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Abstract 
 

The contents of this thesis have been divided into five chapters based on the 

results of experimental works performed during the complete course of the research 

period. The introductory chapter of the thesis presents an overview of the construction of 

CC, and CX (CCO) bonds via the intermediacy of radicals. All the other 

chapters emphasize on CC, Cand CO bond formations on sp2 / sp3 carbon via a 

radical pathway involving oxidizing agents. These bond formations (CC, Cand 

CO) have been achieved via metal-free or metal-catalyzed radical addition and radical 

substitution. Chapter II describes the copper-catalyzed differential peroxidation of the 

terminal and internal alkenes using tertiary butyl hydroperoxide. Chapter III 

demonstrates tert-butyl nitrite mediated differential functionalizations of internal alkenes 

as paths to furoxans and nitroalkenes. Chapter IV illustrates the tert-butyl nitrite 

mediated nitro-nitratosation of internal alkenes. Chapter V deals with iron (III)-catalyzed 

peroxide-mediated C-3 functionalizations of flavones. Each of these chapters comprises 

of seven subsections which include introduction, literature reports, present work, 

experimental section, references, spectral data and some selected spectra. 

CHAPTER I. Construction of CC, CN and CO Bonds on 

sp2 / sp3 Carbon via Radical Pathway  

This chapter gives a layout of the construction of CC and CX (X = O) 

bonds on sp2 / sp3 carbon via the intermediacy of radicals. The radicals are generally 

generated by homolytic fission of a covalent bond. Energy in the form of ultraviolet-

visible light, heat or some other form of energy is needed to do such homolytic fission. 

The dissociation energies for homolytic cleavage of the CC, CH and CX bonds are 

quite high but the relatively weak OO bonds are cleaved at relatively low temperatures. 

Some of the methods used for the generation of free radicals are (I) thermolysis (II) 

photolysis (III) redox reactions. One important aspect of these radical-mediated 

functionalizations is the generation of a carbocation intermediate by losing two electrons 

(Scheme I.1).  
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Scheme I.1. Formation of radical and radical cation via electron transfer 

Radicals and radical cations are active intermediates and have a range of 

properties and reactivities, for example, nucleophilicity, electrophilicity, hydrogen 

abstraction reactions, and self-coupling reactions. Thus, they are highly reactive. This 

reactive nature of the free radicals and radical cations gives rise to the formation of new 

bonds. In organic chemistry, we are generally encountered with the formation of CC 

and CX (X = heteroatom) bonds. There are many useful methods in organic synthesis 

that have been developed for the construction of CC and CX (X = heteroatom) bonds 

involving radical pathways. These methods generally involve substitution, addition or 

rearrangement reactions to bring about the desired functionalization. In addition to this, 

the carbon atom participating in radical-mediated functionalization may be sp, sp2 or sp3. 

In this context, our group has been involved in the construction of new CC and CX (X 

= O, N) bonds and generation of various functionalities via the intermediacy of radicals 

by using sp2 / sp3 carbon.  

CHAPTER II. Copper(I) Catalyzed Differential Peroxidation 

of Terminal and Internal Alkenes Using TBHP 

This chapter focuses on the copper(I) catalyzed carbonylation-peroxidation, 

peroxidation and peroxidation-carbonylation-cycloalkylation/cycloetherifiction of 

vinyl arenes, internal unsymmetrical alkenes such as (E)-prop-2-ene-1,1,3-triyltribenzene 

and cyclic alkene (indene) respectively.  

Di-functionalization of alkenes is significant in the synthetic transformation to 

build molecular complexity in a single operation. Both intra and intermolecular hetero-

di-functionalizations of alkenes have received considerable attention. In contrast to 

intermolecular processes, intramolecular di-functionalizations are much more selective 

and thermodynamically favourable. The transition-metal-catalyzed intermolecular di-

functionalizations such as carbohalogenation, dihydroxylation, oxyarylation, 

oxyamination, aminofluorination, aminocyanation, hydro-alkylation, carboboration and 
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other di-functionalizations are well explored. However, intermolecular di-

functionalization of olefins has rarely been explored following the C–H bond 

functionalization strategy. Carbonylation of alkenes has been developed as one of the 

powerful methods for the synthesis of carbonyl compounds. But the simultaneous 

introduction of a carbonyl group and another functional group such as alcohol, amine 

and peroxide into alkenes is not well explored. Lately, organic peroxides are used as 

oxidizing agents and initiators for free-radical reactions both in academia and industry. 

These peroxo compounds are produced and used in various natural and biological 

processes such as preparation of antimalarial agents, anthelmintics, and antitumor drugs. 

A Fe(II)-catalyzed carbonylation-peroxidation of olefins is reported via the sp2 C–H 

bond functionalization using aldehydes (Scheme II.1).  

 
Scheme II.1. Strategies for various peroxidations using TBHP 

Earlier our group generated two coupling partners from the same precursor, 

where one half of alkylbenzene is converted to an aryl carboxyl intermediate and the 

other half into a benzyl cation leading to the formation of an ester. Thus, we envisaged 
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that one half of the styrene can be converted to an arylcarboxaldehyde, which can couple 

with the remaining half of the styrene in the presence of an oxidant TBHP leading to 

keto-peroxidation as shown in (Scheme II.1). 

To attain a suitable reaction condition for the carbonylation-peroxidation various 

reaction parameters such as catalysts, oxidants and solvents were screened to achieve the 

maximum possible yield. After a series of experiments, the optimized reaction condition 

arrived at was Cu2O (10 mol%), TBHP (3 equiv) at 110 oC in CH3CN under an air 

atmosphere.. Various vinyl arenes were subjected to optimized reaction conditions. This 

methodology was found to be compatible with a variety of electron-donating and 

electron-withdrawing groups in vinyl arenes giving moderate to good yields of their 

corresponding carbonylation-peroxidation products. However, compared to substrates 

bearing electron donating groups, electron withdrawing substituents gave better yields. 

Further, when this strategy was applied to internal alkenes such as (E)-prop-2-ene-1,1,3-

triyltribenzene and cyclic benzylic internal alkene such as indene both reacted 

successfully and provided their -peroxidation and tri-functionalization (peroxidation-

carbonylation-cycloalkylation/cycloetherifiction) products respectively in good to 

moderate yields. The -peroxidation was achieved just by changing the number of 

equivalents of TBHP (from 6 to 3) otherwise identical reaction conditions. Whereas, the 

tri-functionalization was achieved just by changing the solvent from CH3CN to 

cyclohexane otherwise identical reaction conditions. Based on the results / observations 

of mechanistic investigations, literature reports and DFT calculations, a separate 

mechanism has been proposed for each of these transformations (Scheme II.2).  
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Scheme II.2. Plausible mechanisms for various alkene peroxidations 

In conclusion, we have demonstrated the differential reactivity of terminal and 

internal alkenes. A carbonylation-peroxidation of vinyl arenes is achieved in the absence 

of any carbonyl source. But -methyl styrenes yielded aryl methyl ketones as the only 

product. An -substituted unsymmetrical internal alkene such as but-1-ene-1,3-

diylbenzene afforded selective -peroxidation at the tertiary carbon and not across the 

double bond under the similar reaction conditions. An internal cyclic alkene such as 

indene provided peroxidation-carbonylation-cycloalkylation/cycloetherification by 

switching the solvent system from acetonitrile to cycloalkanes / cyclic ether.  
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CHAPTER III. tert-Butyl Nitrite Mediated Differential 

Functionalizations of Internal Alkenes: Paths to Furoxans and 

Nitroalkenes 

This chapter demonstrates the synthesis of furoxans and nitroalkenes from 

(symmetrical and unsymmetrical internal alkenes) and (-unsaturated carboxylic acids 

and alicyclic alkenes) respectively. These transformations have been achieved by using 

tert-butyl nitrite (TBN), quinoline and K2S2O8. Furoxan (or 1,2,5-oxadiazole 2-oxide) is 

a heterocycle of the isoxazole family and is an important scaffold in medicinal 

chemistry. Moreover, furoxan derivatives have drawn phenomenal biological and 

pharmaceutical interests, some of which are reported to have antioxidant, vasodilator, 

leishmanicidal, anticancer, antibacterial antimalarial, antihistaminic, and anti-HIV 

activities. Furoxan derivatives are known to release nitric oxide (NO) in the presence of 

thiol co-factors, thus activating the soluble guanylate cyclase. Consequently, many 

research groups pursued studies on the development of furoxan-based drugs. However, 

any organic reagent such as tert-butyl nitrite mediated synthesis of furoxans from 

alkenes is still unexplored. In this regard, synthesis of furoxans from easily accessible 

and biologically demanding internal alkenes bearing an allylic stereogenic centre may 

generate potential applications as both stereogenic centre and furoxan moiety are 

important parts of many biologically active compounds, thus are expected to receive 

considerable interest from a biological and pharmaceutical point of view.  

