is 

a mixture of two species, namely 1a and 1b. We proposed the 1b as an ‘ate” complex, whose 

identity was confirmed from negative mode ESI mass spectrometry. For 1b: HRMS (ESI, m/z) 

calcd. for C19H12ClFeN4O2 [M - H]-: 420.9977; found: 420.9970. 

5.10.4. Solid State Magnetic Moment Analysis of Fe(III) formazanate (1) 

The magnetic moment analysis was performed on Quantum Design PPMS. The applied 

magnetic field was set at 15000 Oe and data collection was performed at a temperature of 305 

K. The magnetic moment for Fe(III) formazanate was found to be 0.00688 emu. The effective 

magnetic moment (μeff) was found to be 5.8 BM using mathematical equations as described 

below: 

 

5.10.5. Procedure for Synthesis of One-electron Oxidation of 1 

In a Schlenk flask 1 (264 mg, 0.5 mmol) was dissolved in 5 mL of THF and solid silver triflate 

(129 mg, 0.5 mmol) was added to the solution. During the addition, the colour of the reaction 

mixture turned to brown from greenish blue over the course of 1 h. The reaction mixture was 

further stirred for 5 h at room temperature. At the completion of the reaction, the reaction 

mixture was filtered and filtrate was removed under high vacuum. The oxidized product 2 was 

isolated in 83% yield (281 mg) as a brown solid. 19F NMR spectroscopic data was collected on 

the sample to find the resonance at -19 ppm (with respect to BF3.OEt2). The crude sample was 

subjected to HRMS for further studies. From mass spectrum, the signature of 2a, where a 

triflate ligand is bound to Fe(III) was observed. Similarly, the oxidized version of 1b was 

further diagnosed via mass spectrometry to retain the chloride ion (2b).  

 

For 2a: HRMS (ESI, m/z) calcd. for C20H14F3FeN4O5S [M + H]+: 534.9987; found: 534.9941.  

 

For 2b: HRMS (ESI, m/z) calcd. for C19H12ClFeN4O2 [M - H]-: 420.9977; found: 420.9981.   
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5.10.6. EPR Simulation 

We claim the X-band EPR data collected at 4.2 K features the presence of organic radical, that 

is centered primarily on the formazanate ligand backbone along with the signatures of S = 5/2 

Fe(III) species. To prove this conjecture further, we have theoretically simulated the part of the 

spectrum, where the ligand-based oxidation is centralized. The portion of the EPR spectrum 

was interpreted using a spin Hamiltonian, H, containing the electron Zeeman interaction with 

the applied magnetic field Bo and the hyperfine coupling (hfc) term: 

H = eS.g.B0 + h S.A.I 

Where S, A, I, g, e , and h represent electron spin operator, hyperfine constant tensor in 

frequency units, nuclear spin of 57Fe, electronic g- tensor, bohr magneton and Planck’s constant 

respectively. The best fit spectrum to the experimental data was obtained considering high spin 

Fe3+ (S = 5/2) and radical spin (S = ½).  Spectral simulations were performed using the 

EasySpin package (v 5.2.35) and based on Matlab R2020b. Easyspin employs calculation of 

EPR resonance fields from the energies of the spin states obtained by direct diagonalization of 

the spin Hamiltonian. The fitting of the spectra was obtained from Monte Carlo type iteration 

to minimize the root-mean-square deviation between experimental and simulated spectra.  

parameter Simulated values 

gx 2.47 

gy 2.01 

gz 1.86 

Ax (MHz) (57Fe) 45.8 

Ay (MHz) (57Fe) 46.2 

Az (MHz) (57Fe) 41.3 

Ax (MHz) (14N) 22.5 

Ay (MHz) (14N) 19.3 

Az (MHz) (14N) 2.2 

lwpp (mT) a 1.1 0.2 

Temperature 4.2 K 

aFirst and second values correspond to Gaussian and 

Lorentzian line widths, respectively.  
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The iteration was performed until the optimum values for the following parameters: principal 

components of the g-tensor, hfc tensor A and peak-to-peak line widths. 

The fitting of the spectra clearly indicates hyperfine interactions between the unpaired 

electron and two nitrogen atoms. While higher value of g-tensor implies contribution from the 

spin system of the high spin Fe3+ (S = 5/2). The fitting parameters are also given below in the 

table. 

5.10.7. Computational Details 

All DFT calculations have been carried out using the ORCA 4.2.1 program.61 Optimized 

geometries were computed using the B3LYP functional.62-65 Atom-pairwise dispersion 

correction with the Becke−Johnson damping scheme (D3BJ),66-67 the scalar relativistic zero-

order regular approximation (ZORA),68 has been used. A combination of the CP(PPP)69,70 for 

the iron atom and def2-TZVP for all other atom were used.71,72  

5.10.8. General Procedure for the Reaction 

An oven-dried pressure tube was charged with benzofuran 3 (0.25 mmol) and ethyl α-

bromoisobutyrate 4 (0.2 mmol). A base NEt3 (0.3 mmol) was added to the reaction mixture 

under nitrogen atmosphere. The above reaction mixture was loaded with catalyst 1 (1 mol%), 

followed by 1 mL degassed MeCN. The reaction mixture was stirred at a temperature of 100 

°C for 12 hours. Solvent was removed under rotary evaporator. The desired product was 

isolated by column chromatography using hexane/ethylacetate mixture as the eluent. The pure 

product was further analysed by NMR spectroscopy. 

