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ABSTRACT 

The first chapter reports a study of aryl nitrene intermediates. Although extensively studied 

over the past 30 years, phenyl nitrenes have a propensity to undergo rearrangement reactions and 

form polymeric tars. This is in stark contrast to the phenyl carbenes which are known to undergo 

several important reactions to produce a library of useful organic compounds. One such reaction 

is the insertion of phenyl carbenes into a double bond to produce a cyclopropane moiety. If aryl 

nitrenes can be exploited to conjure a similar reactivity, they would be an excellent synthetic route 

to produce aziridine rings which are a crucial component of many natural products. This review 

chapter is a collection of all the efforts that have been made in this regard. 

In the next chapter, the electronic effect of the azide functional group on an aromatic system 

has been investigated by using Hammett-Taft parameters obtained from the effect of azide-

substitution on the gas-phase acidity of phenol. Gas-phase acidities of 3- and 4-azidophenol have 

been measured by using mass spectrometry and the kinetic method and found to be 340.8 ± 2.2 

and 340.3 ± 2.0 kcal/mol respectively. The relative electronic effects of the azide substituent on 

an aromatic system have been measured by using Hammett-Taft parameters. The σF and σR values 

are determined to be 0.38 and 0.02 respectively, consistent with predictions based on electronic 

structure calculations.  The values of F and R demonstrate that azide acts an inductively 

withdrawing group but has negligible resonance contribution on the phenol.  In contrast, acidity 

values calculated for substituted benzoic acids gives values of F = 0.69 and R = -0.39, indicating 

that the azide is a strong  donor, comparable to that of a hydroxyl group.  The difference is 

explained as being the result of “chimeric” electronic behavior of the azide, similar to that observed 

previously for the n-oxide moiety, which can be more or less resonance donating depending on the 

electronic effects of other groups in the system. 

Phenyl nitrenes undergo bimolecular chemistry under very specific circumstances. For 

example, having an oxide substituent at the para position of the phenyl ring enables the formation 

of an indophenol product from a photocatalyzed reaction of the nitrene. Although, this reaction 

has been reported before, the mechanism involved in this reaction has not been fully understood. 

A two-electron mechanism involving electrophilic aromatic substitution reaction has been 

proposed in the literature, however we found evidence that did not support this theory. Instead, we 
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find this reaction analogous to the popular Gibbs’ reaction whose single electron transfer 

mechanism has been extensively studied. The following chapter encompasses a study of the 

mechanism of the photolysis reaction to look for evidence of a single electron transfer similar to 

the Gibbs’ reaction. 

As mentioned earlier, phenyl nitrenes have a proclivity to undergo rearrangement reactions 

instead of exhibiting bimolecular reactivity that can lead to useful products. One of the strategies 

to overcome this challenge is to spatially separate the two electrons of an open-shell singlet nitrene 

so as to minimize electron-electron repulsion. This separation can be achieved by delocalizing the 

individual electrons over multiple aromatic rings and heteroatoms which can act as radical 

stabilizers. In this chapter, a short review of literature that sets precedence for developing a unique 

heteroatom containing aromatic backbone to achieve the necessary stabilization is presented. Our 

efforts in synthesizing the model azide precursor compound have also been discussed. 
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CHAPTER 1. INTRODUCTION AND GUIDE TO DISSERTATION 

1.1 Introduction and Guide to Dissertation 

This dissertation is the collection of several different works, which encompass a variety of 

chemistry. The title of this dissertation is appropriately broad to ensure all the chemistry is included. 

In this thesis, I discuss the chemistry of nitrene intermediates and their precursor azides. Nitrenes 

are known to undergo undesirable reactions in the gas and solution phase. I have tried to address 

these limitations by studying their reactivity and the mechanisms involved in solutions and 

discussed strategies to find appropriate solutions. Not just the nitrenes, but their precursor azides 

are also a bit of an enigma themselves in terms of their electronic properties. These properties 

along with their implications on an aromatic system have also been studied. 

Chapter 2 is a review of several different types of methods employed in the past to harness 

the reactivity of the phenyl nitrene intermediates. One of the primary focus of my PhD research 

was to utilize different substituent effects to tune the reactivity of the phenyl nitrenes, which would 

enable us to do exciting chemistry such as nitrene transfers into alkenes to form an aziridine ring. 

One such substitution that made possible this transformation was the use of oxide at the ortho 

position. This chapter is intended to provide an account of various such successful transformations 

attempted in the past which were the source of inspiration for our work. 

 Chapter 3 focuses on the chemistry of the most extensively used nitrene precursor in our 

lab, the azide. The azide is one of the most widely used reagent in click chemistry and a common 

precursor compound to the nitrene. However, the effects of an azide substituent on the aromatic 

ring is still a matter of debate due to the conflicting reports about the azide’s electronic nature. In 

this chapter, we have used mass spectrometry as a tool to address this issue by calculating the 

Hammett-Taft parameters of the azide, which are derived from the gas-phase acidities of the 

azidophenols calculated by using the kinetic method. These Hammett-Taft parameters have been 

extensively studied and compared to that of the other common substituents in order to understand 

the effects of an azide substituent. 

 During the course of studying the reactivity of the nitrenes in the solution phase, we 

stumbled upon a unique photolysis reaction of azidophenoxides in water that produced an 

indophenol product, very similar to the well-known Gibbs reaction. Chapter 4 focuses on 
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understanding the mechanism of this unique reactivity. The Gibbs reaction is believed to proceed 

via single electron transfer processes. Herein, we explore all the evidence that suggests that the 

photolysis of the 4-azidophenoxide also proceeds via single electron transfer mechanisms, drawing 

parallels to the Gibbs reaction. 

 Chapter 5 discusses a different approach to tune the reactivity of the phenyl nitrene 

intermediate. The chapter discusses the background work done in this regard and our attempts to 

synthesize the appropriate precursor azide with the desired substitution and aromatic back bone 

rings that could unlock the potential to do exciting chemistry with the nitrene intermediate. 
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CHAPTER 2. FROM NITRENES TO AZIRIDINES – A REVIEW 

2.1 Introduction 

Aziridines are 3-membered cyclic amines, comprising of a highly strained ring system. 

This associated ring strain make these molecules extremely reactive. Despite of such a high 

reactivity, aziridine ring system is a very common framework in molecules of natural origin. 

Several aziridine ring containing compounds exhibit potential biological activities.1 

In the earlier times, synthesis of aziridines was considered to be a challenging venture 

owing to their high instability and reactivity. However, the synthetic methods for aziridines have 

made tremendous progress since then where, a number of methods have been developed to 

synthesize not only racemic but also enantio-enriched aziridines. A deceptively straightforward 

strategy for the synthesis of aziridines would be direct coupling of a nitrene and an alkene. 

However, this strategy faces several limitations due to the highly unreactive nature of the nitrenes. 

 Nitrenes are a fascinating class of intermediates similar to carbenes but exhibit very 

different reactivity. For example, phenylcarbene in solution readily forms adducts with alkenes 

and inserts into C-H bonds, whereas phenylnitrene gives mostly polymeric tar. Our lab has 

previously attempted to understand this reactivity and proposed a solution to activate the 

bimolecular reactivity of these nitrene intermediates.2–5 With anionic substitution on the phenyl 

rings of aromatic nitrenes, we were able to do useful reactions such as proton/hydrogen atom 

abstraction, Gibbs reaction and nitrene insertion into an alkene with the phenyl nitrene 

intermediate. This chapter aims at compiling the literature available for such successful 

conversions of nitrenes into aziridines. 

2.1.1 Azides as nitrene precursors 

Azides were identified as nitrene precursors much before asymmetric catalysis was 

discovered.6–8 Smith and coworkers in 1951 first reported that the thermolysis or photolysis of 

biphenyl azides produce substituted carbazoles.7 This result was further expanded to vinyl azides 

by Hemetsberger and to styryl azides by Sundberg.9 These thermal and photochemical reactions 

were identified to proceed through the nitrene intermediates thus, demonstrating the potential of 

azides to form nitrenes. While these reactions did produce useful N-heterocycles, they were very 
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limited in scope due to the hyper reactivity of the nitrene intermediate and the harsh conditions 

required for the conversions. This extreme reactivity of the nitrenes resulted in decomposition of 

the products and/or poor selectivity. This reactivity could be brought under control by using 

transition metal catalysts to form the metal nitrenoid intermediates, in turn also normalizing the 

conditions needed for the reactions. 

The use of azides as nitrene precursors in transition metal-catalyzed nitrene transfers have 

garnered considerably less attention than the other nitrene precursors. The appeal of the azides is 

mainly because (1) they can be made available easily through sodium azide, (2) their byproduct is 

only nitrogen gas and (3) they don’t require any additives besides the metal catalysts. Thus, 

development of transition metal-catalyzed. mild and low temperature reactions gained interests in 

order to utilize the potential of azides to generate important N-heterocycles via nitrenes. 

2.1.1.1 Transition metal-catalyzed nitrene aziridinations using azide precursors 

Kwart and Khan, in 1967, reported the first metal-catalyzed nitrene transfer from an azide 

to an olefin (Figure 2.1a).10 It was reported that benzenesulfonyl azide readily decomposes to its 

corresponding nitrene in cylcohexene in the presence of copper powder. In addition to the 

cyclohexene-aziridine product, C-H amination of cyclohexene and benzenesulfonamide products 

were also observed. This product distribution was consistent with the formation of a nitrene or a 

nitrenoid intermediate.11 A radical mechanism was also proposed that accounted for the formation 

of the observed products.12 Soon after, exploration of other metals for such type of transfer 

reactions led Migita and co-workers to develop palladium catalyzed N-atom transfer reactions to 

olefins (Figure 2.1 b).13–15  

 

 Figure 2.1 Earlier reports of transition-metal-catalyzed nitrogen-transfer reactions of azides to 

form aziridines 
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Around the same time, model systems were developed that mimicked catalysis by 

cytochrome P-450, in which oxygen-atom transfer from idosylbenzene to model organic acceptors 

was enabled in the presence of metal tetraphenylporphyrins.16–18 On the basis of these findings 

Groves and co-workers reported a stoichiometric nitrene-transfer from a nitridomanganese(V) 

porphyrin to cycloalkenes.19 

The early work by Migita13–15 on the stoichiometric transfer of N-atom from azides to 

olefins by using transition metal and the use of metal porphyrins by Che et al20 encouraged Cenini 

and co-workers to further explore metal porphyrins catalysts in the reaction of aryl azides with 

olefins (Figure 2.2).21  

 

Figure 2.2 Cenini’s report of transition-metal-catalyzed nitrogen-transfer reaction of 4-

nitrophenyl azide to form aziridine 

After examination of a wide range of metal-based porphyrins, Cenini reported that only 

cobalt and ruthenium-based complexes seemed to catalyze the nitrene transfer from 4-

nitrphenylazide to cycloalkenes. Specifically, ruthenium tetraphenylporphyrin (RuTPPCO) and 

cobalt octaethylporphyrin (CoOEP) provided the best results for the conversion.22 However, when 

the nitro substituent was replaced by a methoxy group, only the corresponding aniline was obtained 

as the by-product, which indicated that the electronic nature of the aryl nitrene seemed to influence 

the product distribution in the reactions. 

 The most reactive RuTPPCO complex was then used to carry out nitrene transfers to 

different types of olefins to yield various aziridine products accompanied by the corresponding 

side-products (Figure2.3 ).21 
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Figure 2.3. Cenini’s work on ruthenium porphyrin-catalyzed various aziridine formations from 

aryl azides 

Asymmetric aziridinations using azides 

Among the influx of the earlier reports on metal-catalyzed nitrene-transfer reactions, few 

of the substantial results were reported individually by Jacobson and Muller where they carried 

out asymmetric aziridinations of styrene, with enantiomeric excess values of 41% and 17% 

respectively (Figure 2.4 a and b).23–25  

 

Figure 2.4 a) Jacobson and b) Muller groups’ asymmetric aziridination of styrene.  Ts=tosyl, 

Ns=nosyl 
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Following this seminal work on asymmetric aziridination, further developments in the field 

were independently achieved by Katsuki and Zhang groups. Katsuki group reported that a chiral 

ruthenium(II) salen complex can be used to catalyze the formation of aziridines from sulfonyl 

azides asymmetrically (Figure 2.5).26 

 

Figure 2.5 Katsuki’s work on ruthenium(II) salen catalyzed asymmetric aziridination of olefins. 

This complex had been reported previously to catalyze the formation of iminosulfides with 

large turnover numbers and high enantioselectivities. Katsuki and coworkers realized that, since 

the mechanism for the formation of iminosulfides involved N-atom transfer the same protocol can 

also be applied to the formation of aziridines from nucleophilic alkenes. Moreover, they were also 

able to show that a variety of azides such as NsN3, SES-N3, (PhO)2P(O)N3, and 2,2,2-

trichloroethoxysulfonyl azide (TcesN3), besides TsN3 can also be used in this protocol as nitrene 

precursors. 

One of the main side reactions arising from the above protocol was the allylic C–H bond 

amination. In order to suppress this side reaction, Katsuki and co-workers designed a new 

ruthenium(II) salen complex (Figure 2.6).27  
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Figure 2.6 Katsuki’s new ruthenium(II) salen catalyst for asymmetric aziridination of olefins. 

The new catalyst was structurally different than the previous version, where meta-

hydrogens on the phenyl groups were replaced by fluorine atoms which would prevent the 

decomposition of the catalyst due to the nitrenes, making it more robust. 

One common drawback of these aziridination protocols was, high reaction rates were only 

achieved by using para-tolylsulfonyl azide and it took relatively harsher conditions like NaNp, 

DME27 to remove the group from the aziridine product. However, the newly designed robust 

catalyst enabled the use of other azides with more easily removable groups.28,29 2-

(trimethylsilyl)ethanesulfonyl azide (SESN3) and nitrobenzenesulfonyl azide (NsN3) were 

examined as nitrene precursors as both the groups could be removed under mild conditions. Both 

the compounds proved to be efficient sources of nitrenes, although, SESN3 also provided enhanced 

enantioselectivities. On the other hand, NsN3 provided improved turn over numbers (TON) (Figure 

2.7). 

 

Figure 2.7 Use of new ruthenium(II) salen catalyst for asymmetric aziridination of olefins. 

The robust and reactive catalyst also enabled aziridination of non-conjugated olefins as 

shown in figure 2.8. 
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Figure 2.8 Increased substrate scope with ruthenium(II) salen catalyst for asymmetric 

aziridination of non-conjugated olefins. 

Similarly, alkyl substituted alkenes were converted into the corresponding aziridines albeit 

at higher temperatures (Figure 2.9). 

 

Figure 2.9 Increased substrate scope with ruthenium(II) salen catalyst for asymmetric 

aziridination of alkyl substituted alkenes. 

Similar to the Katsuki group, the Zhang group also worked on developing protocols to 

synthesize chiral aziridines containing easily removable groups on the aziridine nitrogen. They 

developed several aziridination methods that employed the azide based nitrene precursors, 

diphenylphosphoryl- or nosyl azide. 

Diphenylphosphoryl azide was selected as the appropriate nitrene precursor because the 

phosphorus-nitrogen bond in the aziridine product can be easily hydrolyzed.30–32 A D2-symmetric 

chiral porphyrin was developed as the ligand for cobalt catalyst through which high chemical 

yields with low catalyst loading were obtained (Figure 2.10 ).31 
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Figure 2.10 Cobalt-catalyzed asymmetric aziridination of styrenes using phosphoryl azide 

precursor. a20 mol% DMAP added 

The structural specialty of the ligand lies in its chiral, non-racemic cyclopropyl-substituted 

amide side chains, which prevent the decomposition of the cobalt amido complex during the 

reaction. The ligand can be easily synthesized by a palladium-catalyzed quadruple amidation of 

tetrabromo-substituted porphyrin.33 Although, the aziridination reaction using diphenylphosphoryl 

azide as the nitrene source provided only moderate control on the enantioselectivity, it did set 

precedence for future method development. 

When the nitrene source was changed from diphenylphosphoryl to sulfonyl, broader 

substrate scope and increased product yields were obtained.34 For this transformation, a non-chiral 

tetraamide porphyrin P2 was used as the ligand with the cobalt catalyst. The new cobalt P2 

porphyrin complex afforded the aziridine products with a high efficiency and a large variety of 

substituted styrenes (Figure 2.11) 

 

Figure 2.11 Cobalt-catalyzed azirdination of various styrenes using nosyl azide as the nitrene 

precursor  
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It was observed that the reaction remained unaffected by the steric or electronic nature of 

the styrenes and tolerated substrates that contained any kind of ortho-substitution or strong 

electron-withdrawing groups. Although use of nosyl azide allowed increased substrate scope for 

the aziridination, the system still remained intolerant to disubstituted or aliphatic styrenes 

 The cobalt P2 porphyrin complex was designed such that the amide N-H bond was placed 

closer to the SO2 group on the nitrene to form a hydrogen bond which would allow for a greater 

nucleophilicity and impart better stability to the metal nitrenoid intermediate. Computational 

modelling of the complex calculated the N-H-O bond distance to be only 2.9 Å which would 

indicate a presence of significant hydrogen bonding between the amide and the nitrenoid. This 

hydrogen-bonding model thus accounted for the increased reactivity of the aziridination reaction 

with phosphoryl azide (Figure 2.12). 