Alkenes which are simple organic molecules have been widely applied in organic 

synthesis for the construction of a diverse array of complex molecules. One of the finest 

approaches to build such class of molecules in a single operation is via the direct 1,2- di-

functionalization of alkenes. In this context, tert butylnitrite (TBN) has emerged as a 

versatile reagent in organic synthesis. Therefore, it has been employed for various 

functionalizations such as oxidative nitration of alkenes decarboxylative nitration of -

unsaturated carboxylic acids (Scheme III.1, previous works). Recently our group has 

reported a tert-butyl nitrite mediated domino synthesis of isoxazolines and isoxazoles 

respectively from styrenes and phenylacetylene (Scheme III.1, previous works). 

However, tert-butyl nitrite mediated di-functionalization of any internal olefin is less 

explored so far. Thus the query arises, whether treatment of an internal alkene with TBN 

may lead to the formation of similar isoxazoline, furoxans or a completely different 
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reactivity may drive the formation of some other product? Therefore, we were curious to 

investigate the reaction of various internal alkenes with TBN (Scheme III.1, present 

works). 

 
 

Scheme III.1. Strategies for functionalization of olefins using TBN  

Reaction parameters such as catalysts, bases, oxidants, additives and solvents 

were varied to obtain the optimal conditions for this reaction and it was found that the 

use of TBN (2 equiv), quinoline (1 equiv), K2S2O8 (1 equiv) at 85 °C for 5 h. afforded 

the maximum possible yield of the desired furoxan and nitrolefin. The optimized 

conditions were then implemented in the reactions between internal alkenes 

(symmetrical and unsymmetrical internal alkenes) and (-unsaturated carboxylic acids 

TH-2287_146122034



           Synopsis Report 

x 

 

and alicyclic alkenes). All these reactions proceeded smoothly providing their respective 

products in moderate to good yields. Alkenes possessing electron-withdrawing 

substituents provided higher yields of products than those bearing electron-donating 

substituents.  

Several experimental studies were performed to elucidate the mechanism of this 

transformations. Based on the observations of these experiments and related literature 

reports, four plausible mechanisms have been proposed (Scheme III.2).  

 

Scheme III.2. Proposed mechanism for the formation of furoxans and nitrolefins 
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In conclusion, we have demonstrated the differential reactivity of various alkenes 

with tert-butyl nitrite (TBN). Internal benzylic alkenes such as (E)-1,3-diphenyl-1-butene 

gave furoxan as the exclusive product in the presence of K2S2O8, base and TBN. While 

α,β- their product. In the furoxan formation, TBN is serving as a NO2 cum NO synthon 

and as unsaturated esters are inert to TBN but α,β-unsaturated acids under an identical 

condition undergone a rapid decarboxylation giving nitroalkenes. On the other hand, 

acyclic internal alkenes yielded nitro alkenes as the sole product, whereas terminal 

aliphatic alkenes gave isoxazolines as a decarboxylative nitrating agent when the 

substrates are α,β-unsaturated acids. 

CHAPTER IV. tert-Butyl Nitrite Mediated Nitro-Nitratosation 

of Internal Alkenes 

This chapter describes a protocol for the oxidative nitration of unsymmetrical 

internal alkenes and decarboxylative nitration of -unsaturated carboxylic acids using 

tert-butyl nitrite and molecular oxygen. 

The metal-free reagent, tert-butyl nitrite (TBN) is emerging as a multi-tasking 

reagent in various synthetic applications because of its easy availability, easy handling, 

low cost and stability. Thermolysis of TBN provides NO and tBuO radicals. The former 

can directly participate in a reaction, whereas both these radicals can initiate several 

reactions. Due to the intrinsic ability of TBN to activate molecular oxygen it captures 

dioxygen generating a NO2 radical, which prompts nitration and many other oxidation 

processes. Interestingly, the NO radical is a good acceptor of transient radicals thus 

serving as an efficient radical trapper and source of N and N-O synthons. 

Terminal alkenes such as styrene react differently with TBN depending upon the 

other additives present in the reaction. Styrenes react with TBN in the presence of Fe(II) 

catalyst and NaBH4 to give corresponding oximes. Treatment of styrene with TBN in an 

air atmosphere in toluene at room temperature provided -nitro alcohol along with 

nitrated products (Scheme IV.1.a). Styrenes undergo cross-coupling in the presence of 

metal-based carbene and NO radical (generated in situ from the TBN) providing 

isoxazolines. In this process, styrene serves as a dienophile and undergo [3+2] 

cycloaddition with the in situ generated nitrile oxide intermediate. Following the 

analogous [3+2] cycloaddition strategy our group obtained symmetrical isoxazolines 
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from styrenes in the presence of TBN, Sc(OTf)3 and quinoline. While quinoline did not 

participate and serve only as a base during the formation of isoxazolines. However, in a 

Cu-catalyzed process, it took part along with styrene and TBN provided imidazo[1,2-

a]quinolines via a three-component process. Here, TBN serves the dual role of an N1 

synthon as well as an oxidant. In the absence of any other additives, styrene analogues 

react with TBN in DMSO providing 1,2,4-oxadiazole-5(4H)-ones. Sulfonyl hydrazide as 

sulfonyl radical and TBN as the NO source adds across styrene double bond to give a bi-

functionalized product -sulfonylethanone oximes, which is mediated by a base. 

Similarly,-sulfonylethanone oxime is obtained from styrene, where TOsMIC acts as 

the sulfonyl source and TBN as the NO source as well as an oxidant. Using sulfinic acids 

as the sulfonating agent and TBN as the NO source as well as an oxidant a vicinal 

sulfoximation of styrene has been accomplished. From the above literature reports, it is 

evident that TBN reacts with styrenes in many ways depending on the reaction 

conditions and other additives present. On the other hand, internal benzylic and non-

benzylic alkenes also react differently with TBN. An interesting synthesis of furoxan is 

accomplished from benzylic internal alkene using TBN, quinoline and K2S2O8 (Scheme 

IV.1.b). Under a similar condition -unsaturated carboxylic acids and cyclic internal 

alkene afforded nitroalkenes (Scheme IV.1.c). 

 

Scheme IV.1. Various TBN-mediated functionalizations of alkenes 

Cont. Scheme IV.1 
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Scheme IV.1. Various TBN-mediated functionalizations of alkenes 

In all the above-mentioned cases, the in situ generated NO2 radical attacks at the 

-carbon while the NO radical attacks at the -carbon even though both the radicals 

coexist in the medium. This attack of NO2 radical at the -carbon is in agreement with 

the computational calculation that shows it is stabilised by around 6 kcal/mole than the 

attack by NO radical at the same site. However, during furoxan formation, an analogous 

internal alkene viz. prop-2-ene-1,1,3-triyltriaryl system gave exclusively a mono nitro 

product where the nitro group is at the benzylic position -carbon) (Scheme IV.1.c). 

This unusual attack of NO2 at the -position, prompted us that instead of a terminal 

alkene (styrene) if an internal alkene such as -diaryl substituted or -alkyl-aryl- 

substituted styrene is treated with TBN under an oxygen atmosphere will they react 

similarly or behave differently giving different products? Further, if mono-nitration takes 

place will it be at the  or the -position of the internal benzylic alkenes? Therefore, we 

were curious to investigate the reaction of various internal alkenes with TBN in an 

oxygen atmosphere (Scheme IV.1.d, e). 

Various reaction parameters such as catalysts, solvents and temperatures were 

screened to obtain the optimal conditions for this reaction and it was found that the use 

of TBN (2 equiv) in CH3CN at 0 oC were found to be the suitable conditions for our 

subsequent exploration to extend the scope of this transformation. The optimized 

conditions were then executed for oxidative nitration of unsymmetrical internal alkenes 

and to decarboxylative nitration of -unsaturated carboxylic acids just by increasing 

the temperature to 100 oC otherwise identical reaction conditions. All the substituted 

internal alkenes and -unsaturated carboxylic acids served as excellent surrogates 

toward oxidative nitration and decarboxylative nitration respectively. In particular, those 

bearing electron-withdrawing groups gave better yields of their respective products 
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compared to those yields possessing electron-donating groups, in case of both oxidative 

nitration and decarboxylative nitration. 