5.10.9. Procedure for Diversity of Oxindole Products 

5.10.9.1. Procedure for Synthesis of 3, 3-dimethylindolin-2-on via Demethylation of 

oxindole73 

A solution of oxindole 5a (1 mmol, 175 mg) and benzoyl peroxide (BPO, 2.0 equiv.) in dry 

DCM (2 mL) was packed in a sealed tube and was heated slowly to 80 °C. After stirring for 18 

h, the reaction mixture was cooled to room temperature and the solvent was evaporated. The 

residue was dissolved further in MeOH (4 mL), NaOH (3.65 mmol, 146 mg) was added and 

the reaction mixture was stirred at room temperature for 18 h. Then the slurry was poured into 

saturated aqueous NH4Cl (10 mL) and extracted with DCM (3×6 mL). The combined organic 

layers were dried by anhydrous Na2SO4 and concentrated. The residue was dissolved in a 

methanolic NH3 solution (5 mL, 7M) and stirred for 19 h at room temperature. After that, the 
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mixture was extracted by EtOAc (3×10 mL) and dried by anhydrous Na2SO4 and concentrated, 

purified by silica gel flash chromatography using Hexane/EtOAc (10:3) to afford the desired 

product 3, 3-dimethylindolin-2-on (13aa) as a white solid in 73% yield. 1H NMR (400 MHz, 

CDCl3) δ 8.63 (s, 1H), 7.20 (t, J = 7.2 Hz, 2H), 7.07 – 7.01 (m, 1H), 6.93 (d, J = 8.4 Hz, 1H), 

1.41 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 184.17, 139.88, 136.41, 127.78, 122.77, 122.61, 

109.98, 44.80, 24.46. 

5.10.9.2. Procedure for Synthesis of the indoline-2-thione74 

Oxindoles (5a, 1 mmol) and Lawesson’s reagent (0.51 equiv.) were added into a test tube under 

N2. Then dry toluene (2 mL) was added by syringe. It was sealed and refluxed for 2 h. After 

cooling down, the mixture was poured into water. The organic layer was separated and the 

aqueous layer was extracted with ether. The organic layers were combined, washed with brine, 

dried over Na2SO4, concentrated in vacuo and finally purified by silica gel chromatography 

eluting with EtOAc/PE (1:40) to afford the product 13ab in 91% yield. 1H NMR (400 MHz, 

CDCl3) δ 7.31 (d, J = 7.8 Hz, 2H), 7.21 – 7.16 (m, 1H), 7.05 (d, J = 7.6 Hz, 1H), 3.65 (s, 3H), 

1.43 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 212.01, 143.94, 140.45, 127.88, 124.31, 122.77, 

109.62, 54.98, 31.56, 28.11. 

5.10.10. Procedure for Trapping of Intermediates 

5.10.10.1. Procedure for Trapping of Alkyl Radical Using TEMPO 

An oven-dried pressure tube was charged with 3 (30 μL, 0.25 mmol), 4 (15 μL, 0.2 mmol). 

NEt3 (28 μL, 0.3 mmol) was added under nitrogen atmosphere. The above reaction mixture 

was loaded with catalyst 1 (1 mol%), followed by the addition of 1 mL degassed MeCN. Then 

TEMPO (1 equiv.) was added to the above reaction mixture. The reaction mixture was stirred 

at a temperature of 100 °C for 12 hours. The in situ- generated radical species was trapped by 

TEMPO. The TEMPO radical adducts 14a and 14b were analysed by high-resolution mass 

spectrometry (HRMS). 

 

For 14a: HRMS (ESI, m/z) calcd. for C15H30NO3 [M + H]+: 272.2226; found: 272.2228.  

 

 For 14b: HRMS (ESI, m/z) calcd. for C23H36NO4 [M + H]+: 390.2644; found: 390.2676. 

5.10.10.2. Procedure for Trapping of Alkyl Radical Using Butylated Hydroxy Toluene 

(BHT) 
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An oven-dried pressure tube was charged with 4 (0.4 mmol) and NEt3 (0.6 mmol) was added 

to it under nitrogen atmosphere. The above reaction mixture was loaded with catalyst 1 (1 

mol%), followed by 1 mL degassed MeCN. Then BHT (1 equiv.) was added to above reaction 

mixture. The reaction mixture was stirred at 100 °C for 12 hours. The generated radical species 

was trapped by BHT as 15 (82% yield). The BHT radical adduct 15 was analyzed by 1H and 

13C NMR spectroscopies and High-Resolution Mass Spectrometry (HRMS). HRMS (ESI, m/z) 

calcd. for C21H35O3 [M + H]+: 335.2586; found: 335.2551. 

5.10.10.3. Procedure for Trapping of 2-(1-ethoxy-2-methyl-1-oxopropan-2-yl)-2,3-

dihydrobenzofuran-3-ylium (19) Using Diethylmalonate 

An oven-dried pressure tube was charged with 3 (0.25 mmol), 4 (0.2 mmol), diethylmalonate 

(0.25 mmol), and NEt3 (0.3 mmol) under nitrogen atmosphere. The above reaction mixture was 

loaded with catalyst 1 (1 mol%), followed by 1 mL degassed MeCN. The reaction mixture was 

stirred at 100 °C for 15 hours. The generated carbocation at C3 position of benzofuran 19 was 

trapped by diethylmalonate anion. The adduct 16 was analysed by High Resolution Mass 

Spectrometry (HRMS). HRMS (ESI, m/z) calcd. for C21H29O7 [M + H] +: 393.1913; found: 

393.1917. 