 

Figure 2.12 Hydrogen-bonding model of the cobalt P2 porphyrin complex 

The Zhang group also used the new cobalt P2 porphyrin complex in aziridination reactions 

using trichloroethoxysulfonyl (TCES) azide as the nitrene precursor (Figure 2.13).35 
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Figure 2.13 Aziridination using trichloroethoxysulfonyl (TCES) azide and various modified 

porphyrin ligands 

The trichloroethoxysulfonyl azide served as a very promising nitrene source for chiral 

aziridinations owing to the ease of removal of the group from the nitrogen of the aziridine. The 

porphyrin ligand was further optimized to the porphyrin P5 that resulted in higher 

enantioselectivities and aziridine yields. Although the other D2-symmetric porphyrins afforded 

higher yields of the aziridine products porphyrin P5 afforded the highest enantioselectivities. 

However, this was overcome by the use of palladium acetate additive which was found to improve 

the yields of the products without affecting their enantioselectivities.  

These new model systems enabled aziridination of several different types of alkenes with 

high enantioselectivities and product yields. Studying the substrate scope of a variety of styrenes 

revealed that the electronic nature of the styrenes resulted in no difference in the yield and 

enantioselectivities of the aziridine products. Even dienes and non-conjugated alkenes offered 

improved yields and enantioselectivities (Figure 2.14).  
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Figure 2.14 Substrate scope of cobalt-catalyzed aziridination of olefins using 

Tces–Azide and PdOAc2 (5 mol%) 

Thus, Zhang group was the first to show that aziridination of olefins can be achieved 

without any competing side-reactions such as C-H bond amination of the olefins or nitrene 

dimerization. 

2.1.1.2 Transition metal-catalyzed alkene aziridinations using imidoiodinane precursors 

Similar to the oxygen transfer reactions reported by Groves et al, the analogous nitrene 

transfer also became a possibility. Around the same time, sulfonyliminoiodinanes became 

available as the required nitrene precursors.36,37 These compounds were found to be excellent 

sources for nitrenes with some seminal reports also suggesting that iminoiodinanes (PhI=NTs) 

were more efficient nitrene precursors than the azides in metal-catalyzed N-atom transfer reactions 

to olefins.25,38–41 For example, Breslow and Gellman reported highly efficient inter- and intra-

molecular nitrene insertions into C-H by using PhI=NTs as the nitrene precursors, catalyzed by 

[Rh2(OAc)4]
42 or Mn(III)- or Fe(III)-porphyrins.43 Similarly, Jacobsen and his coworkers reported 

similar observations during their work on copper diimine-catalyzed aziridination of olefins.25 

Effective aziridination of olefins using PhI=NTs in the presence of Fe- or Mn-porphyrins was also 

reported by Gr and co-workers.41,44,45 In these early reports, the control on the chemoselectivity 

between the aziridination and allylic amination was quite difficult (Figure 2.15). 
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Figure 2.15 Fe– and Mn– based porphyrin-catalyzed reaction of cis-hex-2-ene with PhI=NTs 

Evans and coworkers, in 1990s, substantially developed the chemistry of aziridination by 

using iminoiodinanes as the precursors. They reported that CuI species such as [Cu(MeCN)4]ClO4, 

Cu(acac)2 (acac=acetylacetonate), and CuII species such as copper(II) trifluoromethanesulfonate 

[Cu(OTf)2]  can be used to catalyze the aziridination of olefins effectively without generating 

allylic amination side products. Moreover, they also found that phenyl aziridine was produced in 

96% yield when using iminoiodinane as the nitrene precursor whereas phenyl aziridine was only 

produced in 12% yield when using the tosyl azide nitrene precursor (Figure 2.16).149,40 
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Figure 2.16 Comparison of the efficiency of aziridine formation using iminoiodinane and tosyl 

azide nitrene precursors 

 Although these findings lacked much practical applicability, they set precedence for 

designing efficient systems for catalytic nitrene transfers using iminoiodinanes. 

In 1993, Perez and his coworkers reported the synthesis and application of copper-based 

catalyst [Tp*Cu(C2H4)] [Tp*=tris(3,5-dimethyl-1-pyrazolyl)borate] for aziridination of alkene 

with PhI=NTs. (Figure 2.17) 

 

Figure 2.17 Perez’s work on Tp*Cu(C2H4) catalyzed nitrene-transfer reaction of 4-nitrophenyl 

azide to form aziridine 

 Taking inspiration from these works, many different kinds of copper catalysts paired with 

nitrene-based ligands were reported by Halfen, Caulton and Warren.47–50 Müller explored other 

metal complexes such as dirhodium (II,II) Rh2(OAc)4 as catalyst for aziridination of several 

aromatic olefins using p-nitrobenzenesulfonyl)iminophenyliodinane (PhI=NNs) as the nitrene 

precursor. This afforded the corresponding aziridines in yields of upto 85% (Figure 2.18).51–53 
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Figure 2.18 Aziridination of olefins using PhI=NNs catalyzed by Rh2(OAc)4  

 Similar studies were performed by Che and his co-workers where they used 

bis(tosyl)imidoruthenium–porphyrin complexes such as Ru(TPP)(NTs)2 to carry out 

stoichiometric nitrene/imido group transfer reactions.20 Inspired by the work of Breslow and 

Gellman,42,43 Müller also reported selective amination of cyclohexene with PhI=NNs using 

Rh2(OAc)4 as catalyst in which the aziridination reactions were completely suppressed. These 

reactions were also accompanied by C-H insertions into the benzylic and ethereal carbons with 

good yields (Figure 2.19). 

 

Figure 2.19 Complete suppression of aziridination during selective amination of cyclohexene 

using PhI=NNs, catalyzed by Rh2(OAc)4  

 Although, significant chemistry for aziridination using iminoiodinanes as precursors has 

been developed, it suffers from setbacks such as short lifetime and explosive potential of the 

iminoiodinanes which limit their applications in large scale synthesis. To overcome these 

limitations, various carbamates and sulfonamides were developed as nitrene precursors along with 

hypervalent iodine(III) oxidants like PhI(OAc)2 or PhI=O. Using there reagents highly efficient 

nitrene transfer reactions were reported by Che, Du Bois, and Dauban and Dodd such as C-H bond 
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insertions to yield different products.54–56 For aziridination, Duban et al reported copper catalyzed 

intermolecular aziridination of various olefins using different sulfonamides in the presence of 

PhI=O as oxidants (Figure 2.20).26 

 

 Figure 2.20 Sulfonamides as nitrene precursors in the presence of PhI=O for aziridination 

of olefins. 

 Although these Iodine (III) reagents greatly improved the efficiency of N-atom transfer to 

olefins, they were not as green and atom economical as the azides because they produced a 

stoichiometric amount of iodobenzene as well. 

Asymmetric aziridinations using imidoiodinanes 

Copper catalyzed aziridinations 

As mentioned earlier, the Evan’s group had reported the nitrene transfer reactions to olefins 

using TsN=IPh and turned them into synthetically useful protocols.40 The aziridination of various 

types of olefins was achieved in moderate to excellent yields. Complete stereospecificity was only 

observed for oct-4-ene, however partial stereospecificity was also observed for β-methyl styrene 

and trans-stilbene. The stereospecificity was found to be dependent on the ligands and the counter-

ions associated with the metal. Eventually, Evans also reported enantioselectivity in the 

aziridinations by using bis(oxazoline)ligands such as the one shown below (Figure 2.21).46 
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 Figure 2.21 Example of a bis(oxazoline)ligand used by Evans to achieve 

enantioselectivity. 

 The reactions needed 5% of CuOTf and 6% of ligands and were completed after 24 hrs. 

Cinnamate esters proved to be the best substrates for the protocols producing aziridines with 

enantioselectivities of 94-97% and yields of 60-63% in benzene. However, the more simple 

substrates such as styrenes and methylstyrenes were less suited and provided enantioselectivities 

of only 63% and 70% respectively (Table 2.1) 

Table 2.1. Bis(oxazoline)catalyzed enantioselective aziridinations of olefins 

olefin solvent, conditions yield, % ee, % conf. 

methyl cinnamate C6H6 (24 h, 21 °C) 63 94 (S) 

phenyl cinnamate C6H6 (24 h, 21 °C) 64 97 (S) 

t-butyl cinnamate C6H6 (24 h, 21 °C) 60 96 (S) 

trans-β-methylstyrene MeCN (3 d, −20 °C) 62 70 (S) 

styrene styrene (2.5 h, 0°C) 89 63 (R) 

 This work encouraged Ghosh to develop several bis(oxazoline) analogues which were used 

for aziridination of styrenes.57 One of the seminal works in the aziridination of styrenes was carried 

out by Masamune who reported enantioselectivities of 88% and yields of 91% using camphor-

derived bis(oxazoline) ligand (Figure 2.22 ).58  
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Figure 2.22 Camphor-derived bis(oxazoline) ligands for aziridination of styrenes 

Only marginal enantioselectivities for aziridinations of styrene and conjugated dienes were 

achieved by using tartarate-derived bis(oxazoline)ligands (Figure 2.23).59 

 

Figure 2.23 tartarate-derived bis(oxazoline) ligands for aziridinations of styrenes and conjugated 

dienes 

Following these reports, several other groups attempted to improve the aziridination 

systems. Andersson group proposed using NsN=IPh (p-nitrophenylsulfonyl iminoiodinane) as the 

precursor for nitrenes instead of TsN=IPh. The group reported comparable enantioselectivities as 

that achieved by using the same bis(oxazoline)ligands as used by Evans and coworkers.60 

Moreover, Andersson also reported upto 34% enantioselectivities using anionic di-imine ligands 

(Figure 2.24 a) and 33% enantioselectivities using the bis(aziridine) ligands (Figure 2.24 b) for the 

same reaction. 
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Figure 2.24 a) Anionic di-imine ligands b) chiral bis(aziridine) ligands for aziridination of 

styrenes 

 As mentioned earlier, the extent of enantioselectivities in these protocols were observed to 

vary with the counterions associated with the metal. Thus, Llewellyn et al investigated the effects 

of counterions used in the aziridination of styrene with bis(oxazoline)- copper catalysts. The idea 

was to perform asymmetric aziridinations by associating copper ions with a chiral counterion via 

ion pairing. This was done by using chiral boronate containing binaphthol ligands as counterions 

to the copper ions. The resulting aziridination reactions however, only showed about 7% 

enantioselectivity (Figure 2.25) 

 

Figure 2.25 Chiral boronate containing binaphthol ligands as counterions to copper ions for 

asymmetric aziridination 

Around the same time, Hutchings and his coworkers developed a copper exchange zeolite 

(CuHY) which they reported to be a highly efficient heterogenous catalyst for the aziridination of 

olefins.61–64 This zeolite was modified with the bis(oxazoline)ligands such as in Figure 2.22.  and 

used in the aziridination of styrenes which led to enhanced enantioselectivities. The highest yields 
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of the aziridine products were obtained when the nitrene source was switched from TsN=IPh to 

NsN=IPh, which was used in a slight excess over the styrene. The enantioselectivity was observed 

to be as high as 95% with 77% yield using TsN=IPh and 80% with 99% yield using NsN=IPh. 

These were the first few reports which showed that heterogenous catalysts were capable of 

inducing higher enantioselectivities than the homogenous catalysts.65 Although the details of the 

system are not yet been fully understood, EPR studies showed direct evidences for a 

copper(II)−bis(oxazoline) complex inside the Y zeolite pores.65 Although, leaching of Cu from the 

pores of the zeolite does happen, it is very limited. Moreover, it has also been shown that the 

leached Cu does not interfere with the aziridination process.65 Thus, this system offers an 

advantage where the catalyst can be recovered at the end of the reaction. 

 Similar to the bis(oxazoline) ligands, aziridination using chiral diimine based-catalysts 

was also studied thoroughly. The Jacobsen group developed many chiral 1,2-diimine derivatives25 

in the presence of different Cu(II) salts and carried out many asymmetric aziridinations of olefins 

carrying atleast one aromatic substituent, with high enantioselectivities.66 It was noticed that the 

number of co-ordination sites on the copper played a very crucial part in the catalyst design. Best 

results were obtained with two co-ordination sites on the copper instead of four. The best ligand 

of choice was the bis(imine) derived from 2,6-dichlorobenzaldehyde and 1,2-diaminocyclohexane 

(Figure 2.26). 
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Figure 2.26 Aziridination of olefins with atleast one aromatic group catalyzed by bis(imine) 

complex (in the box) 

The Jacobsen protocol afforded high enantioselectivities with the cis-olefins whereas the 

Evans protocol was more suited for the trans-isomers. The best result using the Jacobsen protocol 

was seen with 6-cyano-2,2-dimethylchromene which afforded the corresponding aziridine with 

enantioselectivity of more than 98% (Table 2.2). However, the simpler olefins resulted in only low 

to moderate enantioselectivities. For example, styrene reacted with only 66% enantioselectivity. 

Furthermore, the Jacobsen protocol required a high amount of catalyst loading of 5-10 mol% 

resulting in poor turnovers. 

Table 2.2. Cu catalyzed aziridination of olefins using Jacobsen’s ligand (Figure 2.26) 

olefin aziridine, yield, % ee, % abs. conf. 

styrene 79 66 (R) 

cis-β-methylstyrene 79 (c/t = 3:1) 67 (cis) (1R,2S) 

    81 (trans) (1S,2S) 

1,2-dihydronaphthalene 70 87 (1R,2S) 
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Table 2.2. continued  

Indene 50 58 (1R,2S) 

6-cyano-2,2-dimethylchromene 75 >98 (3R,4R) 

 Further developments in the Jacobsen’s approach where brought about by Kim and his co-

workers where, they used C2-symmetric bis(ferrocenyldiamines) (Figure 2.27) as ligands and 

observed moderate yields and enantioselectivities even with simple olefins like hexenes and 

styrenes.67–69  

 

Figure 2.27 C2-symmetric bis(ferrocenyldiamines) as ligands for aziridinations of olefins 

However, these reactions still required 10 mol% of catalyst loading along with a ten-fold 

excess of olefin. On a similar note, a chiral salen-type ligand derived from binaphthyldiimine 

(Figure 2.28) was also tested with styrene and showed unsatisfactory results, although indene and 

cinnamate esters seemed to react more effectively with the same ligand.70 

 

Figure 2.28 Chiral salen-type binaphthyldiimine ligands for aziridination of olefins 

Meanwhile, Cu-catalyzed asymmetric aziridinations using TsN=IPh in the presence of 

chiral (bis)imine and bis(oxazoline)ligands were being explored further and enantioselectivities of 
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upto 52% were achieved with cyclic and acyclic enol derivatives.71 Around the same time, the 

Scott group developed monomeric copper complexes with biaryl Schiff bases as ligands (Figure 

2.29) which catalyzed aziridinations with TsN=IPh.72  

 

Figure 2.29 Biaryl Schiff bases as ligands for aziridination of olefins 

 This system worked the best for cinammate esters affording 88-98% enantioselectivities. 

The catalysts also gave upto 99% enantioselectivity in the aziridination reaction of 6-acyl-2,2-

dimethylchromene. The enantiomeric excess of the product was found to have linear relationship 

with the enantiomericexcess of the ligand and the %conversion seemed to have no significant 

effects on the enantiomeric excess of the products as well. These results were consistent with a 

catalyst whose nature does not change during the course of the reaction and consists of only one 

ligand attached to it. However, styrenes and other simpler alkenes did not offer good selectivities 

as the absence of polar substitutents resulted in no secondary binding interactions. (Table 2.3) The 

reactions were completed in minutes in DCM and acetonitrile solvents at room temperature. 
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Table 2.3. Cu catalyzed aziridination of olefins using the biaryl Schiff’s bases as ligand (Fig 

2.29) 

olefin (1) T    aziridine (2) yield, % ee, % abs. conf. 

t-butyl cinnamate −40 °C    77 89 (2S,3R) (−) 

t-butyl p-

bromocinnamate 

r.t.    45 96 (−) 

t-butyl p-

bromocinnamate 

−40 °C    59 98 (−) 

trans-β-methylstyrene −40 °C    88 (t/c = 97:3) 28 (trans) (2R,3R) 

styrene r.t.    91 27 n.i. 

trans-stilbene −40 °C    66 5.1 n.i. 

1,2-dihydronaphthalene r.t.    60 54 (2S,3R) 

6-acylchromene  −40 °C    87 99 n.i. 

Thus, Scott’s system turned out to be highly superior to the other Cu-catalyzed 

aziridinations reported before due to the enhanced reactivities and selectivities. 