This elegant and unprecedented transformation is a mechanistic enigma to us and 

hence systematic investigations were carried out. Based on the results obtained from 

these control experiments, literature reports and DFT calculations, one plausible 

mechanism has been proposed for each of these transformations (Scheme III.2). 

 

Scheme IV.2. Proposed mechanism for oxidative and decarboxylative nitration 

In conclusion, we have demonstrated the differential reactivity of TBN with 

internal benzylic alkenes in an oxygen atmosphere, which provided nitro-nitrosation 

products. This result is in contrast to the furoxan formation for the same substrate with 

TBN but the presence of K2S2O8. The -diaryl substituted styrenes provided better yields 

compared to -alkyl-aryl-substituted styrenes possible due to anchimeric assistance 

imparted by the -phenyl ring. While α,β-unsaturated esters are inert to TBN but α,β-

unsaturated acids provided corresponding nitroalkenes via decarboxylation. Even though 
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other radical species co-exists in the medium the nitro radical attacks exclusively at the 

-carbon in internal benzylic alkenes. A plausible mechanism has been proposed which 

is supported by DFT calculation. 

CHAPTER V. Iron(III) Catalyzed Peroxide Mediated C-3 

Functionalizations of Flavones 

This chapter deals with iron(III)-catalyzed C-3 functionalization of flavones, 

which has been achieved using tert-butyl peroxybenzoate (TBPB)/potassium 

persulphate(K2S2O8) oxidant combinations with a suitable solvent.  

Transition metal-catalyzed CH functionalization has undergone a renaissance in 

the past decade for the construction of carboncarbon (CC) and carbonheteroatom 

(CX) bonds. In this context cross dehydrogenative coupling (CDC) protocols have 

emerged as a promising and powerful tool towards the formation of CspCsp, CspCsp2 

and Csp2Csp2 bonds. In recent times, this CDC protocol has even made progress for the 

formation of Csp3C bonds. In this context, cycloalkanes have been employed for CDC 

reactions in the absence or presence of transition metal catalysts albeit with limited 

examples. Aliphatic Csp3H bonds are the most available natural resource. Thus, 

methodologies for the direct functionalization of aliphatic Csp3H bonds will expand the 

synthetic toolbox, allowing access to value-added products with various important 

applications. Flavone is an important structural motif, present in many natural products 

and pharmaceutical molecules having a wide range of biological and pharmaceutical 

applications. Thus, any further derivatization on this moiety may generate potentially 

important candidates. To date, there are many examples where chromones have been 

employed as the coupling partner for regioselective C-2 functionalization (-

functionalization) with arenes, cycloalkanes or cyclic ethers using transition metals, 

hypervalent iodine or under metal-free conditions (Scheme V.1). However direct C-3 

functionalization of chromone has not been reported so far (Scheme V.1). If both C-2 

and C-3 positions are available as in the case of chromone, regioselective 

functionalization can occur at its C-2 site (Scheme V.1, previous reports) but not at the 

more nucleophilic C-3 site. We speculated that if the C-2 position is substituted with a 

stabilizing group such as aryl as in flavones, the functionalization might occur at the 

nucleophilic C-3 site of flavone via a radical pathway (Scheme V.1, present work). 
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Scheme V.1. Various routes for C-2/C-3 functionalizations of chromones/flavones 

Rigorous optimizations were carried out to establish suitable conditions for this 

transformation. The use of Fe(acac)3 (20 mol%), DABCO (1 equiv), K2S2O8 (1 equiv), 

TBPB (56 M in decane) (3 equiv) at 115 oC gave a modest yield, which was the 

maximum that could be attained. The yield could not be improved further because of the 

intrinsic low reactivity of the sp3 CH bonds in cyclohexane. Having established the 

optimal reaction conditions, the present oxidative C-3 cycloalylation of cycloalkanes was 

then implemented on cross-couplings between cycloalkanes and a series of substituted 

flavones. The developed methodology applied to diverse flavones irrespective of the 

nature of their substituents present, however, the yields were modest in most of the cases. 

Furthermore, the same optimized reaction conditions were equally applicable to the 

formamidation and methylation of flavones just by replacing the cycloalkane with 

formamide in case of formamidation and with chlorobenzene in case of methylation.  
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Several experimental studies were performed to elucidate the mechanism of this 

transformation. Based on the observations of these experiments and related literature 

reports, a plausible mechanism has been proposed (Scheme V.2). 

 

Scheme V.2. A plausible mechanism for C-3 functionalization 

In conclusion, we have for the first time demonstrated iron(III) catalyzed C-3 

cyclo-alkylation, amidation and methylation of flavones using suitable oxidant / solvent 

combinations. A broad range of flavones, cycloalkanes and dialkyl-formamides are 

tolerated under the reaction conditions. The practical advantages of this strategy are the 

use of solvents such as cyclohexane, dimethylformamide as the reactive coupling 

partners with flavones. This method offers a novel and convenient route for the synthesis 

of C-3 functionalized flavones, which can be extended for the synthesis of drugs such as 

flavoxate and dimefline. 
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CHAPTER I 

I. Construction of CC, CN and CO Bonds on sp2 / sp3 

Carbon via Radical Pathway 

I.1. Introduction 

In recent decades, various strategies have been applied both in the industry as well as 

in academia to construct carboncarbon and carbonheteroatom bonds.[1] The advanced 

cross-coupling strategies have been successfully applied to the synthesis of commercially 

important products.[2] Despite the tremendous advances, it has many drawbacks such as the 

use of stoichiometric organometallic reagents, or pre-functionalized components which 

increases the number of synthetic steps. One of the approaches to address this problem is to 

utilize radical-mediated direct functionalization. Direct functionalization via a radical 

pathway has emerged as a promising approach towards molecular construction with high 

atom- and step-economy.[3] Unlike the transition-metal-catalyzed C−H functionalization 

reactions, where C−M (Pd, Rh, Ru, etc.) species are believed to be formed, serving as the key 

intermediates in coupling reactions,[4-6] C−H bond activation in radical-mediated 

functionalization occurs via the loss of one proton with one electron, simultaneously forming 

a radical, that is involved in single-electron transfer processes.[7] The radical can further go 

through oxidation and loss of one electron to generate a cation intermediate. The radical and 

radical cation can serve as key intermediates in such functionalizations. (Scheme I.1.1) 

 

Scheme I.1.1. Formation of radical and radical cation via electron transfer 

One important aspect of these radical-mediated functionalizations is the generation of 

a carbocation intermediate by losing two electrons which will then react with another 

nucleophile.[8,9] Radicals and radical cations are active intermediates and have a range of 

properties and reactivities,[10] for example, nucleophilicity, electrophilicity, hydrogen 

abstraction reactions, and self-coupling reactions; a variety of reactions via radical processes 

have been developed recently (Scheme I.1.2).  
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Scheme I.1.2. Representative reaction types of radical functionalization 

I.2. Modes of the Generation of Radicals 

Radicals are significant as they mediate the reactions that are otherwise considered 

either to be impossible or difficult to achieve with cations and anions. Therefore, they react 

with most of the organic molecules whether inert or activated.[3] This distinguishing feature 

of radicals can be attributed to their highly reactive nature to get stability. Thus, it becomes 

equally important to know how to generate these reactive species? Radicals are generally 

produced via thermal, photochemical or catalytic decomposition of organic peroxides,[11a] 

tert-butyl nitrite,[11b,c] or by photo-catalysis[11d] (Scheme I.2.1). The peroxides generally used 

in radical reactions are organic peroxides, such as alkyl hydroperoxides, aryl hydroperoxides, 

ketone peroxides, dialkyl peroxides, diacyl peroxides, peroxy esters, peroxydicarbonates, 

peroxyacetals, and inorganic peroxides which act as radical initiators. The peroxides and tert-

butyl nitrite produce radical species via homolytic fission under mild conditions and promote 

radical reactions. However, in photocatalysis, the radical formation is initiated by a 

photocatalyst. As most organic compounds do not absorb visible light efficiently that has 

limited their application in photochemical synthesis. Therefore, a photocatalyst is often 

utilized as a sensitizer in organic molecules to carry out required photochemical reactions. 

The use of visible light sensitization has reduced the side reaction often associated with 

photochemical reactions conducted with high energy UV light. Some of the commonly used 

photocatalysts include Ru and Ir polypyridyl complexes that absorb in the visible-light 

region.  
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Scheme I.2.1. Various modes of radical generation 

I.3. Classification  

The reactive nature of the radicals and radical cations gives rise to the formation of 

new bonds. In organic chemistry, we are generally encountered with the formation of CC 

and CX (X = heteroatom) bonds. In this regard, the present chapter aims to define the 

research on radical-mediated C−C and C−X bond formation by using peroxides and tert-butyl 

nitrite. Specifically, the construction of C−C, C−N and C−O bond formation and generation 

of various functionalities via the intermediacy of radicals utilizing sp2 and sp3carbon. 