5.10.10.4. Procedure for Trapping of Br radical75 

An oven-dried pressure tube was charged with oxidized 2 (6 mg, 0.01 mmol), 

tetrabutylammonium bromide (3 mg, 0.01 mmol) and benzaldehyde dimethyl acetal (1.5 mg, 

0.01 mmol.  In 1 mL of degassed MeCN to result clear solution. The above reaction mixture 

was stirred at a temperature of 100 °C. After 12 hours, the crude reaction mixture was analysed 

by High Resolution Mass Spectrometry (HRMS). Formation of methyl benzoate was not 

observed. 

5.10.11. Analytical data of products 

Ethyl 2-(benzofuran-2-yl)-2-methylpropanoate (5a)76 

 

The general procedure described above was followed for the synthesis of 5a. Column 

chromatographic separation (SiO2, eluting with 99:1 hexane/ethyl acetate) afforded the desired 

product 5a as a yellow oil (105 mg, yield 91%). 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.50 (m, 
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1H), 7.47 – 7.41 (m, 1H), 7.25 – 7.16 (m, 2H), 6.55 (d, J = 0.9 Hz, 1H), 4.16 (q, J = 7.1 Hz, 

2H), 1.65 (s, 6H), 1.20 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 174.49, 160.90, 

154.85, 128.50, 123.88, 122.69, 120.86, 111.22, 101.83, 61.41, 44.05, 24.56, 14.20. 

Ethyl 2-methyl-2-(3-methylbenzofuran-2-yl)propanoate (5b)76 

 

The general procedure described above was followed for the synthesis of 5b. Column 

chromatographic separation (SiO2, eluting with 99:1 hexane/ethyl acetate) afforded the desired 

product 5b as a yellow oil (96 mg, yield 78%).1H NMR (400 MHz, CDCl3) δ 7.46 – 7.38 (m, 

2H), 7.25 – 7.18 (m, 2H), 4.18 (q, J = 7.1 Hz, 2H), 2.18 (s, 3H), 1.67 (s, 6H), 1.22 (t, J = 7.1 

Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 175.21, 154.21, 153.12, 131.08, 123.72, 122.21, 

118.95, 110.91, 109.73, 61.35, 44.47, 25.05, 14.27, 8.37. HRMS (ESI, m/z) calcd. for C15H19O3 

[M + H]+: 247.1334; found: 247.1303. 

Ethyl 2-(5-bromobenzofuran-2-yl)-2-methylpropanoate (5c)76 

 

The general procedure described above was followed. Column chromatography (SiO2, eluting 

with 99:1 hexane/ethyl acetate) afforded the desired product 5c as a yellow oil (127 mg, yield 

82%).1H NMR (400 MHz, CDCl3) δ 7.64 (dd, J = 1.9, 0.6 Hz, 1H), 7.35 – 7.28 (m, 2H), 6.49 

(d, J = 0.8 Hz, 1H), 4.15 (q, J = 7.1 Hz, 2H), 1.64 (s, 6H), 1.20 (t, J = 7.1 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 174.18, 162.33, 153.61, 130.52, 126.79, 123.51, 115.74, 112.66, 101.48, 

61.51, 44.11, 24.47, 14.18. HRMS (ESI, m/z) calcd. for C14H16BrO3 [M + H]+: 313.0264; 

found: 313.0241. 

Ethyl 2-(5-formylbenzofuran-2-yl)-2-methylpropanoate (5d)77 
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The general procedure was followed. Column chromatography (SiO2, eluting with 20:1 

hexane/ethyl acetate) afforded the desired product 5d as a colourless oil (68 mg, yield 52%). 

1H NMR (400 MHz, CDCl3) δ 10.03 (s, 1H), 8.06 (d, J = 1.7 Hz, 1H), 7.81 (dd, J = 8.5, 1.7 

Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 6.65 (s, 1H), 4.16 (q, J = 7.1 Hz, 2H), 1.66 (s, 6H), 1.20 (t, 

J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 191.94, 173.99, 163.04, 158.27, 132.23, 

129.09, 125.74, 124.04, 111.91, 102.51, 61.56, 44.16, 24.43, 14.16. HRMS (ESI, m/z) calcd. 

for C15H17O4 [M + H]+: 261.1127; found: 261.1118. 

Tert-butyl 2-(benzofuran-2-yl)-2-methylpropanoate (5e)76 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 99:1 

hexane/ethyl acetate) afforded the desired product 5e as a yellow solid (117 mg, yield 90%).1H 

NMR (400 MHz, CDCl3) δ 7.52 (d, J = 6.5 Hz, 1H), 7.45 (d, J = 8.4 Hz, 1H), 7.26 – 7.17 (m, 

2H), 6.52 (s, 1H), 1.61 (s, 6H), 1.41 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 173.60, 161.51, 

154.81, 128.61, 123.69, 122.58, 120.76, 111.12, 101.48, 81.16, 44.78, 27.95, 24.54. 