Due to the extensive studies conducted on the Cu-catalyzed aziridinations, it becomes 

imperative to explore the mechanistic aspects of the reaction. The main factors that need to be 

considered for the aziridinations are formation of the Cu-nitrene intermediate, nature of the nitrene 

transfer, and the oxidation states of the metal. The experimental evidences for the formation of 

metal-nitrene intermediate has been provided by the Jacobsen group.23 They found that the 

enantioselectivities of the aziridination reactions of  several olefins using the copper (bis)imine 

catalysts were independent of the substitutions on iodobenzene which implies that iodobenzene 

plays no part in nitrene transfers. This indicates that PhI does not play a part via Lewis acid 

mechanism in the selectivity determination step. Moreover, the tosyl nitrenes generated from the 

TsN3 produced similar enantioselectivities as the nitrenes generated from TsN=IPh. The DFT 

calculations for the Jacobsen system model carried out by Andersson and Norrby groups, revealed 
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the presence of a Cu-bound sulfonyl nitrene (Figure 2.3) intermediate along with a co-ordination 

of the oxygens on the sulfonyl group with the metal.73  

 

Figure 2.30 Structure of the nitrene intermediate in the Jacobsen system as predicted by DFT 

calculations 

 On the other hand, DFT calculations of the Scott system revealed the structure of the metal 

nitrene intermediate in which there was no such metal-oxygen interaction but instead, an 

interaction between the sulfonyl oxygens with the nitrene (Figure 2.31 ) 

 

Figure 2.31 Structure of the nitrene intermediate in the Scott system as predicted by DFT 

calculations 

 It has now been well accepted that the aziridination reactions proceed via metal-nitrene 

intermediate. Kinetic investigations of the Jacobsen model revealed that the reaction was first order 

with respect to the olefin and catalyst concentration and thus second order overall. This was 

consistent with the rate-determining attack of metallonitrene on the olefins.23 However, further 

studies conducted by Andersson and Norrby revealed that the reaction was zero-order for olefins 

despite the fact that single-experiments appeared to obey first-order kinetics.73 Thus, the DFT 

calculations were found to be in agreement with the rate-determining step of formation of 

metallonitrene. 

 Since the bis(oxazoline) catalyst used by Evans and derived from Cu(I) and Cu(II) also 

produced the same extent of enantioselectivity, it was suggested that TsN=IPh oxidizes Cu(I) to 

Cu(II) and it is this Cu(II) species that exists in the catalyst. However, the Jacobsen group later 

suggested the existence of a Cu(III) species as the reactive intermediate in the Cu oxidation-

reduction cycle. This explanation was also backed by the calculations of Andersson and Norrby 

where they confirmed that the Cu(I) species is the active catalyst and that Cu(II) may react with 
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TsN=IPh and play a part in the Cu(I)/Cu(III) catalytic cycle. However, Scott suggested that Cu(II) 

could also be an active catalyst or it could also be reduced to Cu(I) in situ, implying that conversion 

of Cu(I) to Cu(II) may not necessarily be required to show any   activity. 

 The mechanistic aspects of the stereochemistry of the aziridine formation is not fully 

understood. Evans found that aziridination of cis-oct-4-ene with Cu catalysts proceeded with high 

stereospecificity, but aziridinations of cis-stilbene and cis-β-methyl styrene showed produced both 

isomers in varied amounts, depending on the counter ions used. Counter ions that were involved 

in strong co-ordinations (acetylacetonate, chloride etc) were found to favor the trans-aziridines. In 

contrast, the aziridination of cis-stilbene using Scott’s Cu-diimine ligands afforded a 5:95 trans/cis 

stereospecificity and no cis-isomers were detected in the aziridinations of trans-cinnamate esters.72 

These reports suggest the existence of two competing pathways for aziridination – 

1. A concerted and stereospecific nitrene transfer from the metallocarbenes to olefins.74 

2. A two-step radical pathway which is favored by substrates that remarkably stabilize the 

intermediate radicals.75 

The DFT calculations by Andersson and Norrby also show that metallonitrene has a ground state 

triplet state which is very close to the singlet state energetically. The stereospecificity in the 

aziridination may occur due to the singlet nitrene species whereas the lack of stereospecificity 

maybe attributed to the triplet state or the intermediate singlet biradical formed by the addition of 

metallonitrene to olefin (Figure 2.32). 
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Figure 2.32 Proposed mechanisms for the stereospecific and non-stereospecific aziridination of 

olefins via triplet and singlet nitrenes. 

 The electronic substituent effect for the aziridination has also been studied by means of 

competing experiments. Müller group calculated a ρ-value of -0.49 vs σ+ for reaction of substituted 

styrenes with NsN=IPh in the presence of [Cu(acac)2] as the catalyst,53 whereas Scott group 

calculated a ρ-value of -0.65 vs σ for the reactions of cinnamate esters in the presence of copper 

complexes with biaryl Schiff bases. This range of values is also observed for the concerted carbene 

transfer to olefins indicating an early transition change with a small positive charge buildup.76 

Alongside the aforementioned works, several other achiral ligands have been introduced 

for aziridinations with TsN=IPh in the presence of Cu-metal which have show potential for 

asymmetric aziridinations. The Halfen group introduced a new Cu-1-(2-pyridylmethyl)-5-methyl-

1,5-diazacyclooctane trifluoroacetate complex which afforded aziridinations of styrenes with 

remarkable efficiency (Figure 2.33).77 
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Figure 2.33 Cu-1-(2-pyridylmethyl)-5-methyl-1,5-diazacyclooctane trifluoroacetate complex for 

aziridination of olefins 

Similar results were obtained by using Cu-1,4,7-triisopropyl-1,4,7-triazacyclononane-

bis(trifluoroacetate) complex (Figure 2.34).47 

 

Figure 2.34 Cu-1,4,7-triisopropyl-1,4,7-triazacyclononane-bis(trifluoroacetate) complex for 

aziridination of olefins 

At the same time, Brookhart's Cu-tris(3,5-trimethylpyrazolyl)borate catalyst were 

synthesized and used for aziridinations. These catalysts offered moderate reactivities for aryl 

olefins but below par reactivities for aliphatic olefins. (Figure 2.35).78 

 

Figure 2.35 Brookhart's Cu-tris(3,5-trimethylpyrazolyl)borate ligands for aziridination of olefins 

Other ligands that offered excellent efficiencies were the tris(pyrazolyl)borate ligands 

stabilized with trifluoromethyl substituents which formed Cu(I) ethylene adducts. (Figure2.36).79  
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Figure 2.36 Tris(pyrazolyl)borate ligands stabilized with trifluoromethyl substituents forming 

Cu(I) ethylene adducts for aziridination of olefins 

Remarkable improvement in the sythetic potential of the aziridination was brought about by 

Dauban and Dodd when they isolated phenyl imino iodinanes from aliphatic sulfonimides. They 

developed trimethylsilylethanesulfonyl (Ses) based reagent (SesN=IPh) for the aziridination 

reactions and obtained decent yields for the aziridine products of simple olefins using CuOTf as 

catalyst.79 The successful development of SesN=IPh reagent from aliphatic sulfonimides 

introduced the possibility of intramolecular aziridinations which proceeded with acceptable yields 

using CuOTf as catalyst (Figure 2.37).80  

 

Figure 2.37 Intramolecular aziridination with SesN=IPh reagent and using CuOTf as catalyst 

A Rh(II) catalyzed asymmetric intramolecular aziridination was also reported thereafter. 

 

Figure 2.38 Rhodium metal catalyzed intramolecular aziridination  
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Even more promising development in this regard was the generation of phenyl iodinanes 

from sulfonamides81 and sulfamates82 in situ with idosylbenzene. The asymmetric bis(oxazoline) 

ligands were found to be compatible with these reactions (Figure 2.39). 

 

Figure 2.39 Aziridination with phenyl iodinanes generated from sulfonamides in situ 

Rhodium catalyzed aziridinations 

 After the initial reports on the success of Rhodium catalysts, some groups focused on 

developing the aziridination protocols centered around Rh(II) catalysts. Rh(II) catalysts have been 

known to be complementary to Cu(I) catalysts in carbene transfer reactions.83–89 Their use as 

nitrene transfer catalysts have been contemplated very early, but since Cu catalysts were found to 

be far superior in aziridinations using TsN=IPh, works on the development of Rh(II) catalysts were 

abandoned. However, it was later found that [Rh2(OAc)4] in combination with NsN=IPh was also 

efficient in the aziridinations.51 Aziridinations of β-methylstyrene and hex-2-ene were completely 

stereospecific although, cis-stilbene afforded very low yield and a mixture of cis and trans 

aziridines. With some electron-rich olefin substrates, the aziridines underwent ring-opening 

followed by cycloaddition to the excess olefins to form pyrrolidines.  

 Aziridinations of cis-β-methylstyrene and styrene with Pirrung's [Rh2{(R)-bnp}4] catalyst 

were found to provide the highest enantioselectivities of 35% and 27% respectively (Figure 

2.40).90 
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Figure 2.40 Enanatioselective aziridination of stryene and cis-β-methylstyrene with NsN=IPh 

and Pirrung's [Rh2{(R)-bnp}4] catalyst 

On the other hand, the analogue of Doyle's Rh(II)-carboxamidate catalyst, [Rh2{2S)-

bepy}4] provided less satisfactory results with enantiomeric excess of 35% and 27% respectively 

(Figure 2.40). The other Rh(II) catalysts provided little to no enantioselectivities and thus were 

less effective. 

On a similar note, Du Bois reported Rh(II)-catalyzed olefin aziridinations using 

phenyliodinanes generated in situ from trichloroethylsulfamate ester (Figure 2.41).91 

 

Figure 2.41 Rh(II)-catalyzed olefin aziridination using in situ generated phenyliodinanes derived 

from trichloroethylsulfamate ester 

The most suitable catalyst for the transformation was found to be [Rh2(tfacam)4] (tfacam 

= CF3CONH2). The iodinane was generated from PhI(OAc)2 in the presence of MgO. Using this 
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protocol, stereospecific aziridination of β-methylstyrene was achieved. Typical yields of aziridine 

ranged from 57-95% with different olefins. The system tolerated both alkyl and aryl substituents. 

This protocol was also successfully applied to phosphoramidates, sulfamate esters and 

intramolecular aziridinations. 

Similar intramolecular aziridinations using Rh(II) catalysts, PhI(OAc)2 in the presence of 

Al2O3 and in situ generated phenyliodinanes from unsaturated sulfonamides were reported by Che 

and coworkers.91 Out of all the catalysts studied, Doyle's [Rh2{(4S)-meox}4] catalyst gave the best 

possible results with an enantiomeric excess of 49% and yield of 54%. 

 

Figure 2.42 Doyle's [Rh2{(4S)-meox}4] -catalyzed intramolecular aziridination using in situ 

generated phenyliodinane derived from unsaturated sulfonamide 

In one of the synthetic methodologies developed by the Rojas group, amidoglycosylation 

of allal carbamate was carried out by decomposition of in situ generated phenyliodinanes from 

carbamates and PhI=O and catalyzed by Rh(II). The reaction was proposed to proceed via an 

aziridine intermediate which is eventually attacked by acetate to afford the corresponding acetate 

product. The reaction also proceeded in the presence of Cu-catalysts albeit with lower yields 

(Figure 2.43).92 
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Figure 2.43 Amidoglycosylation of allal carbamate using phenyliodinanes and catalyzed by 

Rh(II) 

 In another synthetic route, aziridination of an indolyl substituted carbamate 1 was carried 

out using PhI(OAc)2 in the presence of [Rh2(OAc)4]. The reaction proceeded via formation of a 

zwitterion, 2 which was attacked by AcOH to afford spiro-oxazolidinone, 3. The reaction was 

proposed to go through a metallonitrene intermediate. However, similar reaction of cycloalkenyl 

carbamate 4, with PhI(OAc)2 took place even without the presence of a catalyst to yield the 

aziridine 5 (Figure 2.44).93 
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Figure 2.44 Rh2(OAc)4-catalyzed aziridination of an different substituted carbamates using 

PhI(OAc)2 

 These reactions thus mark the first instance of an uncatalyzed aziridination using 

phenyliodinane where, the phenyliodinane intermediate directly reacts with the electron-rich 

double bond of the substrate. A similar reaction with the carbon analogue viz, uncatalyzed 

intramolecular cyclopropanation using phenyliodonium methanides has been repeatedly observed 

before.94–97 

Manganese-catalyzed aziridinations 

Some other metals that have been studied for aziridination of olefins are Mn and Fe. As 

described previously, the Mansuy group described the first racemic olefin aziridination catalyzed 

by Mn- and Fe- porphyrins and using TsN=IPh.18,41,44,45 Seminal studies on extending this protocol 

to chiral Mn(III) salen complexes provided no selectivities in the aziridinations of cis-β-

methylstyrene and styrene.98 Later, Groves introduced a procedure for aziridination by using 

nitridomanganese complexes99 which was further developed by Du Bois and Carreira to form 
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aziridine intermediates ultimately leading to amidation of enol ethers.100–103 Even more 

developments to the reaction were brought about by the Komatsu group who used a chiral 1,2-

diaminocyclohexane based nitridomanganese complex (Figure 2.45).104–106 

 

Figure 2.45 Chiral 1,2-diaminocyclohexane based nitridomanganese reagent for asymmetric 

olefin aziridination 

 The complex reacted with alkenes in the presence of Ts2O or sulfonyl chlorides to produce 

aziridines with yields in the range of 50-87% and enantiomeric excess of upto 93%. The reaction 

was also found to be stereospecific with β-methylstyrene. When sulfonyl chlorides were replaced 

by acid chlorides as initiators, oxazolines were produced via aziridine intermediates in 53-85% 

yields. Poor enantioselectivities were observed in the oxazoline formation with styrene, α-

methylstyrene and cis-disubstituted styrenes, but they were excellent with trans-disubstituted 

styrenes. When the Mn(V)nitrido complexes were activated using Bronsted or Lewis acids such 

as BF3 and trifluoroacetic acid (TFA) instead of acid chlorides or sulfonyl chlorides, olefin 

aziridination proceeded towards unprotected aziridines. For example, trans-β-

methylstyrene afforded the corresponding aziridine with enanatioselectivity of 91%, albeit with 

only a 20% yield.107 

In parallel to these works, Nishikori and Katsuki optimized a chiral salen complex to carry 

out Mn-catalyzed asymmetric aziridination reactions (Figure 2.46).38,108,109. Using this complex, 

they achieved upto 94% enantiomeric excess for aziridination reactions of styrene with TsN=IPh  
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Figure 2.46 Nishikori and Katsuki’s optimized chiral Mn-salen complex 

 Higher enantioselectivities were obtained in the presence of catalytic amounts of 4-phenyl-

pyridine-N-oxide. 

 In a different study, another chiral Mn(III) porphyrin complex (Figure 2.47) with TsN=IPh, 

afforded the aziridination products with decent yields and enantioselectivities.110,111  

 

Figure 2.47 Che’s Mn(III) porphyrin complex for aziridination 

Similarly, Marchon and coworkers developed another chiral Mn(III)-porphyrin catalyst 

(Figure 2.48) and reported an enantiomeric excess of 57% for the aziridiantion of styrene using 
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TsN=IPh.112 When the same ligand was used with Fe(II), aziridines with oppposite absolute 

configurations were produced than those in Mn(III)-complex. 