I.3.1 Representative Examples of Radical-Mediated CC Bond Formation 

The carboncarbon bond formation is the most fundamental transformation in 

synthetic organic chemistry. Nowadays, several novel synthetic methodologies have been 

developed, especially the radical-mediated CC bond formation which affords aryl, alkyl, 

alkenyl, di-functionalized and cyano products. Reactions pertinent to each of these categories 

are exemplified below. 

Radical-Mediated Arylation via sp2 and sp3 Carbon 

In 2011, MacMillan and co-workers developed a C−H arylation of amines with 

benzonitriles by using Ir(ppy)3 as a catalyst and NaOAc as the base under a 26W fluorescent 

light source via a radical-radical cross-coupling (Scheme I.3.1.1).[11e] In the same year, -

arylation of saturated aldehydes and ketones via a radical pathway has been disclosed.[12] 

Similarly, arylation was achieved by using other arylation sources such as 2-

Halobenzodiazoles[13] and arylborates.[14]  
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Scheme I.3.1.1 Ir-catalyzed arylation involving sp3carbon 

Radical-Mediated Alkylation via sp2 and sp3 Carbon 

In this context, Duan group reported that coumarin substrates in the presence of 

Cu(OAc)2 and tert-butylperoxy benzoate (TBPB) and methylarenes, provided regioselective 

-benzylation at the sp2 C−H sites (Scheme I.3.1.2).[15] Similar type of -benzylation of ,-

unsaturated carbonyl compounds with toluene derivatives has been achieved in the presence 

of triethyl borane (Et3B).[16] In the presence of NaN3 and hypervalent iodine, chromones 

afforded a selective alkylation.[17] Using di-tert-butyl peroxide (DTBP) -alkylation of 

chromones was reported.[18]  Alkylation has also been reported by using other alkyl sources 

such as ethers,[19] peroxides[20] and alcohols.[21] 

 

Scheme I.3.1.2. Cu-catalyzed benzylation of coumarins  

Radical-Mediated Alkenylation via sp2 and sp3 Carbon 

Lei and co-workers reported a copper-catalyzed oxidative radical cross-coupling 

between alkenes and aldehydes (Scheme I.3.1.3).[22] In the presence of CuI, KI and DTBP 

radical alkenylation of ethers[23] and thioethers[24] with alkenes were reported. Likewise, 

alkenylation has been achieved by using other alkenylation sources such as alkynes,[25] 

enones,[26] ,-unsaturated carboxylic acids,[27] -nitrostyrenes,[28] -halostyrenes.[29] 

 

Scheme I.3.3. Cu-catalyzed alkenylation of aldehydes 

Radical-Mediated Di-functionalizations via sp2 and sp3 Carbon 

MacMillan and co-workers achieved the difunctionalization of styrenes via radical 

C−H activation. This di-functionalization was achieved by using imidazolidinone as the 
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SOMO catalyst and ceric ammonium nitrate as an oxidant (Scheme I.3.1.4).[30] By using 

TBHP as an oxidant, di-functionalization of alkenes with aldehydes was achieved.[31] Similar 

type of di-functionalization was reported by Klusman et al. when the aldehyde was replaced 

by ketone.[32] Vinyl arenes[33] and allylic alchols[34] have afforded a similar type of di-

functionalization known as oxy-alkylation via a radical pathway.  

 

Scheme I.3.1.4. Imdazolidinone catalyzed oxy-alkylation of styrenes with aldehydes 

Radical-Mediated Cyanation via sp3 Carbon 

In 2013, Wang and co-workers reported a TBN mediated palladium(II)-catalyzed 

oxidation of the benzyl C–H bond to directly convert methylarenes into aromatic nitriles via a 

radical pathway (Scheme I.3.1.5).[35] In this process, TBN serves the dual role of an oxidant 

as well as a source of nitrogen. 

 

Scheme I.3.1.5. Pd-catalyzed cyanation of methylarene 

I.3.2. Representative Examples of Radical-Mediated CN Bond Formation 

With more efforts focusing on radical-radical cross-coupling, research has not been 

confined to C−C bond formation; several methodologies have been developed to construct 

C−N bonds. Representative examples of various forms of CN bond formations are shown 

below. 

Radical-Mediated Amination via sp2 and sp3 Carbon 

A direct C–H amination of A radical amination of C(sp3)−H bonds was developed by 

Inoue and co-workers employing N-hydroxyphthalimide (NHPI) as a catalyst and dialkyl 

azodicarboxylate as the trapping agent (Scheme I.3.2.1).[36] In this strategy, benzylic, 

propargylic, and aliphatic C−H bonds can be easily tolerated. Direct C(sp3)−H amination of 

benzocyclic amines using the Ir catalyst has been achieved through the addition of α-

aminoalkyl radicals to azodicarboxylate esters.[37] Amination has also been reported by using 
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other sources of amination such as anilines,[38] imidazoles,[39] ammonia,[40] pyridine,[41]  alkyl 

amines.[42]  

 

Scheme I.3.2.1. NHPI-catalyzed intermolecular amination involving sp3 carbon  

Radical-Mediated Amidation via sp2 Carbon 

The synthesis of amides using TBHP mediated and AIBN-catalyzed amidation of 

aldehydes with N-chloroamines has been disclosed by Singh group (Scheme I.3.2.2).[43] In 

the presence of TBHP, Hartwig and coworkers also reported a copper-catalyzed 

intermolecular amidation and imidation of unactivated alkanes, affording the corresponding 

N-alkyl products.[44]  

 

Scheme I.3.2.2. AIBN-catalyzed amidation of aldehydes with N-chloroamines 

Radical-Mediated Nitration via sp2 Carbon 

Besides wide range applications of TBN, it can also serve as a nitrating agent participating in 

various nitration reactions. In this context, an efficient method for the synthesis of nitro 

compounds by treating phenylboronic acids with an excess of TBN has been reported by 

Beller and co-workers (Scheme I.3.2.3).[45] Similarly, alkenes, [46] phenols,[47] 

sulphonamides,[48] undergone nitration by using TBN as a nitrating agent. Apart from TBN, 

ceric ammonium nitrate (CAN) along with NaNO2 has also been used as a source of nitration. 

In this direction, Hwu et al. reported that alkenes could be nitrated with excess sodium nitrite 

in the presence of CAN and acetic acid in chloroform.[49] He also showed that the same 

reagent combination can be used for the ultrasonic nitration of allylsilanes.[50] Simultaneous 

nitration and acetamidation has been achieved in acetonitrile using CAN and sodium 

nitrite.[51]  

 

Scheme I.3.2.3. TBN-mediated sp2 CH nitration of phenylboronic acids 
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Radical-Mediated Azidation via sp2 and sp3 Carbon 

An efficient TBN-enabled azidation of anilines with the aid of 

azidotrimethylsilane was disclosed by Moses and co-workers (Scheme I.3.2.4).[52] the 

reaction was having good functional group tolerance. In presence of Zhdankin 

azidoiodane reagent Chen and co-workers introduced visible-light-induced Ru-

catalyzed azidation of aliphatic tertiary C−H bonds.[53] Analogous to this, Greaney 

and co-workers reported an azidation of benzylic C−H groups by a copper photoredox 

catalyst and the Zhdankin azidoiodane reagent.[54] A photoinduced C(sp3)−H 

azidation was also reported by using tosyl azide as the azide source.[55] Azidation of 

olefinic substrates like stilbene, acenaphthalene, cinnamic acids, esters, and amides 

has been reported through CAN promoted addition of azide radicals to olefins.[56] 

 

Scheme I.3.2.4. TBN-mediated sp2 CH nitration of aniline 

Radical-Mediated Oximation via sp2 and sp3 Carbon 

In 2009, Beller and co-workers reported an iron-catalyzed oximation of alkenes in the 

presence of NaBH4 to have access to the oximes (Scheme I.3.2.5).[57] Oximation and 

aminooximation of vicinal unactivated alkenes were developed by Han and co-workers using 

TBN, in which TBN was employed not only as of the iminoxyl radical initiator but also the 

carbon radical trap.[58]  In the presence of TBN Yang and co-workers developed a Brønsted 

acid-catalyzed benzylic C–H oximation of aza-arenes to afford the oximes in moderate to 

good yields.[59]  

 