Diethyl 2-(benzofuran-2-yl)-2-methylmalonate (5f)76 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 99:1 

hexane/ethyl acetate) afforded the desired product 5f as a yellow oil (133 mg, yield 92%).1H 

NMR (400 MHz, CDCl3) δ 7.55 (ddd, J = 7.6, 1.5, 0.7 Hz, 1H), 7.47 (dq, J = 8.1, 0.9 Hz, 1H), 

7.30 – 7.24 (m, 1H), 7.22 (td, J = 7.5, 1.2 Hz, 1H), 6.80 (d, J = 1.0 Hz, 1H), 4.28 (qd, J = 7.1, 

2.5 Hz, 4H), 1.94 (s, 3H), 1.28 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 169.31, 

154.85, 153.94, 128.13, 124.39, 122.89, 121.21, 111.35, 104.89, 62.28, 55.83, 20.81, 14.08. 

HRMS (ESI, m/z) calcd. for C16H19O5 [M + H]+: 291.1233; found: 291.1215. 

Ethyl 1-(benzofuran-2-yl)cyclobutane-1-carboxylate (5g)76 
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The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 5g as a yellow oil (99 mg, yield 81%).1H 

NMR (400 MHz, CDCl3) δ 7.57 (dd, J = 7.4, 1.6 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H), 7.31 – 7.21 

(m, 2H), 6.66 (s, 1H), 4.24 (q, J = 7.1 Hz, 2H), 2.85 (ddd, J = 12.3, 9.3, 7.4 Hz, 2H), 2.61 (ddd, 

J = 12.4, 8.6, 6.2 Hz, 2H), 2.09 (ddt, J = 15.2, 9.1, 6.7 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 173.60, 158.84, 155.07, 128.57, 123.95, 122.75, 120.85, 111.24, 

102.74, 61.46, 61.46, 48.06, 30.80, 16.70, 14.24. 

Methyl 1-(benzofuran-2-yl)cyclohexane-1-carboxylate (5h)76 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 5h as a yellow oil (89 mg, yield 69%).1H 

NMR (400 MHz, CDCl3) δ 7.55 – 7.51 (m, 1H), 7.45 (dd, J = 8.0, 1.0 Hz, 1H), 7.27 – 7.18 (m, 

2H), 6.57 (d, J = 0.8 Hz, 1H), 3.68 (s, 3H), 2.39 – 2.28 (m, 2H), 2.08 (dq, J = 9.6, 4.3 Hz, 2H), 

1.65 – 1.48 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 174.05, 159.40, 154.66, 128.57, 123.86, 

122.71, 120.81, 111.31, 103.06, 52.54, 48.72, 32.70, 25.58, 22.90. HRMS (ESI, m/z) calcd. for 

C16H19O3 [M + H]+: 259.1334; found: 259.1337. 

4-methoxybenzyl 2-(benzofuran-2-yl)-2-methylpropanoate (5i) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 20:1 

hexane/ethyl acetate) afforded the desired product 5i as a yellow solid (136 mg, yield 84%).1H 

NMR (400 MHz, CDCl3) δ 7.57 (d, J = 7.6 Hz, 1H), 7.49 (d, J = 8.1 Hz, 1H), 7.33 – 7.21 (m, 

4H), 6.87 (d, J = 8.8 Hz, 2H), 6.59 (s, 1H), 5.15 (s, 2H), 3.82 (s, 3H), 1.72 (s, 6H). 13C NMR 

(101 MHz, CDCl3) δ 174.21, 160.62, 159.49, 154.78, 129.54, 128.41, 128.11, 123.88, 122.66, 

120.83, 113.85, 111.13, 101.93, 66.68, 55.26, 44.11, 24.41. HRMS (ESI, m/z) calcd. for 

C20H20O4 [M - H]- : 323.1283; found: 323.1266. 

2-(benzofuran-2-yl)-N-benzyl-2-methylpropanamide (5j) 
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The general procedure was followed. Column chromatography (SiO2, eluting with 9:1 

hexane/ethyl acetate) afforded the desired product 5j as a yellow solid (113 mg, yield 77%).1H 

NMR (400 MHz, CDCl3) δ 7.55 (d, J = 7.3 Hz, 1H), 7.48 (d, J = 8.3 Hz, 1H), 7.33 – 7.22 (m, 

6H), 7.18 (d, J = 6.5 Hz, 2H), 6.66 (s, 1H), 5.98 (s, 1H), 4.43 (d, J = 5.9 Hz, 2H), 1.71 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 174.22, 161.08, 155.04, 138.43, 128.75, 128.24, 127.44, 

127.33, 124.46, 123.12, 121.05, 111.32, 103.41, 44.50, 43.72, 24.96. HRMS (ESI, m/z) calcd. 

for C19H20NO2 [M + H]+: 294.1494; found: 294.1458. 

2-(benzofuran-2-yl)-N-cyclohexyl-2-methylpropanamide (5k)76 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 9:1 

hexane/ethyl acetate) afforded the desired product 5k as a white solid (90 mg, yield 63%).1H 

NMR (400 MHz, CDCl3) δ 7.57 (d, J = 7.1 Hz, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.33 – 7.22 (m, 

2H), 6.64 (s, 1H), 5.51 (d, J = 7.3 Hz, 1H), 3.82 – 3.66 (m, 1H), 1.99 – 1.77 (m, 3H), 1.64 (s, 

6H), 1.61 – 1.52 (m, 2H), 1.38 – 1.27 (m, 2H), 1.16 – 0.96 (m, 3H). 13C NMR (101 MHz, 

CDCl3) δ 173.17, 161.39, 154.97, 128.26, 124.28, 123.00, 120.96, 111.19, 103.12, 48.39, 

44.37, 32.82, 25.54, 24.95, 24.72. HRMS (ESI, m/z) calcd. for C18H24NO2 [M + H]+: 286.1807; 

found: 286.1780. 