 

Figure 2.48 Marchon’s modified Mn(III) porphyrin complex for aziridination 

 Besides manganese, efforts were also made to develop and characterize ruthenium catalysts 

for aziridination. In a report by Che, bis(tosyl)imidoruthenium(VI)−porphyrin complexes (Figure 

2.49) afforded stoichiometric aziridinations of various olefins. The complexes were prepared by 

ligand displacement from [Ru(II)(por)(CO)(MeOH)] with TsN IPh and characterized by X-ray 

crystallography.20 

 

Figure 2.49 Che’s modified bis(tosyl)imidoruthenium(VI)−porphyrin complex for aziridination 
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The mechanism for the aziridination has also been extensively studied which is proposed 

to go through stepwise aziridination involving radical intermediate.113 

Ruthenium-catalyzed aziridinations 

Similar to their studies on Mn(III) porphyrin complexes, Che et al replaced the Mn metal 

with Ru in the complex (Figure 2.50) but observed the enantioselectivities to be half of that 

obtained with the Mn(III) porphyrin complexes.110 

 

Figure 2.50 Che’s Ru(III) porphyrin complex for aziridination 

 Che et al also developed another chiral Ru-based Schiff base catalysts which were found 

to be highly efficient in amidations of silyl enol ethers with enantioselectivities of upto 97% which 

proceeded via isolable aziridine intermediates (Figure 2.51).114 
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Figure 2.51 Aziridination of sily enol ethers catalyzed by Che’s Ru-based Schiff base catalysts 

 In another work, an achiral Ru-porphyrin catalyst was combined with polyethylene glycol 

to afford a polymer supported soluble catalyst which was used for aziridinations.115 With respect 

to rhenium metal, methyltrioxorhenium (MTO) was also found to execute nitrene transfer reactions 

using TsN=IPh albeit with low yields with styrenes (28-32%). However, α-methylstyrene reacted 

exceptionally well with 70% yield.116 

2.1.2 Nitrene transfers without transition metals 

The laboratory of Platz attempted nitrene insertions into olefins without the use of metal-

catalysts. Platz utilized pentafluoro-substitutions in phenyl nitrene to control the reactivity of the 

nitrene instead of using the traditional metal catalysts.117–125 

As mentioned earlier, phenyl nitrenes have a proclivity of forming polymeric tars from its 

rearranged products. These intramolecular rearrangements stem from the ability of the phenyl 

nitrenes to access their high energy π2 electronic state, which frees an in-plane p-orbital to accept 

electrons from the aryl ring.126 This process goes through the formation of a ketenimine via a 

benzazirine transition state eventually leading to polymerization. Platz tried to hinder this 

formation of ketenimine by introducing electron-withdrawing fluorines that would raise the energy 

barrier associated with the insertion of the nitrene into the ring. This extends the lifetime of the 

singlet phenylnitrene into tens of nanoseconds rather than hundreds of picosecond, giving them 

enough time to undergo insertions into olefins. It is also predicted that, the σ electron-withdrawing 
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and the π-donating ability of the fluorines would also stabilize the σ2 and the σπ electronic states 

relative to the π2 configuration thus making it difficult to access the reactive π2 state. This 

synergistic combination of effects enabled different insertion reactions of phenyl nitrenes 

including nitrene transfers (Figure 2.52). 

 

Figure 2.52 Reactivity of pentafluorophenyl nitrenes 

Hilinski and Johnson are also one of the very few authors to report aziridination reactions 

using metal-free conditions.127 They employed an iminium salt as the organic catalyst to promote 

the aziridination of styrenes using TsN=IPh (Figure 2.53) 

 

Figure 2.53 Reactivity of pentafluorophenyl nitrenes 
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 In terms of the substrate scope, a variety of mono-substituted styrenes underwent 

aziridinations in acceptable yields. The yields were found to increase with stronger π-electron 

donating substituents whereas, presence of strong deactivating groups drastically affected the 

reaction performance resulting in lowest yields of the aziridine products. The negative influence 

of the deactivating groups was also seen on the rate of reaction where significant amount of starting 

materials remained unconsumed. The reaction also tolerated the presence of acid-sensitive group 

such as tert-Butyldimethylsilyl ether (TBS) and boronic ester pinacol borane (B(pin)). 

 Mechanistically, it was proposed that the nucleophilic attack of TsN=IPh takes place on 

the iminium catalyst forming a diaziridinium. The highly electrophilic nitrogen of the 

diaziridinium then adds to the alkene in a polar, step-wise fashion to produce a cationic 

intermediate which undergoes ring closure to produce aziridines. (Figure 2.54) 

 

Figure 2.54 Aziridination mechanism proposed by Hilinksi 

A unique approach for oxidative nitrene transfer to olefins using an electrochemical 

approach was reported by Yudin et al. They group developed a simple combination of platinum 

electrodes, acetic acid and triethyl amine to carry out highly efficient nitrene transfer from N-

aminophthalamide to cyclohexene at room temperature (Figure 2.55) 
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Figure 2.55 a) Schematic representation of the electrochemical cell b) electrochemical olefin 

aziridination 

The reaction cell consisted of a silver wire as pseudo-reference electrode and used a small 

excess of the N-aminophthalamide relative to the olefin. The formation of the aziridine was relative 

to the cell current and stopped when the current dropped below 5% of its original value. The 

driving force behind the reaction was attributed to overpotential, which is essentially the additional 

potential beyond the thermodynamic requirement, required to drive forward a reaction at a certain 

rate. This overpotential can be used to selectively oxidize the N-aminophthalamide in the presence 

of a thermodynamically similar acceptor such as an olefin without any competing reactions and 

side-products. Thus, the overpotential can be considered to be the driving force or the catalyst for 

the reaction which replaces the transition metals in the traditional aziridination approaches.  

This approach successfully provided aziridines in moderate to excellent yields from both 

electron-rich and electron-deficient olefins under anodic oxidation conditions. However, 

aziridination of certain olefins such as methyl acrylate, allyl bromide, hex-1-ene, succinic 

anhydride and dimethyl maleate proved to be unsuccessful using this protocol. The use of acetic 

acid is very crucial in this protocol as the acetate anion is prevents the formation of the unwanted 

nitrene dimer. 



 

 

59 

2.2 Conclusion 

This review chapter lists the developments in the field of aziridinations of olefins particularly 

using metal catalysts. This area has witnessed tremendous development with the discovery of new 

efficient routes for the chiral aziridine synthesis which for a long time has remained undeveloped 

especially compared to the other three membered cyclopropanes and epoxides. Today, a large 

number of various functionalized aziridines have been efficiently synthesized in excellent yields 

and enantioselectivities. This review clearly demonstrates that the asymmetric aziridination 

reaction plays a vital role in organic synthesis, still attracting a considerable amount of interest due 

to the potential use of enantiopure aziridines as crucial intermediates in the complex molecule 

synthesis, and to the intriguing biological activities of numerous aziridine-containing products 

including important natural compounds. The development of new catalytic systems for the 

synthesis of certain highly useful synthetic intermediates is, however, to be expected in the next 

few years. 

  



 

 

60 

CHAPTER 3. INVESTIGATION OF THE SUBSTITUENT EFFECTS 

OF THE AZIDE FUNCTIONAL GROUP USING THE GAS-PHASE 

ACIDITIES OF 3- AND 4-AZIDOPHENOLS 

3.1 Introduction 

Phenyl azides have garnered significant interest since their discovery in 1864 due to their 

applicability in various fields.128–133 Currently, it is one of the most commonly used functional 

group in click chemistry134–141 which involves combining a biomolecule and a substrate of choice 

to generate a large library of compounds that find employment in various disciplines. A typical 

click reaction is the combination of an azide with an alkyne to yield a very useful, 5-membered 

triazole ring: an azide-alkyne cycloaddition (Figure 3.1).141 

 

Figure 3.1 Example of an azide-alkyne click cycloaddition 

Synthesis of drug analogs is very pertinent to the field of medicinal chemistry and drug 

discovery, and triazoles constitute a vital part of multiple bioactive molecules,142 being one of the 

most widely used bio-isosteres.143–145 They have good stability along with various structural 

characteristics such as rigidity and polarity along with the ability to act as both a hydrogen bond 

donor and acceptor, which helps them to mimic the traits of various functional groups which 

establishes their potential applicability in medicinal chemistry,137,146–149 agriculture,150,151 

bioconjugation,152 chemical synthesis153 and supramolecular chemistry.154 

Azides are also popular precursors of nitrenes in nitrene chemistry. Azides readily 

decompose in the presence of light, heat and catalysts under reagent free conditions to yield 

nitrenes which have attracted tremendous interests recently.155–163 The presence of an exceedingly 

good leaving group dinitrogen imparts a high chemical reactivity to the azide functionality, 

enabling it to act as electrophile, nucleophile and radical acceptor, which makes it highly useful in 

synthetic chemistry.164 However, even though the azide is a versatile and energy-rich functional 
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group widely studied for its applications, not much is known about its electronic nature. 

Considering that the azide is a cumulated system of π-electrons, it would be expected to interact 

with π system, such as in aromatic molecules, though conjugation. On examining the possible 

resonance structures, the azide can be rationalized to be either a π-electron donor or an acceptor as 

shown in figure 3.2. 

 

Figure 3.2 Azide as a π-acceptor and a π-donor 

For example, an azide could exhibit π-electron donating capabilities, as shown in the left 

side of Scheme 1. The advantage in this case is that all the atoms maintain filled octets, at the cost 

of transferring negative charge from nitrogen to carbon.  In contrast, as a withdrawing group, 

negative charge stays on the nitrogen and positive charge is transferred to the carbon. Literature 

reports have supported characteristics of azide that sometimes contradict each other. Azides are 

found to not participate as π-electron donors in charge transfer, resulting in blue-shifted 

absorptions.165 On the contrary, Streitwieser and Pulver have shown that azides can act as powerful 

electron donors in situations of strong electron demands in non-aromatic systems.166 It is also 

known that an azide permits direct nitration of benzene and naphthalene rings with the nitro groups 

directed to the ortho and para positions of the phenyl azide167 or α- and β- positions in napthyl 

azide.168 Bromination of phenyl azide is known to produce para-bromophenyl azide whereas that 

of 2-napthyl azide produces 1-bromo-2-napthyl azides.169 These instances of electrophilic aromatic 

substitutions demonstrate a π-donating character of azides. Another study by Stankovský and 

Koväc found that the integrated absorption intensity in the νas(NNN) band increases in the presence 

of electron-donating substituents or electron-withdrawing substituent, hinting at a possibly dual 

electronic nature of the azide group.170 With all the uncertainty surrounding the true electronic 

nature of an azide group, it warrants a systematic investigation to elucidate the electronic effects 

of an azide group.  
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The electronic properties of the azide group can be interpreted by evaluating their Hammett 

parameters. The original Hammett equation related substituent constant, σ with the reaction 

constant, ρ by the following equation: 

𝜌𝜎𝑥 =  𝑙𝑜𝑔 (𝑘𝑥/𝑘𝐻) 

where kH is the ionization constant of unsubstituted compound and kx is the corresponding 

constant for meta- and para-substituted compound. The parameter σ is dependent on the position 

of the substituent whereas, ρ was position independent.171 Although this idea of quantifying 

substituent effects in terms of the substituent constants was a milestone, it combined all the 

different types of substituent effects into just one variable resulting in lack of a detailed study of 

the substituents. Taft172 has provided an alternate approach where the substituent effects are 

separated into different components, including inductive/field effects, σF, mesomeric/resonance 

effect, σR, polarizability, σα, and electronegativity, σχ, and related to the difference in the free 

energies, ∂∆G° of the substituted and unsubstituted compounds.  For most substituents and 

reactions, the most important parameters are the inductive/field and resonance effects, σF and σR, 

respectively. In the Hammett-Taft model, the effect on the energetics for a defined chemical 

process follows the relationship below, where A° is a small constant. 

𝛿𝛥𝐺𝑎𝑐𝑖𝑑= 𝜌𝐹𝜎𝐹  + 𝜌𝑅𝜎𝑅 + 𝐴𝑜  (1) 

 

Because different reactions respond differently to the inductive and mesomeric effects, the 

reaction constants ρ are considered to be position dependent, whereas the substituent constants, σ, 

are position independent. The Hammett-Taft parameters obtained by using this approach provide 

a fundamental understanding of the substituent behavior172 and can be very effective in gaining 

insights into the electronic nature of a wide variety of substituents. 

 In this work, we report an experimental investigation of the Hammett-Taft parameters of 

the azide substituent within the 3- and 4-azidophenol systems. According to the Taft and Topsom 

approach,172 the σF and σR values for the azide substituent in the azidophenols are related to the 

difference in gas-phase acidities of the azidophenols and unsubstituted phenol. The gas-phase 

acidities of 3- and 4-azidophenols have not been reported in the literature, and thus have now been 

determined using the kinetic method with mass spectrometry.173 The electronic effects of the azide 

substituent have also been investigated in the azidobenzoic acid system using computational 
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methods, and show the azide to have a dual electronic nature in terms of π-electron delocalization, 

which is influenced by the nature of other substituents in the aromatic system. 

3.2 Experimental section 

All the reagents, solvents and reference phenols were obtained from commercial sources and 

used as supplied. The azidophenols were synthesized by using procedures similar to those reported 

previously.174,175  

3.2.1 Procedure for synthesis of 3-azidophenol 

To a solution of 2-hydroxyaniline (9.16 mmol) in DCM (15 mL) at 0°C was added 8 ml of 

concentrated HCl with constant stirring. A solution of sodium nitrite (11.0 mmol) in 10 mL water 

was then added dropwise over a period of 10 min with stirring. After 1h, a solution of sodium 

azide (11.91 mmol) in water (5 mL) was added to the reaction mixture with constant stirring. The 

reaction mixture was warmed to room temperature and stirred for further 4 h. The solution was 

then poured into water, extracted with DCM (3 × 20 mL), dried over magnesium sulfate, filtered 

and concentrated in vacuo to give 3-azidophenol as a viscous yellow oil, which was used for the 

studies without any further purification. 

3.2.2 Procedure for synthesis of 4-azidophenol 

To a round bottom flask, 9.16 mmols of 3-hydroxyaniline was dissolved in 25 ml of 

deionized water and 8 ml of concentrated HCl with stirring. The solution was then cooled to 0oC 

in an ice bath. Once cooled, 9.16 mmols of sodium nitrite was added to the solution in small 

portions and the mixture was allowed to stir for 10 minutes. 10.89 mmols of sodium azide was 

then added to the solution in small portions with constant stirring. Once the addition was complete, 

the solution was allowed to warm to room temperature and stirred for an additional hour. The 

solution was then extracted with ethyl acetate (3 x 25 ml). The combined organic layers were 

washed with sodium bicarbonate and brine, dried over magnesium sulfate and the solvent was 

evaporated under reduced pressure to yield 4-azidophenol as a dark brown oil which was used 

without further purification.  

For prolonged use, the azidophenols were stored under cold and dark conditions.  
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3.2.3 General procedure for sample preparations 

The substituted reference phenols selected for the experiments along with their gas-phase 

acidities are listed in Table 3.1. 

Table 3.1. Reference phenols and their gas-phase acidities 

Reference Gas-phase aciditiesb 

  

3-fluorophenol 343.7 ± 2.8b 

ethyl-3-hydroxybenzoate 343.9 ± 2.1 

4-fluorophenol 346.7 ± 2.1 

3-trifluoromethyl phenol 339.2 ± 2.1 

3-hydroxybenzaldehyde 340.5 ± 2.1 

methyl-3-hydroxybenzoate 343.8 ± 2.1 

  
a Values in kcal/mol. All the gas-phase acidity values from ref 176 unless otherwise noted. 

b Ref 177 

One molar stock solutions of each of the reference phenols and the azido phenols were 

prepared by dissolving the necessary amounts in methanol. The stock solutions of the azido 

phenols were kept in the dark and stored in a freezer. Samples were prepared by mixing 7 µl of a 

reference stock solution with 7 µl of the azido phenol stock solution and 7 µl of 0.5 M potassium 

hydroxide (in water). The solutions were diluted to 1ml in water-methanol solvent system (1:1) 

for ESI-MS analysis. All of the samples were stored and analyzed in the dark.  

3.2.4 Spectra collection 

Electrospray ionization mass spectra were obtained on a Waters Micromass (Milford, 

Massachusetts) Quattro Ultima Pt triple quadrupole mass spectrometer, equipped with ESI source, 

operating in negative ion mode. Sample solutions were introduced into the source directly at a flow 

rate of 10 μL/min. Electrospray and ion focusing conditions were varied to maximize the signal of 

the proton bound dimer of the phenoxide ions. 
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3.2.5 Collision-induced dissociation (CID) studies 

The phenoxide cluster ions were isolated on the basis of their mass-to-charge ratio and 

subjected to collision with argon target at energies of 4, 6, 8, 10, 13, 17 and 20 volts (center-of-lab 

frame).  Primary product ions observed were m/z 134 (azido phenoxide) and the phenoxide of the 

corresponding reference phenol.  CID of ions containing p-azidophenoxide also resulted in 

formation m/z 106, presumably the quinonimide ion (p-NC6H4O−) formed by secondary 

fragmentation.  Intensities of the product ions were recorded for each collision energy. The 

experiments were repeated at least four times on separate days. 

3.2.6 Kinetic method for determination of gas-phase acidities 

As mentioned in the introduction, gas-phase acidities of azido phenols required to 

determine their Hammett-Taft parameters have not been reported. In this work, we have measured 

them by using the kinetic method.173 

 Deprotonated phenols form proton-bound dimers with neutral phenols in the gas phase. 

When such dimers are subjected to collision with neutral molecules, they undergo fragmentation 

and the yields of the products depend on the relative gas-phase acidities of the respective phenols. 

Knowing this, it is possible to determine the gas-phase acidities of the azido phenols by using the 

set of substituted reference phenols with known gas-phase acidities. In the kinetic method, we 

consider the dissociation of a proton bound dimer [AP− H+ Pi
−], where AP− is the azido phenoxide 

and Pi
- is the reference whose corresponding phenol has known gas-phase acidity. Fragmentation 

of this complex leads to either APH + Pi
−species or AP− + PiH species.  