Scheme I.3.2.5. TBN-mediated oximation of alkenes involving sp2 carbon 

I.3.3. Representative Examples of Radical-Mediated CO Bond Formation 

The direct oxidative cross-coupling of hydrocarbons with oxy-compounds has 

emerged as a promising method for the construction of C−O bonds. The CO bond 

installations via the intermediacy of radicals occur in several ways; the common forms being 

oxyamination, esterification, hydroxylation and alkoxylation. Representative examples of 

various forms of CO bond formations are discussed below. 
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Radical-Mediated Oxyamination via sp3 Carbon 

The 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO), is a well-known 

persistent radical. Therefore, it is possible to achieve the selective coupling of several radicals 

with TEMPO for the construction of C−O bonds. In this connection, the Tan group developed 

a visible-light-induced α-oxyamination reaction between TEMPO and 1,3-dicarbonyl 

compounds using rose bengal as the photocatalyst (Scheme I.3.3.1).[60] It may be mentioned 

here, that this metal-free reaction also proceeds smoothly in the water. A strongly electron-

deficient aromatic β-ketoester reacts to faster reaction than electron-rich substrates. No 

reaction has been observed with alkyl ketones. Latter, Deng and co-workers also reported a 

Cu-mediated α-oxyamination of 1,3-dicarbonyl compounds with TEMPO and its derivatives 

as oxygen sources.[61] 

 

Scheme I.3.3.1. Rose bengal-catalyzed oxyamination involving sp3 carbon 

Radical-Mediated Esterification via sp3 Carbon 

Li and co-workers developed a copper-catalyzed oxidative coupling of alkanes and 

carboxylic acids for the selective synthesis of allylic esters (Scheme I.3.3.2).[62] Around the 

same time, Chaudhuri and co-workers also reported a copper-catalyzed oxidative cross-

dehydrogenative coupling for the construction of α-acyloxy ethers from cyclic ethers and 

carboxylic acids.[63] In this work, tert-butyl hydroperoxide (TBHP) was used as the oxidant 

under atmospheric conditions. Iron-catalyzed oxidative esterification between carboxylic 

acids and unactivated C-(sp3)−H bonds from symmetric and asymmetric ethers, that proceeds 

through a radical mechanism involving a diiron(III) intermediate was reported by Han and 

co-workers.[64] Further, a directing-group-assisted copper-catalyzed oxidative esterification of 

phenols with aldehydes was developed by Xuan and co-workers.[65] In addition to this, an 

NHC-catalyzed amino-esterification of aldehydes with TEMPO as the oxidant was disclosed 

by the Studer group.[66] 
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Scheme I.3.3.2. Cu-catalyzed esterification of cycloalkanes 

Radical-Mediated Hydroxylation via sp2 and sp3 Carbon 

In the presence of 3-cyano-1-methylquinolinium ion (QuCN+) photosensitizer, 

Fukuzumi and coworkers reported an efficient photocatalytic method for the selective 

oxygenation of benzene to phenol with dioxygen (O2) and water (H2O) (Scheme I.3.3.3).[67] 

The photocatalytic oxygenation of benzene to phenol under visible-light conditions was 

further improved by using 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) as the 

photosensitizer.[68] Later on, a photocatalytic cross-coupling strategy for aromatic C−H 

functionalization, via a combination of photocatalysis and cobalt catalysis, was utilized for 

benzene hydroxylation by Wu and co-workers.[69] Again Fukuzumi and co-workers reported 

metal-free photocatalyzed oxygenation of cycloalkane to achieve cyclohexanone, 

cyclohexanol, and hydrogen peroxide in 2011.[70]  

 

Scheme I.3.3.3 Pd-catalyzed ortho-hydroxylation of arylcarboxylic acids 

Radical-Mediated Alkoxylation via sp2 Carbon 

Fukuzumi and coworkers have reported an efficient photocatalytic method for the 

selective oxygenation of benzene to alkoxy benzene with dioxygen (O2) and alcohol (ROH) 

(Scheme I.3.3.4). They disclosed that the highly oxidizing 3-cyano-1-methylquinolinium ion 

(QuCN+) can act as an efficient photosensitizer to achieve the single-electron oxidation of 

benzene to generate a radical cation. Through this intermediate, aryl C−H functionalization of 

benzene and other arenes was achieved with nucleophiles such as alcohols using O2 as the 

oxidant. [66]∆ 

 

Scheme I.3.3.4. Cu-catalyzed ortho-alkoxylation of arylcarboxylates 
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ABSTRACT: Terminal and internal alkenes react contrarily with tert-butyl hydroperoxide (TBHP) giving 

different products. A Cu(I) catalysed decarbonylative CC bond formation followed by a carbonylation-

peroxidation of vinyl arenes has been achieved using tert-butyl hydroperoxide (TBHP) as the oxidant in 

acetonitrile solvent. Whereas, -methyl styrenes yielded aryl methyl ketones and the -substituted 

unsymmetrical internal alkenes afforded selective -peroxidation under the identical reaction conditions. 

Concurrent regioselective peroxidation-carbonylation-cycloalkylation/cyclo-etherifiction of internal cyclic 

alkene such as indene is achieved by switching the solvent system from acetonitrile to cycloalkanes / cyclic 

ether. All these reactions proceed via radical paths generating interesting peroxo-compounds. 

TH-2287_146122034



Chapter II                   Differential Peroxidations 

18 

 

 

CHAPTER II 

II. Copper(I) Catalyzed Differential Peroxidation of 

Terminal and Internal Alkenes Using TBHP 

II.1. Introduction 

Construction of CC or CX bonds via a radical pathway in targeted synthesis has 

undergone a renaissance in modern organic synthesis.[1] In this direction, alkenes which are 

simple organic molecules have been widely applied in organic synthesis for the construction 

of a diverse array of complex molecules. One of the finest approaches to build such class of 

molecules in a single operation is via the direct 1,2-di-functionalization of alkenes. Both intra 

and intermolecular hetero-di-functionalization of alkenes have received considerable attention. 

In contrast to intermolecular processes, intramolecular di-functionalization are much more 

selective and thermodynamically favourable. The transition-metal-catalyzed intermolecular di-

functionalization such as carbohalogenation,[2] dihydroxylation,[3] oxyarylation,[4] 

oxyamination,[5] aminofluorination,[6] aminocyanation,[7] hydro-alkylation,[8] carboboration,[9] 

and other di-functionalization[10] are well explored. However, intermolecular di-

functionalization of olefins has rarely been explored following the radical-mediated C–H bond 

functionalization strategy. Carbonylation of alkenes has been developed as one of the powerful 

methods for the synthesis of carbonyl compounds.[11] But the simultaneous introduction of a 

carbonyl group and another functional group such as alcohol, amine, and peroxide into alkenes 

is not well explored.[12]  

II.2. Strategies for Differential Benzylic-Peroxidation  

Lately, organic peroxides have been used as oxidising agents and initiators for free-

radical reactions both in academia and industry. These peroxo-compounds are produced and 

used in various natural and biological processes such as preparation of antimalarial agents,[5d-

f] anthelmintics,[12g] and antitumor drugs.[12h,i] A survey of the literature entails that of the 

formation of benzylic-peroxy-compounds, a plethora of methods have been recently reported 

using TBHP mediated radical approach. 

In this context, intermolecular differential peroxidation of olefins has rarely been 

explored following radical-mediated approach. Recently a Fe(II)-catalyzed carbonylation-
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peroxidation of olefins was reported via a radical pathway using aldehydes and tert-butyl 

hydroperoxide (TBHP) (Scheme IIA.2.1).[13a] This carbonylation-peroxidation product has 

been utilized by the same group for the synthesis of () clavilactones A, B[13b] and D.[13c] 

Complimentary asymmetric carbofunctionalization of olefins using aldehydes has been 

demonstrated by MacMillan et al. following the concept of singly occupied molecular orbital 

(SOMO).[13d,e] 

 

Scheme II.2.1. Strategy for carbonylation-peroxidation involving sp2 CH bond 

Again in 2015, Li group reported a Fe-catalyzed alkoxycarbonylation-peroxidation of 

alkenes with carbazates and T-Hydro.[14a] This strategy was used for the synthesis of a variety 

of -ester peroxides (Scheme II.2.2). 