Diethyl 2-(benzofuran-2-yl)-2-methylmalonate (5l)77 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 99:1 

hexane/ethyl acetate) afforded the desired product 5l as a yellow solid (98 mg, yield 70%).1H 

NMR (400 MHz, CDCl3) δ 7.60 (d, J = 7.4 Hz, 1H), 7.53 (d, J = 8.1 Hz, 1H), 7.38 (t, J = 7.9 

Hz, 2H), 7.34 – 7.21 (m, 3H), 7.07 (d, J = 7.3 Hz, 2H), 6.70 (s, 1H), 1.85 (s, 6H). 13C NMR 
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(101 MHz, CDCl3) δ 173.11, 160.22, 154.98, 151.01, 129.47, 128.45, 125.98, 124.13, 122.84, 

121.46, 121.00, 111.27, 102.23, 44.36, 24.54. HRMS (ESI, m/z) calcd. for C18H15O3 [M + H]+: 

279.1021; found: 279.1094. 

4-formylphenyl 2-(benzofuran-2-yl)-2-methylpropanoate (5m) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 20:1 

hexane/ethyl acetate) afforded the desired product 5m as a yellow solid (135 mg, yield 88%).1H 

NMR (400 MHz, CDCl3) δ 9.99 (s, 1H), 7.91 (d, J = 8.6 Hz, 2H), 7.60 (d, J = 7.5 Hz, 1H), 

7.52 (d, J = 8.1 Hz, 1H), 7.34 – 7.26 (m, 2H), 7.24 (d, J = 8.6 Hz, 2H), 6.71 (d, J = 0.9 Hz, 1H), 

1.85 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 191.02, 172.48, 159.66, 155.67, 154.97, 134.15, 

131.26, 128.31, 124.31, 122.96, 122.32, 121.06, 111.27, 102.45, 44.44, 24.43. HRMS (ESI, 

m/z) calcd. for C19H17O4 [M + H]+: 309.1127; found: 309.1065. 

4-nitrophenyl 2-(benzofuran-2-yl)-2-methylpropanoate (5n) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 20:3 

hexane/ethyl acetate) afforded the desired product 5n as a yellow solid (122 mg, yield 75%).1H 

NMR (400 MHz, CDCl3) δ 8.23 (d, J = 9.3 Hz, 2H), 7.53 (dd, J = 33.2, 8.0 Hz, 2H), 7.33 – 

7.17 (m, 5H), 6.68 (s, 1H), 1.82 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 172.28, 159.42, 155.74, 

155.01, 145.54, 128.28, 125.30, 124.44, 123.06, 122.47, 121.13, 111.31, 102.57, 44.50, 24.43. 

HRMS (ESI, m/z) calcd. for C18H16NO5 [M + H]+: 326.1028; found: 326.1042. 

[1,1'-biphenyl]-4-yl 2-(benzofuran-2-yl)-2-methylpropanoate (5o) 
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The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 5o as a yellow solid (146 mg, yield 82%).1H 

NMR (400 MHz, CDCl3) δ 7.59 – 7.45 (m, 6H), 7.45 – 7.36 (m, 2H), 7.36 – 7.17 (m, 4H), 7.08 

(d, J = 8.6 Hz, 1H), 6.65 (s, 1H), 1.80 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 173.17, 160.18, 

154.99, 150.43, 140.45, 128.91, 128.44, 128.21, 127.48, 127.23, 124.17, 122.88, 121.75, 

121.02, 111.29, 102.30, 44.40, 24.56. HRMS (ESI, m/z) calcd. for C24H21O3 [M + H]+: 

357.1491; found: 357.1490. 

Ethyl 2-(1H-indol-2-yl)-2-methylpropanoate (7a) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 90:10 

hexane/ethyl acetate) afforded the desired product 7a as a white solid (86 mg, yield 74%). 1H 

NMR (400 MHz, CDCl3) δ 8.05 (s, 1H), 7.68 (d, J = 8.1 Hz, 1H), 7.35 – 7.30 (m, 1H), 7.21 – 

7.15 (m, 1H), 7.10 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.02 (d, J = 2.5 Hz, 1H), 4.13 (q, J = 7.1 Hz, 

2H), 1.70 (s, 6H), 1.16 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 177.29, 136.93, 

125.76, 121.99, 120.95, 120.64, 120.50, 119.44, 111.40, 60.92, 42.16, 26.29, 14.27. 

Ethyl 2-(5-cyano-1H-indol-2-yl)-2-methylpropanoate (7b) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 85:15 

hexane/ethyl acetate) afforded the desired product 7b as a yellow solid (81 mg, yield 63%). 1H 

NMR (400 MHz, CDCl3) δ 8.59 (s, 1H), 8.06 (d, J = 1.2 Hz, 1H), 7.39 (s, 2H), 7.16 (s, 1H), 

4.14 (q, J = 7.1 Hz, 2H), 1.68 (s, 6H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 
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176.58, 138.67, 126.38, 125.64, 124.95, 123.00, 121.87, 120.97, 112.37, 102.57, 61.28, 42.13, 

26.28, 14.26. HRMS (ESI, m/z) calcd. for C15H17N2O2 [M - H] -: 257.1290; found: 257.1291. 