 In the mass spectroscopic measurement for the kinetic method, the difference in the 

acidities of the reference phenols (PiH) and the azido phenol (APH)  is related to the branching 

ratios RE,i of the AP− and Pi
− species, by eq 2, where Teff is the effective temperature of the 

dissociation,178,179 δ∆S is the difference in activation entropies for the formation of Pi
− and AP− 

from the proton-bound dimer,180–183 and the E and i subscripts indicate the terms that are dependent 

on the collision energy of the dissociation and the reference phenol respectively. The branching 

ratio RE,i is the ratio of m/z 134 + m/z 106 (corresponding to AP−) to the m/z of the reference 

phenoxide (Pi
−). 
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𝑙𝑛𝑅𝐸,𝑖 =  
∆𝐻𝑎𝑐𝑖𝑑(𝑃𝑖𝐻) −  ∆𝐻𝑎𝑐𝑖𝑑(𝐴𝑃𝐻) − 𝑇𝑒𝑓𝑓,𝐸 𝛿∆𝑆

−𝑅𝑇𝑒𝑓𝑓,𝐸 
     (2) 

 

The kinetic method, in its simplest form,184 relies on the entropy term in the equation to be 

negligible, thus enabling acidity calculations through a plot of lnRi Calculated at a single collision 

energy vs ∆Hacid, for a series of reference acid PiH. However, the extended kinetic method,183,185 

includes the entropy component to the branching ratio. Thus, from eq 2, a plot of lnRE,i vs 

∆Hacid(PiH) at a given energy has a slope mE = -1/RTeff,E and an intercept yE = [∆Hacid(APH) + 

Tδ∆S]/RTeff,E. In accordance with the extended kinetic method, when the dissociation is carried 

out at a series of collision energies, a second regression plot of yE vs -mE can be constructed, where 

the slope would be the acidity, ∆Hacid(APH) and the intercept would be δ∆S/R.  

 It has been noted173 that the slopes and intercepts obtained from the best fit of the data in 

the first linear regression are interdependent. This means that, the second regression plot will result 

in an excessive correlation between the derived slopes and intercepts. This correlation can be 

removed173 by simply plotting lnRE,i versus ∆Hacid(PiH) - ∆Hacid(PiH,avg ), as the first regression plot 

where ∆Hacid(PiH,avg) is the average of the gas-phase acidities of the reference phenols. In this 

approach, the second regression plot has an intercept of δ∆S/R and a slope of ∆Hacid(APH) - 

∆Hacid(PiH,avg), from which the acidity of azidophenol can be obtained. 

3.3 Results 

 The collision-induced dissociation of phenoxide proton-bound dimers was carried out at 

seven different energies, from 4-20 V in the lab frame. The first regression plots of lnRE,i versus 

∆Hacid(PiH) - ∆Hacid(PiH,avg) for 3- and 4-azidophenols at all the collision energies are provided in 

Figure 3.3, where ∆Hacid(PiH,avg) = 343.0 kcal/mol 
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 Figure 3.3 First regression plots of lnReff,E vs ∆Hacid(PiH) - ∆Hacid(PiH,avg) at a series of energies 

for a) 3-azidophenol and b) 4-azidophenol 

The subsequent second regression plots have slopes equal to 2.2 and 2.7 kcal/mol and 

intercepts equal to 0.3 and 1.6 e.u. for 3- and 4- azidophenols respectively (Figure 3.4).  
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Figure 3.4 Second regression plot for a) 3-azidophenol and b) 4-azidophenol 

In the analysis, the gas-phase acidities of the azidophenols are calculated from the slopes 

of the 2nd regression plot by the equation ∆Hacid(APH) = ∆Hacid(PiH,avg) − slope.  From this work, 

the gas-phase acidities of 3-azidophenol and 4-azidophenol are found to be 340.8 kcal/mol and 

340.3 kcal/mol, respectively. From the intercept values, δΔS is calculated to be 0.6 and 3.2 eu for 

3- and 4-azidophenols respectively. The small values of δ∆S/R indicate minimal differences in the 

activation entropies for the two dissociation pathways. 

The slopes obtained from fitting the data shown in Figure 3.4, have uncertainties (δslope) of 

±0.6 and ±0.3 kcal/mol for 3- and 4-azidophenols respectively, referring to statistical 95% 

confidence levels.173  This, however, does not include the possible errors due to uncertainties in the 

reference gas-phase acidities, and those intrinsic to the kinetic method itself.  The uncertainty in 

the measured gas-phase acidities is determined by combining the uncertainties in the slope with 
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the uncertainty in ∆Hacid(PiH,avg).  If the uncertainties of the reference acidity values are the same, 

then the uncertainty in ∆Hacid(PiH,avg) would nominally be 
𝜕∆𝐻𝑎𝑐𝑖𝑑

√𝑛
, where n is the number of 

references.  However, the gas-phase acidities for the references are likely not independent and 

random, many having come from the same source using the same methodology, utilizing relative 

measurements that are anchored to the same reference. Therefore, the systematic uncertainty is not 

improved with more references.  As described previously,186 we approximate that half of the 

uncertainty in the reference values is independent and random whereas half are due to systematic 

errors, as shown in eq 3. Using the reported δΔHacid = 2.1 for the references, that gives independent 

and random and systematic uncertainties of ±1.5 kcal/mol. 

 

δ2∆Hacid = δ2∆Hacid,i&r + δ2∆Hacid,systematic (3) 

 

Finally, in calculating the uncertainty we conservatively include a ±1 kcal/mol contribution 

due to potential error in the kinetic method model.  Combining the systematic error, random 

statistical uncertainty, uncertainty in the kinetic method model and the δslope, the overall 

uncertainties in the ∆Hacid(APH) for 3- and 4-azidophenols are calculated to be ± 2.0 and ± 1.9 

kcal/mol, respectively. 

The measured acidities and the corresponding ∆G values for both the azidophenols are 

listed in Table 3.2, where ∆G = ∆H - T∆S. The entropy term, ∆Sacid(APH), required for the 

calculation is obtained by using frequencies calculated at the B3LYP/6-31+G* level of theory. 

Table 3.2. Gas-phase acidities of azidophenols determined in this work. 

Phenol ∆Hacid
a ∆Sacid

b ∆Gacid
c 

    

3-azidophenol 340.8 ± 2.0 25.5 333.1 ± 2.0 

4-azidophenol 340.3 ± 1.9 25.4 332.7 ± 1.9 

phenol 349.0d  340.8d 

    
a Values in kcal/mol b Values in eu, obtained by using unscaled calculated 

frequencies of neutral azidophenol and conjugate base anion 

azidophenoxide obtained at B3LYP/6-31+G* level of theory. c Values in 

kcal/mol at 300 K, obtained by using the equation ∆Gacid = ∆Hacid - 

T∆Sacid 
d Reference 187 
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3.3.1 Hammett parameters for the azide group 

The determination of the Hammett parameters σF and σR, for the azide group from the gas-

phase acidities are described in this section. As discussed earlier, Taft172 related the Hammett 

parameters of the azide to the difference in the gas-phase acidities of 3- and 4- azidophenols with 

the unsubstituted phenol as shown in eq 4a and 4b. 

 

7.7 = 12.2𝜎𝑅 + 19 𝜎𝐹 + 0.2   (4a) 

8.1 = 49𝜎𝑅 + 18.6 𝜎𝐹 + 0.1   (4b) 

 

Solving this pair of equations gives values of σF and σR to be 0.38 and 0.02, respectively. 

3.4 Discussion 

To help understand the electronic behavior of the azide, the calculated Hammett-Taft 

parameters of the azide can be compared with those of some of the common substituents in Table 

3.3
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Table 3.3. Substituent parameters for some common substituentsa 

 

 

 

 

 

 

 

 

 

 

 

a All values are from ref 172 and 188 unless noted 
b Reference 4 

The large, positive σF value for N3 is interpreted to mean that the azide group on an 

aromatic ring is an inductively electron withdrawing group, comparable to that of CF3 (0.44), Cl 

(0.45) and F (0.44) (Table 3.3).188 For σR, a positive value indicates π-electron withdrawing 

properties of a functional group, whereas a negative value is characteristic of it having π-electron 

donating abilities. As shown in the Table 3.3, the azido group in a phenol has a value nearly 0 for 

σR, which indicates it has little resonance contribution, and, if there is any, it is withdrawing. This 

value of σR is somewhat surprising in that the azide, a system consisting of multiple π-electrons in 

conjugation with the aromatic ring and cumulative double bonds, has effectively no contribution 

to the resonance in the aromatic ring whereas even functional groups like CF3 and CH3 have σR 

values of 0.07 and -0.08 respectively. 

To explore whether the σR value could be a result of an error in our acidity measurements, 

we have corroborated the results by using electronic structure calculations. The energies of the 

proton transfer reactions (Figure 3.5) have been computed at the B3LYP/6-31+G* level of theory. 

 

Substituent σF σR 

   

COCN 0.66 0.28 

CHO 0.31 0.19 

NO2 0.65 0.18 

CN 0.60 0.10 

CF3 0.44 0.07 

N3 0.38 0.02 

CH3 0.00 -0.08 

Cl 0.45 -0.17 

F 0.44 -0.25 

HO 0.30 -0.38 

C2H5O 0.25 -0.45 

σ radicalb 0.57 -0.47 

NH2 0.14 -0.52 
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Figure 3.5. Proton-transfer reaction of azidophenols and substituted phenol 

As shown in Table 3.4, the calculated relative acidities for the azidophenols are in good 

agreement with the experimental values. 

Table 3.4. Experimental and calculated ∂∆Gacid and ∂∆Hacid of the azidophenol isomersa 

 

 

 

 

 

 

 
a Values in kcal/mol. 

b Values obtained at B3LYP/6-31+G* level of theory. 
c Values obtained by using literature values of ∆Gacid 

and ∆Hacid of unsubstituted phenol (ref 187) 

More importantly, the calculated free energy changes, used with the Hammett-Taft 

equations, lead to predicted σF and σR values of 0.36 and 0.03 respectively, very similar to the 

experimentally determined values. In particular, the very small, predicted value of 0.03 for the σR 

is indicative of a negligible π-withdrawing ability of the azide group, similar to what was deduced 

from the experimental acidities.  

Although the lack of π-donating ability seems surprising, it likely can be attributed to the 

presence of the oxide (O−) in the phenoxide ring. Considering that the azide is capable of π-

donation, there is a competition between its electron donating abilities with that of the other 

substituents in the system, including the hydroxyl group in the phenol and the oxide in the anion. 

In other words, the azide is not able to act effectively as a donor because it has to compete with 

the strong donor ability of the oxide group. This observation has prompted further investigation of 

azide under a different electronic environment.  

To determine the effect of an azide by itself, it can be studied without a competing group. 

For example, the π-electrons on a carboxylate oxygen are delocalized within the carboxylate group, 

 3-azidophenol 4-azidophenol 

 Expb Calcc Expb Calcc 
     

∂∆Gacid 7.7 7.5 8.1 8.4 

∂∆Hacid 8.2 8.1 8.7 9.0 
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thus effectively isolating the system from taking part in any type of resonance contribution with 

the benzene ring (σR = 0).172 Therefore, a carboxylate does not create a competing resonance effect, 

and presents a very different electronic environment to study the azide. Therefore, carboxylic acids 

could also be used to determine Hammett-Taft parameters. Unfortunately, proton-bound dimer 

clusters of the benzoates are not formed easily in our mass spectrometer. However, as shown with 

the phenols, the electronic effect can be accurately predicted by using electronic structure 

calculations. 

 

Figure 3.6 Proton-exchange reactions of azidocarboxylic acids and unsubstituted carboxylic acid 

Calculations at the B3LYP/6-31+G* level of theory for the proton exchange reaction in eq 

6 find ∂∆Gacid values of 5.6 and 4.5 kcal/mol for 3-azido- and 4-azidobenzoic acid, respectively. 

The corresponding σF and σR values for azide in benzoic acid are determined using the relative 

acidities and the  values for deprotonation to be 0.69 and -0.39 respectively.172 While still having 

strong electron-withdrawing inductive effects, the large negative value of σR indicates a very strong 

π-donating effect, similar to that of the hydroxy group (σR = -0.38). This result is in stark contrast 

to the negligible π-effect of the azide as in the azidophenols.  

This difference in behavior can be explained by a simple resonance model. In an 

azidophenol system, there is a competition between the π-donating abilities of the oxide and the 

azide, as mentioned above. However, resonance theory favors the structures with complete octets 

and minimal charge separation (Figure 3.7, Scheme 2) which are only possible when the oxide acts 

as a π-donor and the azide as a π-acceptor. The azide as a  donor (Figure 3.7, Scheme 3) creates 

unfavorable interaction of negative charges in the ring. 

Differences in the calculated geometries of phenoxide ions is consistent with the resonance 

interpretation shown in Figure 3.7, Scheme 2.  The optimized C-O bond lengths in phenoxide and 

4-azidophenoxide are found to be 1.275 Å and 1.270 Å, respectively. The shorter C-O bond length 

in 4-azidophenoxide can be attributed to the increased contribution of the carbonyl-containing 
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resonance structure in the overall resonance hybrid, which can happen when the azide is a -

accepting group.  If the azide were acting as a  donating group, the C-O bond length would be 

expected to increase due to the increased electron density in the aromatic ring.  Therefore, the 

effect on the geometry is consistent with what would be expected for a  withdrawing group. 

 

Figure 3.7 Resonance structures of azides in the presence of electron donating (oxide) and 

neutral (carboxylate) functional groups 

With the carboxylate (Figure 3.7, Scheme 4), a π-accepting azide does not have as much 

stabilizing effect by resonance when compared to the azidophenoxide system. Conversely, a π-

donating azide does not have any unfavorable resonance effects on the molecule unlike in the case 

of the azidophenoxide system. Hence, in situations where the electron demands of the system do 
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not require it to be a π-acceptor, azide acts nominally as a π-donor, reflected in its σR value of -

0.39.  

 This interpretation is also supported by comparing the computed bond lengths for the 

azidocarboxylate and phenoxide.  Calculations at the B3LYP/6-31+G* level of theory predict the 

terminal N-N bond lengths of the azide to be 1.157 Å in 4-azidophenoxide and 1.148 Å in 4-

azidobenzoate. The shorter terminal N-N bond length in 4-azidobenzoate is indicative of more 

triple bond character, which results from azide acting as a π-donor (Scheme 4). Similarly, the 

longer terminal N-N bond in 4-azidophenoxide hints at a double bond character where the azide is 

π-withdrawing (Figure 3.7, Scheme 2). Furthermore, the higher calculated absorption frequency 

of the NNN stretch at 2229 cm-1 for  4-azidobenzoate versus the 2201 cm-1 for 4-azidophenoxide 

is also consistent with increased bond order between the terminal nitrogen atoms.  Finally, 

calculated Mulliken charges at the terminal nitrogen atoms are -1.083 and -1.211 for 4-

azidobenzoate and 4-azidophenooxide, respectively, indicating that azide in azidophenoxide is 

more π accepting. 

The different results depending on the competing substituents are indicative of a rare (but 

not novel) dual electronic nature.  The ability to change the electronic effect in response to the 

environment has been described by Poole as a "chimeric" behavior.189 This dual electronic nature 

demonstrated by the azide is very similar to that displayed by the N-oxide moiety, which can 

similarly be explained by its resonance structures (Figure 3.8). Pyridine N-oxides are known to be 

more reactive than pyridines, displaying penchants for both nucleophiles190–193 and 

electrophiles194–196 depending on the electronic environments.189 In this respect, we might also 

consider the azide group to be chimeric, or, perhaps, chameleonic may be more appropriate, in that 

it can change its properties in response to the environment. 

 

Figure 3.8 Resonance structures of N-oxide as π-donor and acceptor 
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Poole’s assessment in also in agreement with our theoretical predictions of the electronic 

effect of the N-oxide. Using the same procedures as above, with gas-phase acidities calculated at 

the B3LYP/6-31+G* level of theory, the effective substituent parameter, R, for the N-oxide 

moiety, is found to be -0.43 (donating) when using carboxylic acids and 0.07 (withdrawing) with 

phenols, reflecting chimeric behavior.189 

 The dual nature of the electronic effects of azide have been described previously in the 

literature.  For example, the electron withdrawing and donating abilities of the azide affect the 

integrated absorption intensities of the NNN bands in infrared spectroscopic studies of substituted 

phenyl azides.170,177 Our observations are consistent with the conclusions described in these reports. 