 

Scheme II.2.2. Strategy for carbonylation-peroxidation involving sp2 CH bond 

Klussmann et al. have reported p-toluenesulfonic acid (pTsOH) catalyzed oxidative 

keto-peroxidation of olefins using ketones and TBHP (Scheme II.2.3).[14b] 

 

Scheme II.2.3. Strategy for keto-peroxidation involving sp2 CH bond 

Chen and co-workers reported a vanadium catalyzed carbonylation-peroxidation of 

styrenes using aldehydes and TBHP. In this three-component reaction, radical addition takes 

place between a nucleophilic alkene and electrophilic aldehyde followed by coupling with tert-

butoxy radical (Scheme II.2.4).[14c] 

 

Scheme II.2.4. Strategy for carbonylation-peroxidation involving sp2 CH bond 
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Wang et al. reported a tetra-n-butylammonium bromide (TBAB)-catalyzed 

carbonylation-peroxidation of styrenes using aldehydes and TBHP.[14d] In this metal-free 

approach, the various styrenes have been treated with aldehyde and TBHP to achieve a variety 

of -peroxy compounds (Scheme II.2.5) 

 

Scheme II.2.5. Strategy for carbonylation-peroxidation involving sp2 CH bond 

Recently, our group reported a Cu(I)-catalyzed cycloalkylation-peroxidation. In this 

alkene di-functionalization, various coumarins have been treated with cycloalkanes and TBHP 

to access a variety of cycloalkylation-peroxidation products (Scheme II.2.6).[14e] 

 

Scheme II.2.6. Strategy for cycloalkylation-peroxidation involving sp2 CHbond 

In this context an obvious query arises as to whether this differential peroxidation can 

be achieved without the presence of another functionality such as aldehyde, ketone or 

activating group such as carbonyl, ester etc.? Taking cues from the literature and our recent 

success on TBHP mediated radical functionalizations.[15] We contemplated that treating only 

simple alkenes with TBHP can lead us to differential peroxidation, where TBHP can play the 

dual role of an activator and peroxidation source (Scheme II.2.7). 
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Scheme II.2.7. Strategies for differential benzylic peroxidation 

II.3. Present Work 

Although carbonylation-peroxidation, keto-peroxidation and alkylation-peroxidation 

strategies are reported using carbonyl compounds and activated alkenes, the differential 

peroxidation of unactivated olefins using only TBHP has never been investigated so far. 

Optimization of Reaction Conditions. To execute our strategy on styrene, an initial reaction 

was carried out by employing styrene (1) (1.0 mmol), tert-butyl hydroperoxide (a) (3.0 mmol), 

and catalyst Cu(OAc)2 (10 mol%) in chlorobenzene (2.0 mL) at 110 °C. A new product (1a) 

was isolated in 58% yield (entry 1, Table II.3.1) which was subjected to spectroscopic analysis 

(1H and 13C NMR) and comparison of the spectra with the literature,12 the structure of the 

product was revealed to be 3-(tert-butylperoxy)-1,3-diphenylpropan-1-one (1a). Interestingly, 

this 3-(tert-butylperoxy)-1,3-diphenylpropan-1-one (1a) has peroxide linkage similar to the 

most potent anti-malarial drugs such as artemisinin, artemether, dihydroartemisinin and 

cardamom peroxide (Fig. II.3.1).[16] 
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Figure II.3.1. Some potent anti-malarial drugs having peroxy linkage 

Encouraged by this preliminary success and to arrive at the best possible yield, other 

reaction parameters such as catalysts, solvents, temperatures were varied. As can be seen from 

Table II.3.1, among various Cu(I) and Cu(II)-catalysts tested (entries 2-5, Table II.3.1) the 

catalyst Cu2O was found to be the best in terms of yield in chlorobenzene solvent. Keeping the 

catalyst Cu2O and its quantity fixed, screening of various solvents such as CH3CN, DCE, 

cyclohexane, DMSO and DMF (entries 6-10, Table II.3.1) the former (entry 6, Table II.3.1) 

was found to be the ideal. The reaction when carried out at higher (120 °C) or a lower (100 °C) 

temperature (entries 11-12, Table II.3.1) reduced the yield of the product (1a) marginally 

compared to the reaction at 110 °C. Keeping the catalyst, solvent and temperature fixed, the 

yield remained unchanged (81%) using 8 equiv of TBHP, but the yield dropped to 64% using 

4 equiv of TBHP (entries 13-14, Table II.3.1). Similarly, keeping all other parameters identical, 

a marginal improvement in the yield (82%) was observed when the catalyst loading was 

increased to 15 mol% (entry 15, Table II.3.1) but the yield reduced to 66% using 5 mol% of 

the catalyst (entry 16, Table II.3.1). A control experiment in the absence of catalyst delivered 

a trace amount of the desired product (entry 17, Table II.3.1). Thus, it was found that the use 

of styrene (1) (1.0 mmol), tert-butyl hydroperoxide (TBHP) (a) (3.0 mmol), Cu2O (10 mol%) 

in acetonitrile (2.0 mL) at 110 °C for 2 h (entry 6, Table II.3.1) is the ideal reaction condition 

to achieve (1a). 
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Table II.3.1. Optimization of reaction conditions[a-d] 

 

Entry Catalyst (mol%) Oxidant 

(equiv) 

Solvent (2.0 mL) Yield (%)[b] 

1 Cu(OAc)2 (10) TBHP (6) PhCl 58 

2 Cu(OTf)2  (10) TBHP (6) PhCl 51 

3 CuI (10) TBHP (6) PhCl 67 

4 CuCl (10) TBHP (6) PhCl 65 

5 Cu2O (10) TBHP (6) PhCl 73 

6 Cu2O (10) TBHP (6) CH3CN 81 

7 Cu2O (10) TBHP (6) DCE 55 

8 Cu2O (10) TBHP (6) Cyclohexane 49 

9 Cu2O (10) TBHP (6) DMSO 00 

10 Cu2O (10) TBHP (6) DMF 00 

11 Cu2O (10) TBHP (6) CH3CN 78[c] 

12 Cu2O (10) TBHP (6) CH3CN 72[d] 

13 Cu2O (10) TBHP (8) CH3CN 81 

14 Cu2O (10) TBHP (4) CH3CN 64 

15 Cu2O (15) TBHP (6) CH3CN 82 

16 Cu2O (5) TBHP (6) CH3CN 66 

17 - TBHP (6) CH3CN 07 

[a]Reaction condition: Styrene (1) (1.0 mmol) and tert-butyl hydroperoxide (a) (3.0 mmol) at 110 C for 2 

h. [b]Isolated yields. [c]Temperature 120 C. [d]Temperature 100 C.  

After successful carbonylation-peroxidation, various styrenes were investigated under 

the optimized reaction condition. Styrenes possessing moderately electron-donating groups 

such as p-Me (2), m-Me (3), p-tBu (4), p-Ph (5) and p-CH2Cl (6) provided their corresponding 

products (2a, 61%), (3a, 57%), (4a, 65%), (5a, 69%) and (6a, 66%) in the modest yields 

(Scheme II.3.1). Styrene possessing a strongly electron-donating group such as p-OMe reacted  
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Scheme II.3.1. Carbonylation-peroxidation substrate scope [a-d] 

[a]Reaction conditions: alkene 1-16 (1.0 mmol) and tert-butyl hydroperoxide (a) (3.0 mmol) at 110 C for 2 h in 

CH3CN. [b]Isolated yield. [c]Yield reported for 20 mmol scale (67%). [d] Freshly prepared styrenes were used. 

successfully providing the corresponding product (7a) in 60% yield. On the other hand, the 

presence of moderately electron-withdrawing groups on styrenes such as p-Br (8), p-Cl (9), p-

F (10) and m-Cl (11) yielded their respective products (8a, 73%), (9a, 71%), (10a, 68%) and 

(11a, 65%) in moderate yields (Scheme II.3.1). Styrenes having strong electron-withdrawing 

m-NO2 (12) and p-OAc (13) groups reacted successfully giving their corresponding keto-

peroxidation products in moderate yields. The yield of the product (1a) dropped to (67%) when 

a gram scale (1.99 g, 20 mmol) reaction was performed under an identical reaction condition 
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(Scheme II.3.1). To check whether the -methyl styrene (14) would undergo similar 

carbonylation-peroxidation, it was subjected to an identical reaction condition. The reaction 

did not provide any carbonylation-peroxidation product rather yielded acetophenone in 72% 

yield, suggesting the essential requirement of benzylic sp2 CH bond for the process. Thus, 

this is one of the useful methods for the preparation of aryl methyl ketone. Two other-methyl 

styrenes namely, one possessing an electron-donating p-Me (15) and the other an electron-

withdrawing group p-Cl (16) both provided their aryl methyl ketones (15a, 64%) and (16a, 

75%) in moderate yields (Scheme II.3.1). This result is not surprising and similar 

transformation has been observed using TBHP in the presence of other catalysts.[17] 

After the successful carbonylation-peroxidation of styrenes, we were curious to 

investigate the fate of substituted internal alkenes such as (E)-prop-2-ene-1,1,3-triyltribenzene 