Ethyl 2-(5-methoxy-1H-indol-2-yl)-2-methylpropanoate (7c) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 80:20 

hexane/ethyl acetate) afforded the desired product 7c as a yellow solid (102 mg, yield 78%).1H 

NMR (400 MHz, CDCl3) δ 8.02 (s, 1H), 7.20 (d, J = 8.8 Hz, 1H), 7.13 (d, J = 2.4 Hz, 1H), 

7.00 (d, J = 2.6 Hz, 1H), 6.85 (dd, J = 8.8, 2.4 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 3.84 (s, 3H), 

1.68 (s, 6H), 1.17 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 177.30, 153.76, 132.09, 

126.04, 121.44, 120.51, 112.15, 112.08, 102.31, 60.93, 55.99, 42.06, 26.11, 14.32. HRMS 

(ESI, m/z) calcd. for C15H20NO3 [M + H]+: 262.1443; found: 262.1443. 

Ethyl 2-(5-bromo-1H-indol-2-yl)-2-methylpropanoate (7d) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 85:15 

hexane/ethyl acetate) afforded the desired product 7d as a yellow solid (96 mg, yield 62%).1H 

NMR (400 MHz, CDCl3) δ 8.10 (s, 1H), 7.83 – 7.80 (m, 1H), 7.24 (d, J = 1.8 Hz, 1H), 7.21 

(dd, J = 8.7, 0.6 Hz, 1H), 7.06 (d, J = 2.6 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 1.66 (s, 6H), 1.19 

(t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 176.81, 135.57, 127.52, 124.97, 123.21, 

121.91, 120.78, 112.84, 112.79, 61.13, 42.11, 26.25, 14.27. HRMS (ESI, m/z) calcd. for 

C14H17BrNO2 [M + H]+: 310.0443; found: 310.0447. 

Ethyl 2-methyl-2-(3-methyl-1H-indol-2-yl)propanoate (7e) 
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The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 7e as a white solid (93 mg, yield 76%).1H 

NMR (400 MHz, CDCl3) δ 8.12 (s, 1H), 7.52 (d, J = 7.7 Hz, 1H), 7.32 (d, J = 8.1 Hz, 1H), 

7.19 – 7.07 (m, 2H), 4.17 (q, J = 7.1 Hz, 2H), 2.28 (s, 3H), 1.70 (s, 6H), 1.22 (t, J = 7.1 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 175.80, 135.64, 134.36, 130.05, 121.68, 119.30, 118.33, 

110.62, 107.24, 61.40, 43.32, 25.71, 14.25, 9.43, 9.40. 

Ethyl 2-(benzo[b]thiophen-2-yl)-2-methylpropanoate (9a)76 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 99:1 

hexane/ethyl acetate) afforded the desired product 9a as a colourless oil (98 mg, yield 79%).1H 

NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.2 Hz, 1H), 7.72 (d, J = 6.7 Hz, 1H), 7.36 – 7.27 (m, 

2H), 7.19 (s, 1H), 4.18 (q, J = 7.1 Hz, 2H), 1.74 (s, 6H), 1.25 (t, J = 7.1 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 175.11, 150.15, 139.66, 139.41, 124.29, 124.11, 123.42, 122.19, 120.34, 

61.48, 45.43, 27.45, 14.16. HRMS (ESI, m/z) calcd. for C15H19O2S [M + H]+: 263.1106; found: 

263.1195. 

Ethyl 2-methyl-2-(5-methylthiophen-2-yl)propanoate (9b) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 9b as a yellow oil (97 mg, yield 92%).1H 

NMR (400 MHz, CDCl3) δ 6.72 (d, J = 3.5 Hz, 1H), 6.58 (d, J = 2.3 Hz, 1H), 4.14 (q, J = 7.1 

Hz, 2H), 2.44 (s, 3H), 1.62 (s, 6H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

175.58, 146.92, 138.51, 124.62, 123.46, 61.20, 44.77, 27.55, 15.35, 14.13. HRMS (ESI, m/z) 

calcd. for C11H17O2S [M + H]+: 213.0949; found: 213.0970. 

Ethyl 2-(5-bromothiophen-2-yl)-2-methylpropanoate (9c) 
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The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 9c as a yellow oil (95 mg, yield 69%).1H 

NMR (400 MHz, CDCl3) δ 6.87 (d, J = 3.8 Hz, 1H), 6.70 (d, J = 3.8 Hz, 1H), 4.14 (q, J = 7.1 

Hz, 2H), 1.60 (s, 6H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 174.86, 150.78, 

129.35, 124.16, 110.81, 61.50, 45.17, 27.38, 14.13. HRMS (ESI, m/z) calcd. for C10H14BrO2S 

[M + H]+: 278.9877; found: 278.9868. 

Ethyl (E)-4-(4-methoxyphenyl)-2,2-dimethylbut-3-enoate (11a)76 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 11a as a white solid (120 mg, yield 94%).1H 

NMR (400 MHz, CDCl3) δ 7.32 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 6.39 (d, J = 16.2 

Hz, 1H), 6.27 (d, J = 16.3 Hz, 1H), 4.15 (q, J = 7.1 Hz, 2H), 3.80 (s, 3H), 1.40 (s, 6H), 1.26 (t, 

J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 176.54, 159.15, 132.45, 130.01, 127.54, 

127.39, 114.02, 60.83, 55.34, 44.37, 25.23, 14.27. HRMS (ESI, m/z) calcd. for C15H21O3 [M + 

H]+: 249.1491; found: 249.1485. 