3.5 Conclusion 

 Analysis of the dissociation of proton bound dimers of azidophenols over a series of 

collision energies provide the gas-phase acidities of 340.8 ± 2.2 and 340.3 ± 2.0 kcal/mol for 3- 

and 4-azidophenol isomers respectively, resulting in resonance (σR) and inductive (σF) values of 

0.02 and 0.38, respectively. The absence of a significant resonance effect for substitution at the 

para-position of the azidophenoxide is surprising considering that the azide functional group is a 

system with delocalizable π-electrons in conjugation with an aromatic system. To test the influence 

of the strongly donating oxide group in the phenoxide on the substituent parameters, they have 

been re-examined computationally using the carboxylic acids, and, in that system, the azide is 

found to be a strong -donating group, similar to a fluorine, hydroxyl or alkoxy group.  However, 

unlike the other strong -donors, the azide can modulate the amount of  donation depending on 

the electronic needs of the system.  In this way, the azide group is chameleonic in its resonance 

effect, always adapting to provide the maximum benefit. 
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CHAPTER 4. INVESTIGATION OF THE MECHANISM FOR THE 

CONVERSION OF 4-AZIDOPHENOXIDE TO INDOPHENOL 

4.1 Introduction 

Nitrenes are one of the most widely studied reaction intermediates with unfilled electronic 

valences that lead to their high reactivity.126,197–210 Although structurally similar to carbenes, they 

exhibit very different reactivity. This difference is attributed to the structure of the lowest energy 

singlet and the energy difference between the singlet and the ground state triplet of the 

nitrenes.211,212 These electronic states and their effects on the gas-phase reactivity of nitrenes have 

been extensively studied in our lab.2,3,5 This chapter describes our attempts to carry out bimolecular 

chemistry of phenyl nitrenes in the condensed phase and explore the mechanism of the observed 

reactivity. 

4.1.1 Bimolecular reactivity of phenyl nitrenes 

Phenyl nitrenes have been known to not exhibit carbene like chemistry owing to their 

inability to access the closed-shell singlet electronic state.126,197,213 Our lab has previously reported 

the formation of a closed-shell singlet phenyl nitrene in the gas phase by introducing anionic π-

donors such as oxo and methanide. Such substitution unlocked the potential to do bimolecular 

chemistry with phenyl nitrenes. Photolysis of ortho-azidophenoxide in water revealed the 

formation of a new product which is proposed to be the ortho-quinonimide formed through H-

abstraction of water by the corresponding nitrene (m/z 106). This was further verified by HD 

exchange experiment that shifted the product mass by one unit (m/z 108). Photolysis of para-

azidophenoxide is known to exhibit very different reactivity than that of the ortho isomer.214 While 

monitoring the reaction using mass spectrometer, we observed the formation of m/z 198 which 

was attributed to the indophenol product, similar to the product observed by Grinstein and his 

coworkers after photolysis of 4-oxidophenylpentazole (OPP).214 This formation of m/z 198 was 

accompanied by considerable decrease in the intensity of m/z 269 which corresponds to the proton-

bound dimer of the deprotonated azidophenols, whereas m/z 134 (4-azidophenoxide) and m/z 106 

(4-oxidophenyl nitrene) didn’t change significantly. We decided to investigate this unique 

reactivity and study the mechanism for the formation of indophenol using mass spectrometry. 
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4.1.2 Previous studies of the photolysis of para-azidophenol 

Grinstein and his coworkers carried out photolysis experiments of OPP in water and 

acetonitrile and observed the formation of 4-azidophenoxide which further undergoes 

photochemical reactions to produce subsequent products such as 4-benzoquinoneimine and 

indophenol.214 The mechanism for the photolysis of 4-azidophenoxide is proposed to go via a 

singlet 4-oxidophenylnitrene intermediate resulting in the formation of indophenol as listed in 

figure 4.1. 

 

Figure 4.1 Grinstein and coworkers’ proposed mechanism for the photolysis of 4-azidophenoxide 

According to the proposed mechanism, the azidophenoxide produces the nitrene 

intermediate upon photolysis by exclusion of a nitrogen molecule and is formed in its singlet state. 

The singlet nitrene abstracts a proton from the protic solvent to form benzoquinone imine, which 

then undergoes electrophilic aromatic substitution at the para position of 4-azidophenoxide thus 

forming indophenol along with the release of an azide anion. However, the mass spectrometric 

studies of the reaction dispute some of the assumptions made in the above mechanism. 

Grinstein considered the loss of nitrogen molecule from the azide as a photochemical step. 

Our initial photolysis studies conducted on mass spectrometers in the dark reveal the presence of 

the phenyl nitrene (m/z 106) alongside the azidophenoxide (m/z 134). This indicates that phenyl 

nitrene is not really a short-lived intermediate in the photolysis reaction as assumed by Grinstein 

but more so, a species that co-exists with the azidophenols. Its formation could be catalyzed by 

light, but the requirement to consider nitrene as an intermediate in the formation of indophenol is 

not necessarily true. 

The true nature of the phenyl azide with respect to its electrophilicity and nucleophilicity 

has always been a matter of debate.165–170 Our recent studies on the electronic nature of the azide 



 

 

79 

group (Chapter 3) have shown that azide can act as both π-acceptor or π-donor depending on the 

nature of its surroundings. In the presence of a strongly π-donating group such as an oxide, azide 

acts a π-electron withdrawing group imparting a double bond character to the C-N bond in its most 

stable resonance form (Figure 4.2).  

 

Figure 4.2. Resonance structures of azide as a π-electron donor. 

Thus, the assumption of an electrophilic attack by benzoquinone imine at the para-position 

of the 4-azidophenoxide displacing the azide anion does not hold true. Besides, if the reaction is 

considered to be an electrophilic aromatic substitution, the leaving group should be electrophilic 

in nature which N3
- is clearly not.  Furthermore, there is no evidence to suggest that N3

- could be 

a reasonable nucleophilic leaving group either, to account for a different kind of aromatic 

substitution pathway. 

In our quest to determine the mechanism for the formation of the indophenol, we stumbled 

upon the popular Gibbs reaction which is widely used in the determination of phenolic 

compounds.215 The highly similar nature of the reaction of phenols with the Gibbs reagent 

encouraged us to investigate deeper into the mechanistic aspects of the Gibbs reaction. 

4.1.3 The Gibbs reaction 

The Gibbs reagent (2,6-dichlorobenzoquinone-4-chloroimine) is a very popular analytical 

reagent used in the detection of phenolic compounds.216–224 The Gibbs’ reaction generally occurs 

para to the hydroxyl group of the phenoxide and the efficacy of the reaction is determined by the 

leaving ability of the substituent at the para-position of the phenol. This can include a wide variety 

of substituents such as carboxylic acids, halogens and alkoxy groups producing the corresponding 

intensely colored indophenols.215,225,226  
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Figure 4.3. The Gibbs’ reaction 

The mechanism for the reaction has been extensively studied by Pallagi and his co-

workers.225–229 It is reported to proceed via a single electron transfer (SET) to the N-chloroimine, 

possibly through an external electron source or from the phenoxide to produce 2,6-

dichlorobenzoquinone-4-chloroimine radical anion. The chlorimine radical anion can then form 

indophenols by three different pathways: it combines directly with the free phenoxy radical or it 

initiates a chain reaction where it reacts with another chlorimine radical anion (SRN2 mechanism) 

or it is transformed into a benzoquinone imine (Figure 4.4). The Pallagi lab’s work thus strongly 

suggests the possibility of a SET mechanism for the Gibbs reaction instead of a two-electron 

electrophilic aromatic substitution. 
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Figure 4.4. Pallagi lab’s proposed mechanism of the Gibbs’ reaction 

We draw parallels between the Gibbs reaction and our photolysis experiments of para-

azidophenoxide, where we can compare the role of the Gibbs reagent in the Gibbs reaction to that 

of the para-oxido phenylnitrene in order to study its reactivity. The para-oxido phenyl nitrenes can 

be considered to be structurally similar to the Gibbs reagent where the two chlorines on the ring 

are replaced by hydrogens and the C=N-Cl by C=N-H after a proton abstraction by the nitrene 

from the solvent. The chlorine attached to the imine in the Gibbs reagent has been proven to play 

no role in the reactivity. In fact, in aqueous alcoholic solutions, the chlorine gets replaced by a 

hydrogen thus reducing the chlorimine to an imine.228 In the Gibbs reagent, the highly electron 

withdrawing chlorines at the 2- and 6- positions make the benzoquinone imine highly electron 



 

 

82 

deficient and thus very susceptible to SETs, which is the driving force behind the Gibbs reaction. 

In the photolysis experiments with para-azidophenoxide, using an external source of energy such 

as an incandescent light bulb could provide enough energy to compensate for the loss of electron 

deficiency due to absence of chlorines, to promote SET to the quinone imine. Thus, in theory, the 

photolysis of para-azidophenol to produce indophenols can be considered to be analogous to the 

Gibbs reaction and thus warrants further investigations into a possible SET mechanism. 

 

Figure 4.5. Formation of indophenol from benzoquinone-4-imine 

In this project, we have carried out multiple photolysis reactions of para-azidophenoxides 

in presence of different single-electron donating and accepting agents to explore the possibility of 

SET mechanism. These SET reagents should only affect the formation of indophenols if the 

involved mechanism is a single-electron mechanism.  

4.2 Experimental 

All the reagents, solvents and additives were obtained from commercial sources and used 

as supplied. The 4-azidophenol was synthesized by using procedure similar to those reported 

previously.175 

4.2.1 Procedure for synthesis of 4-azidophenol 

To a round bottom flask, 9.16 mmols of 3-hydroxyaniline was dissolved in 25 ml of 

deionized water and 8 ml of concentrated HCl with stirring. The solution was then cooled to 0oC 

in an ice bath. Once cooled, 9.16 mmols of sodium nitrite was added to the solution in small 

portions and the mixture was allowed to stir for 10 minutes. 10.89 mmols of sodium azide was 

then added to the solution in small portions with constant stirring. Once the addition was complete, 
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the solution was allowed to warm to room temperature and stirred for an additional hour. The 

solution was then extracted with ethyl acetate (3 x 25 ml). The combined organic layers were 

washed with sodium bicarbonate and brine, dried over magnesium sulfate and the solvent was 

evaporated under reduced pressure to yield 4-azidophenol as a dark brown oil which was used 

without further purification.  

For prolonged use, the azidophenols were stored under cold and dark conditions.  

4.2.2 General procedure for sample preparation 

The SET influencing agents selected for the photolysis experiments are 1,4-Benzoquinone, 

Benzophenone, 4’-Fluoroacetophenone, 7,7,8,8-Tetracyanoquinodimethane (TCNQ), Indophenol, 

Methylene blue and 2′,3′,4′,5′,6′-Pentafluoroacetophenone. 

Stock solutions of the azidophenol and each of the additives were prepared in Methanol 

with concentration of 10mg/ml. A 0.5 M stock solution of KOH was prepared in water to be used 

as a base for deprotonation of the azidophenol. Samples for ESI were prepared by mixing 200 µl 

of stock 4-azidophenol solution, 50 µl of the additive stock solution (7 µl in case of TCNQ as its 

highly intense peaks dominated the mass spectrum), and 14 µl of the KOH solution. The solutions 

were diluted to 1ml in water-methanol solvent system (1:1) for ESI-MS analysis. 

4.2.3 Spectra collection 

Electrospray ionization mass spectra were obtained using a Waters Micromass (Milford, 

Massachusetts) Quattro Ultima Pt triple quadrupole mass spectrometer, equipped with ESI source, 

operating in negative ion mode.  

The reaction was carried out in-situ inside an electrospray syringe (a borosilicate) while 

spraying its contents directly into the ESI source. Sample solutions were introduced at a flow rate 

of 5 μL/min into the source. Electrospray and ion focusing conditions were varied to maximize the 

signal of the proton-bound dimer of the 4-azidophenoxide ion. Time resolved spectra for all the 

samples were recorded for a duration of 1 hr where a spectrum was collected every 5 minutes. For 

the first 20 minutes (i.e. the initial four spectra), the sample was kept in complete dark after which 

the sample was exposed to irradiation using a broad-band light source from a compact fluorescent 

bulb. Transit time of solution from the syringe needle to the ESI source is calculated to be 
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approximately 5 minutes at a flow rate of 5 µL/min, which means that sampling of the reaction 

conditions will occur at approximately 5 minutes from a change in state (light on or off). 

4.3 Results 

The purpose of carrying out the photolysis experiments of 4-azidophenoxide in the 

presence of SET reagents is to better understand the formation of indophenols and to test for a SET 

mechanism. If the SET reagents seem to affect the rate of the reaction or product formation, they 

would act as good indicators towards a SET mechanism. This section lists the results of all the 

photolysis experiments carried out in the presence of different SET reagents/catalysts. 

4.3.1 Photolysis of clean 4-azidophenol solution 

4-azidophenol undergoes Gibbs reaction upon photolysis in a basic solution and the 

production of indophenol can be monitored by mass spectrometry. The time-resolved mass 

spectrum of the photolysis of 4-azidophenoxide is shown in figure 4.6. 

 

Figure 4.6. Time-resolved mass spectrum of photolysis of 4-azidophenoxide 
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In the dark, the predominant ions in the mass spectrum are deprotonated azidophenol (m/z 

134), m/z 106 which is the quinonimide formed by loss of N2 from the azidophenol and m/z 269 

which is the proton-bound dimer of the azidophenoxide with azidophenol. 

This reaction is fast and produces bright blue colored indophenol. The increase in the 

intensity of the blue color of the solution is a representative of the formation of indophenol. 

Initially, m/z 269 is the primary component. The reaction is let run in the dark for 20 mins during 

which there is no change in the intensity of any of the species. After 20 mins, the reaction is 

exposed to an irradiation by light bulb which results in the formation of a new peak m/z 198, 

corresponding to the indophenol product. As the intensity of the m/z 198 increases, the intensity 

of m/z 269 goes down. The peaks of m/z 134 and m/z 106 do not change significantly. 

The different types of SET reagents used in these experiments can be primarily classified 

into two types. 

i) Photosensitizers – SET promoters 

ii) Single electron inhibitors – SET inhibitors 

 

The effects of sensitizers in the formation of m/z 198 in the presence of different SET 

reagents are descibed below. Each time-resolved spectrum consists of a relative comparison of the 

indophenol formation in a clean versus a SET reagent doped solution. 

4.3.2 Photolysis in presence of photosensitizers 

 All these organic photosensitizers consist of a highly conjugated system of double bonds 

which promote electron delocalization. Due to such a high extent of conjugation, these molecules 

have a very small energy gap between the highest occupied molecular orbital (HOMO) and lowest 

energy unoccupied orbital (LUMO). The smaller band gap enables the molecules to get excited 

easily and enter into their triplet electronic state more efficiently, thus making them ideal SET 

sensitizers.230–232 For our photolysis experiments we used some of the most notable 

photosensitizers such as benzophenone, acetophenone, 4-fluoroacetophenone, Methylene Blue 

and 2′,3′,4′,5′,6′-pentafluoroacetophenone. 
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Benzophenone 

Benzophenone is a versatile molecule exhibiting remarkable photochemistry.233 It can 

jump from its singlet electronic state to the triplet with a nearly 100% yield.234,235 The effect of the 

addition of benzophenone on the formation of the indophenol can be seen in figure 4.7. 

 

Figure 4.7. Time-resolved mass spectrum of photolysis of 4-azidophenoxide with benzophenone 

Doping the reaction mixture with benzophenone produced completely opposite effects than 

what were expected. The initial 20 mins in dark showed no formation of m/z 198. However after 

exposure to light, benzophenone in fact slowed down the formation of m/z 198 relative to that of 

the clean azidophenol solution. This trend was also noticable while tracking the change in color of 

the reaction. The control solution turned from dark brown to dark green to dark blue in color over 

the course of 60 minutes indicating an abundance of indophenol at the end of the reaction. However, 

benzophenone doped solution could only induce a light blue color to the solution in the end 

indicating a relatively low abundance of the indophenol. 

Curious with the result, we repeated the reactions in the presence of other popular 

photosensitizers. 
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4’-Fluorocetophenone 

The unexpected results shown by the addition of benzophenone prompted us to investigate 

another ketone-based photosensitizer, 4’fluoroacetophenone. The resulting spectrum is shown in 

figure 4.8. 

 

Figure 4.8. Time-resolved mass spectrum of photolysis of 4-azidophenoxide with 4‘-

fluoroacetophenone 

The reaction is run for initial 20 minutes under dark which shows no formation of m/z 198 

even in the presence of 4’-fluorocetophenone. On exposure to light, the gradual formation of m/z 

198 can be observed, however with a slightly accelerated rate of formation with respect to the 

control experiment. 

This trend is not very noticable with respect to the change in color of the reaction. Both the 

control and the doped 4-azidophenoxide solutions turn a similar shade of dark blue resulting from 

the abundant indophenol after 1 hr. 

2′,3′,4′,5′,6′-Pentafluoroacetophenone 

Curious from the results obtained from the 4-fluoroacetophenone experiment, we wanted 

to study the effect of fluorine on the acetophenone and investigate how that affects the formation 

of m/z 198. The time-resolved spectrum of the photolysis experiment is shown in figure 4.9. 
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Figure 4.9. Time-resolved mass spectrum of photolysis of 4-azidophenoxide with 2′,3′,4′,5′,6′-

pentafluoroacetophenone 

In the presence of the pentafluoroacetophenone, the trend in the formation of m/z 198 is 

completely reversed from that of the previous experiments. As seen from the above spectrum, the 

rate of the reaction is significantly increased in relation to the control after exposure to light. At 

the end of 40 minutes of irradiation, the doped solution turns a very dark shade of blue backing 

our inferences from the mass spectrum. Thus, the presence of fluorines on the phenyl ring of 

acetophenone can be thought to be influencing the mechanism and the rate of the reaction. 