(17) under the present reaction condition. The HRMS analysis of the product suggests the loss 

of a proton and addition of 88 mass unit indicating a possible peroxidation (OOtBu). Further, 

the spectroscopic (1H and 13C NMR) analysis of the new product revealed its structure to be 

(E)-(1-(tert-butylperoxy)prop-2-ene-1,1,3-triyl)tribenzene (17a) which was isolated in 76% 

yield (Scheme II.3.2). Here, the peroxidation is not at the double bond, rather it is taking place 

at the tertiary benzylic site. The radical generated at this tertiary site is benzylic as well as 

allylic and also-to the other phenyl group, thus is expected to be much more stable than the 

other possible secondary benzylic radical. Thus, in spite of steric hindrance, the peroxidation 

is taking place regioselectively at this benzylic tertiary position. This trend in the regioselective 

peroxidation was demonstrated with four other substrates. The substrate possessing a 

moderately electron-donating group such as p-Me (18) and p-tBu (19) in the phenyl ring and 

the other two substrates having moderately electron-withdrawing groups such as p-Br (20), p-

Cl (21) all provided their peroxo products (18a, 66%), (19a, 59%), (20a, 80%) and (21a, 77%) 

in modest to good yields. This strategy was equally successful even when the phenyl group is 

replaced with a methyl group as has been demonstrated for substrates (22) and (23) yielding 

their peroxo products (22a, 69%) and (23a, 73%) respectively. When the phenyl group at the 

allylic position is replaced with hydrogen (a mono-methyl) or methyl (i.e a di-methyl part), the 

peroxidation was completely unsuccessful giving numerous products (Scheme II.3.2). The 

yield of the product (17a) dropped to 68% when a gram scale (1.22 g, 5 mmol) reaction was 

performed under an identical reaction condition (Scheme II.3.2). 
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Scheme II.3.2. Selective-peroxidation of substrates [a-c] 

 

[a]Reaction conditions: alkene 16-23 (0.5 mmol), and tert-butyl hydroperoxide (a) (1.5 mmol) at 110 C 

for 2 h in CH3CN. [b]Isolated yields. [c]Yield reported for 5 mmol scale (68%).  

As can be seen from Scheme II.3.1 and Scheme II.3.2, terminal and internal alkenes 

react differently giving two types of products. The non-cyclic benzylic internal alkenes 

underwent successful peroxidation at the available allylic position which however is dictated 

by the stability of the radicals formed (Scheme II.3.2). Thus, the query arises what will happen 

if a cyclic benzylic internal alkene such as indene (26) which has a benzylic/vinylic position? 

With this objective indene (26) was subjected to the present condition. The substrate indene 

(26) was fully consumed but gave a multitude of inseparable products in CH3CN solvent. 

Interestingly, by switching the solvent from CH3CN to cyclohexane (b) under otherwise 

identical reaction condition gave cyclohexylation-peroxidation-benzylic oxidation product 

(26ab) in 35% yield. The structure along with the regioselectivity of the product (26ab) has 

been confirmed by 1H, 13C, COSY, NOESY, and NOE NMR spectroscopic techniques. After 
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a series of optimization, it was found that by changing the number of TBHP equiv from 3 to 6 

resulted in the formation of an improved yield (66%) of the product (Scheme II.3.3). This type 

of cycloalkane functionalization is in agreement with our previous work, where substituted 

coumarin undergoes cycloalkylation-peroxidation under a similar condition.[14e] This tri-

functionalization strategy was successfully extended to higher cycloalkanes such as 

cycloheptane (c), cyclooctane (d). Both the cycloalkanes coupled successfully with indene (26) 

affording tri-functionalized products (26ac) and (26ad) in moderate yields of 63% and 65% 

respectively (Scheme II.3.3).  

Scheme II.3.3. Indene tri-functionalization[a-c] 

 
[a]Reaction conditions: alkene 26 (0.5 mmol), and tert-butyl hydroperoxide (a) (3.0 mmol) at 110 C for 3 h in 

cyclohexane. [b]Isolated Yields. [c]Yield reported for 10 mmol scale (57%). 

However, when an indene (26) was treated with cyclopentane (e), the desired tri-

functionalized cyclopentylated product (26ae) was formed in trace amount which was detected 

only by HRMS analysis (Fig. II.3.2). However, a diperoxy product of indene (26aeʹ) could be 

isolated in 59% yield (Scheme II.3.3). Similar to cycloalkanes, cyclic ethers are amenable to 

form radical adjacent to an oxygen atom. Thus, when this strategy was extended to a cyclic 

ether such as THF (f), the tri-functionalized product (26af) could not be isolated due to the 

formation of a multitude of uncharacterized products but could be detected by HRMS analysis 

of the inseparable column fraction (Figure II.3.3), interestingly, a keto-peroxidation product 
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(26afʹ) was isolated in 64% yield. However, another cyclic ether dioxane (g) gave the tri-

functionalized product (26ag) in 57% isolated yield (Scheme II.3.3). 

Figure II.3.2. HRMS spectrum of inseparable column fraction. 
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Figure II.3.3. HRMS spectrum of inseparable column fraction 

Several control experiments were conducted to elucidate a plausible reaction 

mechanism for these transformations. When a typical reaction between styrene (1) and TBHP 

(a) was carried out under an identical condition, but in the presence of a radical scavenger 

2,2,6,6-tetramethylpiperidine-1-oxyl (A) (TEMPO, 1 equiv), only a trace amount of the 

product (1a) was obtained along with the formation a substantial amount of side product (1a') 

(Scheme II.3.4).  

  

 

TH-2287_146122034



Chapter II                   Differential Peroxidations 

30 

 

 

 

Scheme II.3.4. Some controlled experiments  

It seems the reaction is proceeding via a radical mechanism, that is the generation of 

tert-butoxy radical (tBuOO˙), which on reaction with styrene (1) gave the product (1a'). Similar 

di-peroxidation product (1a') is well known in the literature.[18a] The tert-butoxy radical 

(tBuOO•) cannot be trapped with TEMPO as it will result in the formation of a species having 

three consecutive oxygen which will be unstable under the reaction temperature (110 °C). The 

reaction of styrene with TBHP gives phenyl glyoxal (C), and benzaldehyde (D),[18b,c] which 

decomposed in the presence of a metal catalyst to an aroyl radical (ArCO˙) which perhaps 

couple with the styrene to give the product (1a). When p-Me styrene (2) was reacted with 

phenyl glyoxal (C) under the present reaction condition it gave two coupled keto-peroxo 

products (2aC, 65%) and (2a, 19%) (Scheme II.3.4). The product 2aC was obtained in higher 

percentage (65%) because of the coupling of aroyl radical (ArCO˙) generated by the easy 

decomposition of phenyl glyoxal (C) with p-Me styrene (2), thereby supporting the 

intermediacy of (C). Further, when p-Me styrene (2) was reacted with benzaldehyde (D) it 

again gave two keto-peroxo products (2aC, 78%) and (2a, 9%) (Scheme II.3.4). The product 

2aC was yet again obtained in higher percentage (78%) because of the coupling of aroyl 
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(ArCO˙) obtained by the CH bond cleavage of benzaldehyde (C) with p-Me styrene (2), 

thereby confirming the intermediacy of benzaldehyde (D).[18d] Phenyl glyoxal (C), on 

decomposition, gives benzaldehyde with the concurrent release of CO.[19a-c] Here, the release 

of CO from the reaction has been confirmed by spot test using PdCl2-phosphomolybdic acid 

(PMA) strip, supporting the decarbonylation path.  

The results of the above experiments and related literature reports,[18b,c] convey the 

operation of the following paths for the carbonylation-peroxidation (Scheme II.3.5), mono-

peroxidation and tri-functionalization (Scheme II.3.5). 

The Cu(I)-assisted cleavage of tert-butyl hydroperoxide (TBHP) generates tBuO˙ radical and 

Cu(II) species in the medium. The Cu(II) species on reaction with another equivalent of TBHP 

produce tBuOO• radical and Cu(I) for further reaction.[20a] This tBuOO• radical can also be 

generated by the action of TBHP and tBuO˙ radical. On the other hand, styrene (1) in the 

presence of Cu/TBHP is converted to benzaldehyde (D) via the intermediacy of phenyl glyoxal 

(C) (Scheme II.3.5).[18b-d] The PhCO• radical (E) generated from benzaldehyde (D) reacts with 

the unreacted part of styrene (a) to give a benzylic radical intermediate (F), which subsequently 

couples with tBuOO˙ radical to provide the desired product (1a). So far as mono-peroxidation 

of internal alkene, but-1-ene-1,3-diylbenzene (16) is concerned, the peroxidation is not taking 

place at the double bond, rather it is happening at the tertiary benzylic site (Scheme II.3.6). 