Tert-butyl (E)-4-(4-methoxyphenyl)-2,2-dimethylbut-3-enoate (11b) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 11b as a white solid (92 mg, yield 67%).1H 

NMR (400 MHz, CDCl3) δ 7.31 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.4 Hz, 2H), 6.37 (d, J = 16.2 

Hz, 1H), 6.25 (d, J = 16.2 Hz, 1H), 3.80 (s, 3H), 1.45 (s, 9H), 1.36 (s, 6H). 13C NMR (101 

MHz, CDCl3) δ 175.81, 159.08, 133.01, 130.28, 127.50, 127.07, 114.03, 55.39, 44.98, 28.07, 

25.26. HRMS (ESI, m/z) calcd. for C17H24O3 [M - H] : 275.1647; found: 275.1643. HRMS 

(ESI, m/z) calcd. for C17H23O3 [M - H]-: 275.1647; found: 275.1643. 

Diethyl (E)-2-(4-methoxystyryl)-2-methylmalonate (11c)76 
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The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 11c as a yellow oil (136 mg, yield 89%).1H 

NMR (400 MHz, CDCl3) δ 7.34 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.55 (d, J = 16.4 

Hz, 1H), 6.44 (d, J = 16.4 Hz, 1H), 4.21 (qd, J = 7.1, 2.1 Hz, 4H), 3.78 (s, 3H), 1.65 (s, 3H), 

1.26 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 171.28, 159.45, 130.20, 129.32, 127.80, 

125.39, 113.97, 61.62, 55.61, 55.28, 20.38, 14.05. HRMS (ESI, m/z) calcd. for C17H23O5 [M + 

H]+: 307.1545; found: 307.1521. 

Phenyl (E)-4-(4-methoxyphenyl)-2,2-dimethylbut-3-enoate (11d) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 11d as a yellow solid (120 mg, yield 

81%).1H NMR (400 MHz, CDCl3) δ 7.39 (dt, J = 8.1, 3.5 Hz, 4H), 7.24 (t, J = 7.4 Hz, 1H), 

7.13 – 7.07 (m, 2H), 6.90 (d, J = 8.4 Hz, 2H), 6.56 (d, J = 16.2 Hz, 1H), 6.43 (d, J = 16.2 Hz, 

1H), 3.83 (s, 3H), 1.59 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 175.05, 159.33, 151.17, 131.54, 

129.79, 129.45, 128.34, 127.66, 125.79, 121.54, 114.10, 55.38, 44.69, 25.26. HRMS (ESI, m/z) 

calcd. for C19H21O3 [M + H]+: 297.1491; found: 297.1450. 

4-formylphenyl (E)-4-(4-methoxyphenyl)-2,2-dimethylbut-3-enoate (11e) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 11e as a yellow solid (149 mg, yield 

92%).1H NMR (400 MHz, CDCl3) δ 9.99 (s, 1H), 7.92 (d, J = 8.7 Hz, 2H), 7.39 (d, J = 8.6 Hz, 

2H), 7.27 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 6.56 (d, J = 16.1 Hz, 1H), 6.39 (d, J = 

16.1 Hz, 1H), 3.83 (s, 3H), 1.60 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 191.01, 174.37, 159.40, 
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155.89, 133.98, 131.21, 130.82, 129.51, 128.75, 127.66, 122.35, 114.10, 55.35, 44.77, 25.13. 

HRMS (ESI, m/z) calcd. for C20H19O4 [M - H]-: 323.1283; found: 232.1275. 

(E)-N-cyclohexyl-4-(4-methoxyphenyl)-2,2-dimethylbut-3-enamide (11f) 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 90:10 

hexane/ethyl acetate) afforded the desired product 11f as a white solid (104 mg, yield 69%).1H 

NMR (400 MHz, CDCl3) δ 7.29 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.8 Hz, 2H), 6.43 (d, J = 16.3 

Hz, 1H), 6.16 (d, J = 16.2 Hz, 1H), 5.60 (d, J = 9.0 Hz, 1H), 3.76 (s, 3H), 3.73 – 3.62 (m, 1H), 

1.81 (dd, J = 12.6, 4.0 Hz, 2H), 1.72 – 1.40 (m, 4H), 1.33 (s, 6H), 1.06 (ddd, J = 18.8, 10.5, 4.7 

Hz, 5H). 13C NMR (101 MHz, CDCl3) δ 175.31, 159.20, 132.48, 129.40, 128.59, 127.39, 

113.97, 55.18, 48.07, 44.69, 32.87, 25.42, 25.32, 24.73. HRMS (ESI, m/z) calcd. for 

C19H28NO2 [M + H]+: 302.2120; found: 302.2093. 

1,3,3-trimethylindolin-2-one (13a)78 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 13a as a yellow oil (75 mg, yield 86%).1H 

NMR (400 MHz, CDCl3) δ 7.25 (td, J = 7.7, 1.3 Hz, 1H), 7.21 – 7.17 (m, 1H), 7.05 (td, J = 

7.5, 1.0 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 3.20 (s, 3H), 1.36 (s, 6H). 13C NMR (101 MHz, 

CDCl3) δ 181.42, 142.65, 135.84, 127.70, 122.53, 122.28, 108.06, 44.20, 26.23, 24.41. 