To explore what role do structures of different photosensitizers play in the photolysis, we 

repeated the experiments using non-ketone based photosensitizers. 

Methylene Blue 

Methylene blue is a photosensitizer that belongs to phenothiazinium class of compounds. 

It has been widely used as a histological dye for several years236–238 and could serve as an ideal 

candidate for a doped 4-azidophenol photolysis reaction. 
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Figure 4.10. Time-resolved mass spectrum of photolysis of 4-azidophenoxide with Methylene 

blue 

 As can be seen from the mass spectrum (figure 4.10), methylene blue actually inhibits the 

formation of the indophenol which also explains the light blue color of the reaction mixture after 

irradiation by light for 40 minutes. 

Next, in order to test the hypothesis that the reaction is self-catalyzed, we repeated the 

photolysis reactions using commercially available 2,6-dichloroindophenol as a photosensitizer. 

2,6-dichloroindophenol 

The time-resolved mass spectrum of the photolysis reaction in the presence of an external 

indophenol photosensitizer is shown in figure 4.11. 
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Figure 4.11. Time-resolved mass spectrum of photolysis of 4-azidophenoxide with 2,6-

dichloroindophenol 

The reduction in the rate of formation of m/z 198 shows that 2,6-dichloroindophenol 

actually has a similar effect on the photolysis as that of methylene blue resulting in a very light 

blue color solution at the end of 1 hr. It thus seems that indophenol itself may not be involved in 

photo-catalyzing its own formation. 

4.3.3 Photolysis in presence of SET inhibitors 

Similar to the use of SET promoters, SET inhibitors can also be expected to affect the rate 

of the photolysis reaction if the mechanism involves SETs. These electron scavenging molecules 

can also be considered as oxidizing agents where they would accept electrons transferred to them 

from other molecules by the virtue of which they would get reduced themselves. Assuming that 

the single electron mechanism is true, introducing such molecules into the photolysis reaction of 

4-azidophenoxide would result in competition for the electrons between the molecules and the 

benzoquinone imine thus in turn affecting the rate of the reaction. 

We used two notably popular electron scavengers tetracyanoquinodimethane (TCNQ) and 

benzoquinone. 
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Tetracyanoquinodimethane (TCNQ) 

TCNQ is a relative of para-quinone and a well-known electron scavenger used in 

preparation of charge transfer salts.239–242 TCNQ can thus be expected to get reduced during the 

photolysis of 4-azidophenoxide to form the reported, blue-colored radical anion. The effects of 

doping with TCNQ can be seen in the mass spectrum in figure 4.12. 

 

Figure 4.12. Time-resolved mass spectrum of photolysis of 4-azidophenoxide with TCNQ 

For the initial 20 minutes under dark, there was no formation of the m/z 198 peak with 

respect in both control and the doped solutions. However, after irradiation by light bulb, the TCNQ 

doped solution did not show any formation of m/z 198 until the later stages of the reaction. Even 

then, the rate of formation of m/z 198 was much slower than that of the control. This could also be 

monitored by the color change of the solution which turned light green at the end of the reaction. 

Para-benzoquinone 

Para-benzoquinone is an another member of the quinone family that readily accepts 

electrons and protons from a proton source to get reduced to the more stable and aromatic 

hydroquinone, the driving force for the electron scavenging being the regained aromaticity.243–249 

The effect of the presence of para-benzoquinone on the photolysis reaction of 4-azidophenoxide 

can be seen in the mass spectrum shown in figure 4.13. 
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Figure 4.13. Time-resolved mass spectrum of photolysis of 4-azidophenoxide with para-

benzoquinone 

The mass spectrum shows a complete suppression of m/z 198 in the presence of para-

benzoquinone even after irradiation by light for more than 40 minutes. This absence of the 

formation of indophenol can also be seen in the color of the solution which remains dark brown 

throughout the course of the reaction. 

4.4 Discussion 

From the photolysis of the clean 4-azidophenol solution, it can be seen that m/z 269, m/z 

134 and m/z 106 exist simultaneously even under dark at time t=0. This means the 

photolysis/thermolysis step of azide converting into the nitrene is likely not an intermediate in the 

photolysis reaction. For the initial 20 minutes under dark, no photolysis reaction takes place as 

evident from the lack of m/z 198. This is different from the Gibbs’ reaction which takes place 

spontaneously even in dark. Adding an external source of irradiation makes the reaction go forward 

as can be seen from the gradual increase in the intensity of m/z 198. Different photosensitizers can 

be seen to impact the reaction in different manners. 

The photosensitized reactions typically occur via two types of pathways.250,251  

Type 1 – In type 1 photochemical process, a ground-state photosensitizer gets excited into its 

reactive excited state by an external energy source. The excited photosensitizer undergoes electron 
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transfer reactions with substrates to produce products. The excited photosensitizer can also react 

with ground-state oxygen molecule to produce reactive singlet oxygen species. The mechanisms 

may involve either acquisition or loss of single electrons to form radical anion or radical cation 

species. The radical anions can react with oxygen to produce superoxide radical anion (O2
•−) which 

could undergo dismutation or one-electron reduction to give super reactive hydroxy radicals (HO•). 

All of these oxygen species are collectively called as reactive oxygen species (ROS). 

 

Type 2 – In type 2 of photosensitizing reactions, the photosensitizer is excited by an external 

energy source and goes into the triplet state. In triplet state, it undergoes collisions with dissolved 

ground-state triplet oxygen and excites it into the reactive singlet state. The reactive singlet oxygen 

then transfers it energy to the substrate molecule by collisions to produce products. This type of 

pathway results in the photosensitizer being quenched by the ground-state triplet oxygen molecule. 

 

At a given point of time, these mechanisms can run parallel with each other and 

occasionally even compete with each other. These pathways for photosensitization also introduce 

the role of dissolved molecular oxygen into the scope of our photolysis reactions. 

Acetophenones are a class of photosensitizers that are known to generate free electrons on 

excitation.252,253 They follow the type -1 mechanism where an acetophenone molecule donates a 

free electron to the molecular oxygen to produce ROS which further react with the substrate 

molecules to produce subsequent products. The fact that addition of fluoro derivates of 

acetophenone drives the reaction forward significantly, only means that the reaction is highly 

responsive to single electron availability. The faster rate of formation of indophenol in the presence 

of the fluorine substituents could be due to the fact that the more electronegative fluorines would 

induce more stabilization to the acetophenone radical than the hydrogens, meaning the fluoro-

acetophenones would be able to “hold” free electrons much better and longer than the 

unsubstituted acetophenones. 

In a similar manner, the drops in the rates of photolysis in the presence of TCNQ and para-

benzoquinone can also be explained. Both the reagents are well known single-electron scavengers 

that are highly electron deficient and very prone to accept free electrons to regain their aromaticity. 

This behavior could result in competition with the single electron accepting benzoquinone imine, 

resulting in slower rate of formation of the indophenol as seen from the mass spectrum. 
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The failure of methylene blue to promote the SET process in the photolysis could be due 

to the fact that methylene blue is very sensitive to pH where the excited methylene blue could act 

as an electron acceptor and get quenched. This quenching of methylene blue has been reported in 

the literature where it is known to absorb single electrons twice followed by proton abstraction to 

form the colorless leuco-methylene blue254–256 (Figure 4.14) 

 

Figure 4.14. Redox conversion of Methylene blue to leuco-Methylene blue 

The basis of using an external indophenol as additive was to determine if the indophenols 

are capable of catalyzing their own formation since they are bright blue colored with absorbance 

possibly in the visible light spectrum. It is possible that as indophenol is formed during photolysis, 

it photo-catalyzes its own formation which can be explained by the increasing reaction rate.  

However, the addition of indophenol only seemed to lower the rate of reaction indicating that the 

indophenol might only be acting as an electron scavenger. The double chlorine substitutions on 

the indophenol might make the indophenol more electron deficient and thus much more capable 

of scavenging free electrons than the indophenol product formed from the photolysis. This could 

explain why the indophenol product does not hinder its own formation but a 2,6-

dichloroindophenol does. 

All the above experiments point towards an involvement of a SET mechanism for the 

photolysis of 4-azidophenol to form indophenols. One of the most crucial elements for the 

photosensitization mechanism is the dissolved molecular oxygen. Molecular oxygen is a high 

energy oxidizing agent and therefore an excellent electron acceptor. That is why it plays a very 
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crucial role as a terminal electron acceptor in electron transport chains in biological processes.257 

In an SET mechanism, oxygen dissolved in the solvent is thus expected to play a crucial role and 

have an impact on the outcome of the reaction. If the photolysis of 4-azidophenol occurs from an 

SET mechanism, the abundance or scarcity of oxygen molecules in the solution could thus be 

supposed to induce drastic effects on the photolysis. In the next section, we have studied the effects 

of dissolved oxygen concentration on the rate of the reaction. 

4.5 Effect of oxygen 

In the presence of excess oxygen, the reaction should be expected to proceed at a quicker 

rate than that under normal conditions. Similarly, in an oxygen deficient system, the reaction rate 

should be expected to be slower. This would also help us to confirm or refute the possibility of 

SET mechanisms for the reaction. 

4.5.1 Experimental 

In this section, the photolysis experiments have been repeated in the presence and absence 

of dissolved oxygen. 

4.5.1.1 General procedure for sample preparation 

To prepare oxygen rich samples for analysis, oxygen gas was bubbled through 10 ml of 

water-methanol solvent system (1:1) in a round bottom flask for 1 hour. To a 200 µl of stock 4-

azidophenol solution, 50 µl of 0.5M KOH stock solution was added and diluted to 1 ml by the 

oxygenated solvent. The sample was then directly sprayed by ESI-MS for mass analysis. 

To prepare oxygen deficient samples, freeze pump thaw method was used. 10 ml of water-

methanol solvent system (1:1) was kept in a liquid nitrogen bath for 1 hour under vacuum. After 

1 hour, the vacuum was removed and the solvent was stored under positive nitrogen pressure. 

Samples for spraying were prepared in a similar manner as the oxygenated samples using the 

deoxygenated solvents for dilution. 

The samples for control experiments were prepared as mentioned in the previous section. 
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4.5.2 Results 

Oxygenated vs deoxygenated solutions 

The time-resolved mass spectrum in figure 4.15, is a combination of mass spectra of two 

samples, one with 4-azidophenol in the presence of excess oxygen in the solution and one in a 

deoxygenated solution. 

 

Figure 4.15. Time-resolved mass spectrum of photolysis of 4-azidophenoxide in the oxygen rich 

and oxygen depleted solution 

As evident from the spectra, there is no formation of m/z 198 for the initial 20 minutes of 

the reaction under dark under any conditions. After exposure to light, m/z 198 peak in the oxygen 

rich sample rises dramatically as compared to that in the control experiment, whereas in the oxygen 

depleted sample, the formation of m/z 198 can be seen over time at a much slower rate than that 

of the control experiment. 

Thus, it can be seen that the results obtained from these experiments align very well with 

the SET mechanism. 

4.5.3 Discussion 

The above time-resolved mass spectra show us that oxygen plays a very crucial part in the 

mechanism of the photolysis reaction. In a solution saturated with dissolved oxygen, electrons 
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from the phenoxide would be transported to the benzoquinone imine with a high efficiency 

resulting in increased concentration of indophenol. A reverse trend can be seen in the mass spectra 

of oxygen depleted samples. With a low concentration of dissolved oxygen in the solution, the 

electron transport is not efficient which results in the decrease in the rate of formation of 

indophenols. 

4.6 Conclusion 

From all the above experiments, it is evident that the photolysis of para-azidophenol does 

not proceed via a two-electron pathway, otherwise the single-electron photosensitizers, inhibitors 

and dissolved oxygen would have no influence on the rate of the reaction.  Instead, all the results 

point towards SET processes, since their rates are affected by different SET reagents and molecular 

oxygen which are known to react only via SET mechanism. 

Hence, we propose a mechanism very similar to that of the Gibbs’ reaction where 

indophenols form photochemically from a SET from the azidophenoxide to the benzoquinone 

imine. Dissolved molecular oxygen serves as an electron transfer agent to facilitate the reduction 

of benzoquinone imine. 
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Figure 4.16. Proposed mechanism for the formation of indophenol from azidophenols by SET 

mechanism 

This reaction is thus a photochemical version of the Gibbs’ reaction which uses energy 

from an external incandescent light source as a driving force for SET processes. 
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CHAPTER 5. TUNING THE ELECTRONIC STATES OF AROMATIC 

NITRENES 

5.1 Introduction 

This chapter focuses on our efforts to control the electronic states of aromatic nitrenes. The 

reactivity of aromatic nitrenes depend on the difference in energy and structures of their electronic 

states. Manipulation of these electronic states and their energies could unlock the potential to do 

interesting chemistry with the aromatic nitrenes. 

5.2 Electronic states of nitrenes 

Nitrenes are a fascinating class of intermediates similar to carbenes but exhibit very 

different reactivity. For example, phenylcarbene in solution readily forms adducts with alkenes 

and inserts into C-H bonds,122 whereas phenylnitrene gives mostly polymeric tar.258 The difference 

in reactivity is attributed to the difference in the electronic structures and the energy barrier 

between ground state triplet and the lowest energy singlet. 

In comparison with its carbon analogue phenylcarbene, phenylnitrene is also a ground-state 

triplet similar to the phenylcarbene, but whereas the lowest energy singlet in phenylcarbene is a 

closed-shell σ2 state that is about 2-5 kcal/mol above the triplet, the singlet in phenyl nitrene is an 

open-shell, σπ state, with a singlet-triplet splitting of 15 kcal/mol.259 Even higher in energy is the 

closed-shell σ2 state which is 30 kcal/mol higher than the triplet. Both the phenyl carbenes and 

phenyl nitrenes also have a highest energy closed-shell π2 electronic state which has the maximum 

electron-electron repulsion.117–123 The unique chemistry exhibited by the carbenes is accessed 

through their triplet ground state, which is achieved by a process called as intersystem crossing 

(ISC) from the lowest energy σ2 singlet state to the ground-state triplet. In nitrenes however, the 

ISC becomes extremely slow and highly unfavorable because of the structure and energy of the 

low-lying open-shell singlet. 

5.2.1 Impact of open-shell ground state singlet on ISC 

To understand how an open-shell singlet ground state affects the ISC, it is important to 

consider the differences in the geometries of the phenyl carbenes and nitrenes (Figure 5.2) 
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Figure 5.1. Comparison of electronic states of a) phenyl carbenes and b) phenyl nitrene 

Phenyl nitrene is a monovalent, two-electron, nitrogen-centered molecule that is sp 

hybridized with the non-bonding electron pair lying in the sp orbital. The sp hybridization ensures 

that the p orbitals available to the electrons are degenerate. This degeneracy results in the 

differences in the ordering of the electronic states of the phenyl nitrene as compared to the phenyl 

carbenes, where the lowest-lying singlet state in phenyl nitrene is the open-shell in the energy 

diagram in contrast to the closed-shell singlet in phenyl carbene.259 

This lowest energy open-shell singlet is responsible for drastically reducing the rates of 

ISC, which are found to be almost 100 to 1000 times slower (~106-7 s-1) than that in phenylcarbene 

(≥109 s-1).260 This difference in rates can be attributed to the conservation of momentum between 

the molecules. In phenyl carbene, the change in the spin angular momentum of the electron is 

accompanied by a change in the orbital angular momentum to transition into the triplet state. 

However, the phenyl nitrene, in its open-shell singlet state does not have an available orbital for 

the same offset of the angular momentum in phenyl carbene. The lack of such offset is responsible 

for making the ISC more difficult and significantly slower.121 As the phenyl nitrene is unable to 

transition into the triplet state, its reactivity is heavily influenced by the open-shell singlet state 

where the phenyl nitrene favors intramolecular rearrangements instead of a bimolecular reactivity. 
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These intramolecular rearrangements result from the ability of the phenyl nitrene to access its π2 

electronic state which frees an in-plane p-orbital to accept electrons from the aryl ring.260 Such 

ring expansion results in the formation of a ketenimine via a benazazirine transition state. The 

ketenimine can further undergo polymerization processes to produce a black polymeric tar. When 

the reaction is carried out in the gas phase, the phenyl nitrene can undergo a ring contraction to 

form cyclopentadiene nitriles (Figure 5.1). 

 

Figure 5.2. Undesirable reactivity of phenyl nitrenes 

 Thus, for singlet nitrenes, most of the reactivity is dominated by these rearrangement 

processes which are significantly faster than the ISC resulting in limited access to develop useful 

bimolecular chemistry for synthesis of more complex products.121,122,215,261  

5.2.2 Promoting ISC 

Our lab has mainly focused on two different ways to make the ISC more favorable - 

i) Lowering the energy of the closed-shell σ2 singlet than the open-shell σπ singlet to 

attain a more carbene like electronic arrangement allowing access to the spin-orbit 
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coupling mechanism This would ensure that ISC becomes the favored process through 

the accessible ground-state closed shell singlet260 

ii) Hindering the rearrangement process and lowering the energy of the ground state σπ 

singlet to reduce the energy barrier and make it easier for ISC to occur. 

 

Our attempts to use anionic substitution to obtain a lowest energy singlet of σ2 electronic 

state have met with success and have been discussed in the earlier chapters. Here, I describe our 

attempts to follow the other route to promote ISC which is to lower the energy of the σπ singlet. 

During the studies on chloro-substituted phenyl nitrenes, our lab found systematic effects 

on the singlet-triplet splitting of chlorosubstituted phenylnitrenes despite only minor differences 

in energy among the different substituents.262 Negative ion photoelectron spectroscopy revealed a 

difference in the geometries between the ortho and para isomers and the meta and unsubstituted 

isomers. The effects were particularly seen in ortho- and para-substituted phenyl nitrenes where 

the stabilization of the open-shell structure was observed due to the quinoidal resonance structures 

(Figure 5.3). 

 

Figure 5.3. Quinoidal resonance structures of ortho and para-chloro substituted phenyl nitrenes 

This stabilization however, cannot be associated with the standard two-electron resonance 

structures as they can only affect the closed-shell systems. Only a single-electron resonance model 

will allow the stabilization of open-shell electronic states.263 Thus, the ortho and para-isomers can 
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be stabilized by the quinoidal resonance structures formed by π-radical delocalization and 

consisting of neutral diradicals with electrons localized on both the chlorine and nitrogen atoms. 

This stabilization has been studied in a great detail by Borden and Davidson.208,264 These 

quinoidal resonance structures allow the two electrons of the open-shell singlet to be separated in 

space by keeping them localized on separate atoms, thus minimizing the electron-electron 

repulsion. As these electrons are non-disjoint, the stabilization of the triplet state can occur through 

exchange interactions. However, separating the electrons spatially in the quinone resonance 

structures would minimize any stabilization of the triplet state that could occur through exchange 

interactions of spin-paired electrons. 

In alignment with the study mentioned above, we attempted to develop a suitable aromatic 

nitrene model with the appropriate substitution that should reduce the open-shell singlet and triplet 

energy gaps and promote ISC into the triplet electronic state. 

5.2.3 Towards developing an efficient system for σπ singlet stabilization 

From the aforementioned studies, it is clear that spatial separation of the two electrons in 

the σπ singlet is very critical for minimizing electron-electron repulsions. One obvious way of 

ensuring maximum spatial separation is to increase the length of conjugation in the aromatic 

backbone that would keep the electrons further away from each other. Some extensions on the 

phenyl ring system are the fused ring systems such as 9-anthrylnitrene, 1-napthylnitrene, and 2-

napthylnitrene (Figure 5.4). 

 

Figure 5.4. Fused ring nitrenes 

Tsao and coworkers calculated the singlet-triplet energy gap to be 16.6 kcal/mol and 13.9 

kcal/mol for 2-napthyl nitrene and 1-napthyl nitrene respectively.265,266 Even though the singlet-
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triplet splitting energy of these molecules does not differ from phenylnitrene, there is a significant 

extension in the lifetime of the singlet nitrene.  

With very little difference in the energies of the phenyl and napthyl nitrenes, their 

reactivities were also expected to be similar even after introduction of asymmetry due to the extra 

phenyl ring. As predicted, the photolysis reactions of 1- and 2-napthyl nitrenes produced the 

respective ketenimines avoiding the azirines that are formed using the bridgehead carbons to 

maintain aromaticity of atleast one phenyl ring.267–275 The ketenimines were formed reluctantly at 

the expense of loss of aromaticity of the molecule. Although, a crucial observation were the longer-

lasting azirine transition states with lifetimes ≥150μs that enabled the transition into the triplet 

state to form azo dimers.265 

 

Figure 5.5. photochemistry of 2-napthyl nitrene 

In case of the napthyl nitrenes, azirines were formed quite easily as the molecules were still 

able to retain the aromaticity of atleast one of the phenyl rings by avoiding the bridgehead carbons. 

However, this was not the case with 9-anthryl nitrenes. With the incorporation of one more phenyl 

ring, the nitrene is forced to incorporate one of the bridgehead carbons into azirine formation which 

would result in the loss of aromaticity of two phenyl rings. This process is expectedly much slower 

than in either of phenyl or napthyl nitrene. Initial calculations at CASPT2(14, 14)//CASSCF(14,14) 

level of theory with 6-31G* basis set showed a singlet-triplet splitting energy of 5.27 kcal/mol in 
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9-anthrylnitrene.276 This value is nearly one third of the energy gap of phenylnitrene. The 

calculations also showed the formation of the azirine to have a transition state 23 kcal/mol higher 

in energy than the low lying open-shell singlet. Even if the azirine forms, the barrier is less than 1 

kcal/mol to revert to the nitrene. The formation of the triplet anthryl nitrene can also be observed 

during laser flash photolysis experiments from the decay of singlet anthryl nitrene. In addition, the 

lifetime of the singlet anthryl nitrene was calculated to be 17 ns which is significantly shorter than 

the napthyl nitrene.277 In can thus be concluded that, increasing the length of conjugation by 

expanding the aromatic system seem to drastically favor the ISC. 

 

Figure 5.6. Chemistry of 9-anthryl nitrene 

Another way of stabilizing the open-shell singlet nitrene is the incorporation of 

hetereoatoms in the aromatic systems. It has been shown that, using a furan backbone in furanyl 

nitrenes, significant decrease in the singlet-triplet splitting can be obtained due to the induction of 

“super radical stabilizers”.278,279 The furanyl nitrenes are very similar to phenyl nitrenes with 

respect to the ordering of electronic states on the energy scale and the spatial separation of the two 

electrons.280 However, in case of 2-furanyl nitrene, the singlet-triplet splitting is calculated to be 

10.9 kcal/mol which is significantly smaller than the phenyl nitrene or even the 3-furanyl nitrene. 

Although 2-furanyl nitrene has a relatively stabilized triplet state when compared to phenyl nitrene 

due to the induction of the oxonium ions in the polar resonance structures, it also has a highly 

stabilized singlet state. This is because the oxygen atom enables more efficient separation of the 

two electrons owing to the “super radical stabilizer” properties of the furan ring system at a very 
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small cost of the aromatic stabilization energy.281 This effect is not observed in the 3-furanyl 

nitrene as the electron is not completely delocalized into the π-system (Figure 5.7). 

 

Figure 5.7. Delocalization of an electron in furanyl ring systems 

With the incorporation of one radical stabilizer into the aromatic system, there is a scope 

of addition of another “super radical stabilizer” in the system, whose combined effects can be 

expected to have desirable outcomes. One such radical stabilizer is the N-oxide. The N-oxide not 

only enables the inclusion of an additional heteroatom stabilizer but also increases the length of 

conjugation for the delocalization of the electrons. Such studies have been done using oxazole- 

and isoxazolenitrene-n-oxides and have been shown to have drastic effects on the singlet-triplet 

splitting (Figure 5.8).3 

 

Figure 5.8. Delocalization of an electron in oxazole- and isoxazolenitrene-n-oxide systems 

Although the ordering of the electronic states still remain unchanged when compared to 

phenyl nitrenes, remarkable differences were observed in energies of the electronic states. Most of 

the isomers had stabilized singlet states with respect to phenyl nitrenes. However, 2-

oxazolylnitrene-n-oxide and 5-isoxazolylnitrene-noxide in particular, showed a very small singlet-
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triplet splitting of about 4.7 kcal/mol and 6.3kcal/mol, respectively.3 The reason for this can be 

deduced by examining their resonance structures, where the maximum delocalization of the 

electrons can be achieved in their most stable resonance forms that involve both the radical 

stabilizers (Figure 5.9). 

 

Figure 5.9. Delocalization of an electrons in 2-oxazolylnitrene-n-oxide and 5-isoxazolylnitrene-

noxide 

It can be presumed that the integration of more of such radical stabilizers in the aromatic 

system could have net stabilization effects on the nitrenes which would be additive. However, that 

is not always the case. For example, when a second N-oxide is added to the above system, the 

singlet-triplet splitting was found to be increased by 0.5 kcal/mol, which could be due to the 

diminished returns from delocalization resulting from the addition of a second N-oxide moiety 

(Figure 5.10) 

 

Figure 5.10. Diminished returns in the 5-Azoximylnitrene system 

5.2.4 Designing a nitrene model to incorporate all the stabilization effects 

All the above studies suggest that the extent of singlet-triplet splitting in phenyl nitrenes 

can be greatly affected by a combination of various factors that contribute to extended 
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delocalization of the electrons in the aromatic system. These effects can be additive as can be seen 

from the oxazolylnitrene-n-oxide systems. Thus, designing a system that consists of an expanded 

aromatic back bone such as an anthracene to promote extensive delocalization of electrons in the 

presence of a radical stabilizer such as an N-oxide could possibly result in sufficient reduction in 

the singlet-triplet splitting to cause reordering of the electronic states to favor ISC. 

 

Figure 5.11. An anthracenyl-n-oxide nitrene model 

The miniscule splitting energy of 5-azoximylnitrene suggests that it may be possible to 

have a ground state open-shell singlet. This encouraged us to develop an anthracenyl-n-oxide 

nitrene model system that can be presumed to affect the reordering of the electronic states. 

5.3 Efforts in the synthesis of anthracenyl-n-oxide nitrene 

This section will list some of the efforts made in the synthesis of the anthracenyl-n-oxide 

model. 

9-chloroacridine was chosen as the appropriate starting material which would afford the 

precursor 9-azidoanthracenyl-n-oxide in two steps.  

The first step in the synthesis was chosen to be the oxidation of the nitrogen of the acridine, 

followed by electrophilic aromatic substitution since the N-oxidation could involve use of harsher 

conditions which could result in azide decomposition. 
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Figure 5.12. Synthetic scheme for 9-azidoanthracenyl-n-oxide 

A total of three different reagents were tried to carry out the oxidation. 

Meta-chloroperoxybenzoic acid (mCPBA) 

One of the most popular reagents for oxidation is the mCPBA. The procedure is as follows- 

mCPBA (2.5 eqv) was added to acridine (2.3 mmol) in chloroform (3.9 ml) and the mixture 

was refluxed for 4h. After 4h, the mixture was cooled to room temperature and 15.3 ml of saturated 

aqueous sodium bicarbonate solution was added to it. The aqueous layer was extracted with DCM 

(10 x 3ml) and the organic layers were combined, dried over magnesium sulfate, filtered and 

concentrated in vacuo. 

A quick mass spectrum analysis of the crude product revealed no formation of the 9-

chloroanthracenyl-n-oxide intermediate. The procedure was repeated several times with varying 

amounts of mCPBA, reagent concentration and longer reflux times. However, no formation of the 

N-oxide intermediate was observed in the mass spectrometer. 

Hypofluorous acid (HOF) 

Hypofluorous acid is the only known oxyacid of fluorine and the only known oxoacid in 

which the main atom gains electrons from oxygen to create a negative oxidation state. It is an 

intermediate formed during oxidation of water by fluorine gas. We found out that Prof. Davin 

Piercey in the mechanical engineering department at Purdue University often uses the intermediate 

to oxidize his nitrogen-based heterocycles that serve as explosives. We used his help to come up 

with a procedure for synthesizing the chloroantracenyl-n-oxide - 

A solvent system comprising of 10 ml water and 90 ml acetonitrile was pre-cooled in ice. 

A solution of 10 mg of KI in 100 ml water and 10 mg of sodium thiosulfate in 500-600ml water 



 

 

110 

were prepared. Fluorine gas was then bubbled through the acetonitrile solution in an ice bath with 

constant stirring. The apparatus was connected to an empty trap which had the sodium thiosulfate 

solution in water in order to quench the HF gas liberated from the reaction. The reaction produces 

HOF almost immediately. 10 ml of the HOF in acetonitrile/water was then pipetted out in an 

Erlenmeyer flask and mixed with 10 ml of KI solution and 0.5 ml of concentrated sulfuric acid. 

This was done in order to measure the concentration of the HOF reagent which was calculated to 

be 0.37M. The reagent was then used to oxidize 9-chloroacridine in THF for 6-7 hr with constant 

stirring. 

The reaction worked better than with the mCPBA where 5% crude yield of the product was 

obtained. Mass spectrometry analysis revealed that most of the starting material, 9-chloroacridine 

still remained unconsumed. The procedure was repeated with varying conditions of concentrations, 

temperatures and time but the maximum yield obtained was only 10%. 

Hydrogen peroxide (H2O2) 

Next, we tried the oxidation using hydrogen peroxide which is another popular reagent for 

oxidations. The procedure was as follows- 

1 equivalent of 9-chloroacridine was dissolved in DCM to make a 1M concentration of the 

solution. To the solution, 0.03 equivalents of methyl trioxorehenium (MeReO3) was added as a 

catalyst followed by 30 weight%, 20 equivalents of hydrogen peroxide. The mixture was stirred at 

room temperature for 12 hrs. Later, excess hydrogen peroxide was quenched with manganese 

dioxide and the reaction was diluted with DCM and water. Any excess manganese dioxide was 

filtered out of the solution. The organic and the aqueous layers were separated, and the organic 

layer was dried over sodium sulfite, filtered and concentrated. 

Using hydrogen peroxide provided yields of upto 70% for the 9-chloroacridine-N-oxide 

which was detected and characterized on the mass spectrometer. The mass spectrum showed the 

molecular ion peak at m/z 230 with the chlorine isotopic peak at m/z 232. Interestingly, the mass 

spectrum had a base peak of m/z 196 which could be originating from the replacement of the 

chlorine with a hydrogen (M-35+1) on the acridine. The crude product was taken to the next step 

without further purification. 
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Synthesis of 9-azidoacridine-n-oxide 

 The selection of a procedure to synthesize the azide precursor faced limitations with 

regards to the conditions being used for the reactions as harsher conditions would cause 

decomposition of the azide group. Thus, a unique procedure using microwave conditions was 

selected and is listed below- 

 A model reaction of 9-chloroacridine to produce 9-azidoacridine was done using the 

procedure as a preliminary experiment to determine its efficiency. Two solutions of 25 mg of 9-

chloroacridine in 7.5 ml acetone and 25 mg of sodium azide in 2 ml water were prepared and 

mixed in a Teflon vessel. The vessel was closed and irradiated in a conventional microwave at 

100W for 30 seconds. The vessel was then cooled to room temperature and concentrated in vacuo. 

The 9-azidoacridine was filtered with suction and washed with 5 ml of water to give 76% of the 

crude product. The product was characterized using mass spectrometry where a product peak at 

m/z 220.6 was seen which on CID produced m/z 193 corresponding to the loss of a nitrogen 

molecule 

 Having achieved desirable results with the model reaction of 9-chloroacridine, we 

proceeded to synthesize the 9-azidoacridine-N-oxide from 9-chloroacridine-N-oxide using the 

same procedure. After completion of the reaction as monitored by TLC, the crude product was 

introduced into the mass spectrometer for characterization. However, similar to the mass 

spectrometric analysis of 9-chloroacridine-N-oxide, a loss of 34 mass units was observed which 

indicated replacement of the chlorine on the acridine with a hydrogen. 

5.4 Discussion 

The synthesis of 9-azidoacridine from 9-chloroacridine in the model reaction was 

completed without any problems indicating that the microwave mediated approach was indeed an 

effective way of conducting electrophilic aromatic substitutions. However, oxidation at the N-

atom of the acridine induced drastic effects on the aromatic rings that are not fully understood. N-

oxide substituents are known to be highly π-electron donating. It is possible that the strong π-

donation results in increased stability of the carbocation intermediate formed after the release of 

the chloride leaving group. This effect could be exacerbated due to the additional conjugation 

present in the acridine. The effects could be seen directly impacting the 9-postion on the acridine 
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making the nucleophilic leaving group highly labile and prone to aromatic substitution by a 

hydrogen. In the absence of a suitable nucleophilic leaving group, the azide could not add on to 

the 9-position of the acridine to produce the desired product. 

5.5 Conclusion and future directions 

More studies need to be done in order to determine the effects of an N-oxide on different 

positions on aromatic rings. Literature survey reveals that presence of N-oxide does not impact a 

chlorine substituent in a quinoline-N-oxide system, clearly indicating that addition of an extra 

phenyl ring has a huge effect on the system. 

Meanwhile, different routes to synthesize the 9-azidoacrdine-N-oxide which don’t involve 

electrophilic aromatic substitution pathways need to be developed. An alternative approach could 

be azidation followed by the N-oxidation if a suitable process applying mild conditions and shorter 

reaction times can be developed for the N-oxidation. Considering that there is no evidence of an 

azide being a good nucleophilic leaving group, it is possible that presence of N-oxide does not 

impact azide to undergo replacements with hydrogen. 
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