5-chloro-1,3,3-trimethylindolin-2-one (13b)78 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 13b as a white solid (95 mg, yield 91%).1H 



  Chapter 5 

209 
 

NMR (400 MHz, CDCl3) δ 7.22 (dd, J = 8.2, 2.1 Hz, 1H), 7.16 (d, J = 2.1 Hz, 1H), 6.75 (d, J 

= 8.3 Hz, 1H), 3.19 (s, 3H), 1.35 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 180.92, 141.29, 

137.57, 127.96, 127.66, 123.03, 109.06, 44.56, 26.43, 24.36. HRMS (ESI, m/z) calcd. for 

C11H13ClNO [M + H]+: 210.0686; found: 210.0683. 

1,3,3,5-tetramethylindolin-2-one (11c)78 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 11c as a yellow oil (75 mg, yield 79%).1H 

NMR (400 MHz, CDCl3) δ 7.07 – 7.04 (m, 1H), 7.02 (d, J = 0.7 Hz, 1H), 6.73 (d, J = 7.8 Hz, 

1H), 3.19 (s, 3H), 2.34 (s, 3H), 1.35 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 181.47, 140.34, 

135.99, 132.10, 127.94, 123.27, 107.84, 44.33, 26.33, 24.51, 21.24. 

5-methoxy-1,3,3-trimethylindolin-2-one (11d)78 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 11d as a white solid (84 mg, yield 78%). 1H 

NMR (400 MHz, CDCl3) δ 6.82 – 6.80 (m, 1H), 6.77 (dd, J = 8.4, 2.4 Hz, 1H), 6.73 (d, J = 7.8 

Hz, 1H), 3.79 (s, 3H), 3.18 (s, 3H), 1.35 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 181.16, 156.16, 

137.33, 136.23, 111.65, 110.15, 108.34, 55.92, 44.72, 26.38, 24.49.  

5-fluoro-1,3,3-trimethylindolin-2-one (11e)78 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 11e as a white solid (82 mg, yield 92%).1H 
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NMR (400 MHz, CDCl3) δ 6.96 – 6.88 (m, 2H), 6.73 (dd, J = 9.2, 4.2 Hz, 1H), 3.18 (s, 3H), 

1.33 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 181.01, 158.25(d, 1JC-F= 241 Hz), 138.57(d, 4JC-

F= 2 Hz), 137.48(d, 3JC-F= 8 Hz), 113.67(d, 2JC-F= 24 Hz), 110.45(d, 2JC-F= 24 Hz), 108.45(d, 

3JC-F= 8 Hz), 44.72, 26.38, 24.32. 19F NMR (376 MHz, CDCl3) δ -120.90. 

1,3,3-trimethyl-5-(trifluoromethyl)indolin-2-one (11f)78 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 11f as a white solid (104 mg, yield 92%).1H 

NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.2 Hz, 1H), 7.42 (s, 1H), 6.90 (d, J = 8.1 Hz, 1H), 

3.24 (d, J = 1.7 Hz, 3H), 1.38 (d, J = 1.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 181.32, 

145.75, 136.42, 125.62(q, 3JC-F= 4 Hz), 124.69(q, 2JC-F= 32 Hz), 123.25(q, 1JC-F= 272 Hz), 

119.43(q, 3JC-F= 4 Hz), 107.86, 44.29, 26.50, 24.33. 19F NMR (376 MHz, CDCl3) δ -61.36. 

1,3,3-trimethyl-5-nitroindolin-2-one (11g)78 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 11g as a white solid (114 mg, yield 88%).1H 

NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.6 Hz, 1H), 8.05 (d, J = 1.9 Hz, 1H), 6.91 (d, J = 8.6 

Hz, 1H), 3.25 (s, 3H), 1.38 (d, J = 1.2 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 181.40, 148.50, 

143.58, 136.58, 125.31, 118.44, 107.71, 44.34, 26.78, 24.28. 

1-benzyl-3,3-dimethylindolin-2-one (11h)78 
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The general procedure was followed. Column chromatography (SiO2, eluting with 95:5 

hexane/ethyl acetate) afforded the desired product 11h as a white solid (102 mg, yield 86%).1H 

NMR (400 MHz, CDCl3) δ 7.35 – 7.25 (m, 5H), 7.23 (dd, J = 7.4, 1.4 Hz, 1H), 7.14 (td, J = 

7.7, 1.3 Hz, 1H), 7.06 – 7.00 (m, 1H), 6.74 (d, J = 7.8 Hz, 1H), 4.94 (s, 2H), 1.46 (s, 6H). 13C 

NMR (101 MHz, CDCl3) δ 181.48, 141.69, 136.14, 135.81, 128.80, 127.62, 127.56, 127.19, 

122.56, 122.37, 109.12, 44.21, 43.55, 24.59. 

Ethyl 2-(3,5-di-tert-butyl-1-methyl-4-oxocyclohexa-2,5-dien-1-yl)-2-methylpropanoate 

(15)76 

 

The general procedure was followed. Column chromatography (SiO2, eluting with 98:2 

hexane/ethyl acetate) afforded the desired product 15 as a yellow oil (137 mg, yield 82%).1H 

NMR (400 MHz, CDCl3) δ 6.53 (s, 2H), 4.10 (q, J = 7.1 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H), 1.20 

(s, 18H), 1.18 (s, 3H), 1.11 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 186.25, 175.53, 147.11, 

143.78, 60.82, 49.06, 42.99, 35.02, 29.57, 21.99, 21.70, 14.35. HRMS (ESI, m/z) calcd. for 

C21H35O3 [M + H]+: 335.2586; found: 335.2551. 
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