Here, the tBuO˙ or tBuOO˙ radical species abstract the tertiary proton of (17) to generate a 

radical intermediate (G) which is doubly benzylic as well as allylic, thus is much more stable 

than the other possible secondary benzylic radicals that may form by the direct attack of tBuOO• 

radical at the double bond. Thus, preferential peroxidation is taking place regioselectively at 

this benzylic tertiary position despite steric hindrance to giving the product (17a). The 

mechanism for the formation of tri-functionalization of indene is depicted in Scheme II.3.6. 

The in situ generated radical species tBuO˙ or tBuOO˙ as shown in (Scheme II.3.6) abstract a 

proton from the cycloalkane to generate a cycloalkyl radical species (H). The benzylic CH2 of 

the indene (26) is oxidized to CO in the presence of Cu/TBHP to give -unsaturated ketone 

(I). The cyclohexyl radical (H) attacks at the -carbon of (I) generating a benzylic radical 

(J).[20b] This has been confirmed when a 1H-inden-1-one (I) was reacted with cyclohexane and 

TBHP under the optimized reaction condition, it resulted in the exclusive formation of product 

(26ab) in an improved yield of 75% thereby suggesting its intermediacy (Scheme II.3.4). 

Finally, a radical cross-coupling between tBuOO˙ benzylic radical (J) furnish the cycloalkyl-
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peroxy product (26ab) (Scheme II.3.5). Similar peroxidation at the-and cyclohexylation at 

the -positions has been documented in the literature.[14e,20b]  

Scheme II.3.5. Plausible mechanism for various peroxidations 
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Even though both tert-butylperoxy and cyclohexyl radicals exist in the medium in this 

regioselective cycloalkylation-peroxidation process, the peroxidation is preferentially taking 

place at the benzylic position and the cycloalkylation at the C-2- position. No reverse attack is 

observed in any of the cases. To understand the origin of regioselectivity, density functional 

(DFT) studies were carried out which is depicted in Figure II.3.4.  

 

 

Figure II.3.4. Calculated energy profile diagram for the reaction with two paths considered. The relative energies 

from DFT calculations are in kcal mol-1and bond lengths in Å, done at M06/6-31g+(d,p) level of theory 

Theoretical calculations have been performed at the M06 level of theory using a 6-

31+G(d,p) basis set for the atoms present in the system as implemented in the GAUSSIAN 09 

program package. Frequency calculations have been performed on all the modelled structures 

using the same level of theory. The optimized structures for transition states, intermediates and 

the products are depicted in the energy profile diagram with some selected geometric 

parameters (Figure II.3.4). Two possible ways to proceed with the reaction have been 

investigated: the C-2-position of the indene can be attacked by an in situ generated cyclohexyl 

radical (H) which passes through a barrier height of 9.46 kcal mol-1 and forms intermediate (J). 
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Alternately, the attack of tert-butylperoxy radical at the non-benzylic position (C-2) passes 

through a barrier height of 19.91 kcal.mol-1
, forming intermediate (J′). It could be seen from 

(Figure II.3.4), the energy of activation required to proceed with tBuOO˙ is 10.45 kcal.mol-1 

higher as compared to one attacked by cyclohexyl radical (H). Intermediate (J) is more stable 

than (J′) by 12.24 kcal.mol-1. Thus, the reaction proceeding with tBuOO˙ as attacking 

nucleophile is less favourable and its possibility has been ruled out. The length of bonds (x,y) 

shown in Figure II.3.4, reveals the formation of a bond between the reactant and the incoming 

cyclohexyl radical. In the transition state, the bond length of x is of 2.48 Å indicating interaction 

with the incoming moiety. This bond (y) has shortened to a length of 1.54 Å in species (J), 

indicating the formation of a CC bond. Subsequently, the incoming radical tBuOO˙ attack at 

position C-3 of the intermediate (J), forming a stable product (26ab) with an energy release of 

-51.40 kcal.mol-1 after crossing a barrier height of 14.19 kcal mol-1. (Figure II.3.4.).[21] 

In conclusion, we have demonstrated the differential reactivity of terminal and internal 

alkenes. A carbonylation-peroxidation of vinyl arenes is achieved in the absence of any 

carbonyl source. Vinyl arenes undergo decarbonylative CC bond formation followed by a 

concurrent carbonylation-peroxidation catalyzed by Cu(I) and tert-butyl hydroperoxide 

(TBHP) but -methyl styrenes yielded aryl methyl ketones as the only product. An -

substituted unsymmetrical internal alkene such as but-1-ene-1,3-diylbenzene afforded selective 

-peroxidation at the tertiary carbon and not across the double bond under the identical reaction 

conditions which is governed by the stability of tertiary radical. An internal cyclic alkene such 

as indene provided peroxidation-carbonylation-cycloalkylation/cycloetherification by 

switching the solvent system from acetonitrile to cycloalkanes/cyclic ether. Plausible reaction 

mechanisms have been proposed for each of these transformations. Thus a variety of organic 

peroxy compounds can be generated via radical-mediated peroxidation of internal and terminal 

alkenes which may find useful applications in medicinal chemistry. 

II.4. Experimental Section 

II.4.1. General Information. All the reagents were commercial grade and purified 

according to the established procedures. Organic extracts were dried over anhydrous sodium 

sulphate. Solvents were removed in a rotary evaporator under reduced pressure. Silica gel (100-

200 mesh size) was used for the column chromatography. Reactions were monitored by TLC 
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on silica gel 60 F254 (0.25 mm). NMR spectra were recorded in CDCl3 with tetramethylsilane 

as the internal standard for 1H NMR (400 and 600 MHz) and in for 13C NMR (101 and 151 

MHz) CDCl3 as the internal standard. HRMS spectra were recorded using +ESI (TOF) mode. 

IR spectra were recorded in KBr or neat. 

II.4.2. Synthesis of Keto-Peroxidation, mono-Peroxidation and tri-

Functionalization Products  

II.4.2. General Procedure for the Synthesis of 3-(tert-Butylperoxy)-1,3-diphenylpropan-

1-one (1a) from Styrene (1) and tert-Butyl hydroperoxide (a): To an oven-dried 10.0 mL 

round bottom flask fitted with a reflux condenser was added styrene (1) (114.4 µL, 1.0 mmol), 

tert-butyl hydroperoxide (a) (600 µL, 3.0 mmol), Cu2O (14.0 mg, 0.1 mmol), and acetonitrile 

(2.0 mL). The reaction mixture was stirred in an oil bath for 2 h at 110 oC. The reaction mixture 

was cooled to room temperature, admixed with ethyl acetate (25.0 mL) and the organic layer 

was washed with water (2.0 x 10.0 mL). The organic layer was dried over anhydrous sodium 

sulfate (Na2SO4), and the solvent was evaporated under reduced pressure. The resulting crude 

product was purified over a column of silica gel (hexane / ethyl acetate, 99.5:0.5) to give pure 

3-(tert-butylperoxy)-1,3-diphenylpropan-1-one (1a) (121 mg, yield 81%). The identity and 

purity of the product were confirmed by spectroscopic analysis. 

II.4.2. General Procedure for the Synthesis of (E)-(3-(tert-Butylperoxy)but-1-ene-1,3-

diyl)dibenzene (22a) from (E)-But-1-ene-1,3-diyldibenzene (22) and tert-Butyl 

hydroperoxide (a): To an oven-dried 10.0 mL round bottom flask fitted with a reflux 

condenser was added (E)-but-1-ene-1,3-diyldibenzene (22) (104 mg, 0.5 mmol), tert-butyl 

hydroperoxide (a) (600 µL, 3.0 mmol), Cu2O (7.0 mg, 0.05 mmol), and acetonitrile (2.0 mL). 

The reaction mixture was stirred in an oil bath for 2 h at 110 oC. The reaction mixture was 

cooled to room temperature, admixed with ethyl acetate (25.0 mL) and the organic layer was 

washed with water (2.0 x 10.0 mL). The organic layer was dried over anhydrous sodium sulfate 

(Na2SO4), and the solvent was evaporated under reduced pressure. The resulting crude product 

was purified over a column of silica gel (hexane / ethyl acetate, 99.5:0.5) to give pure (E)-(3-

(tert-butylperoxy)but-1-ene-1,3-diyl)dibenzene (22a) (102 mg, yield 69%). The identity and 

purity of the product were confirmed by spectroscopic analysis. 
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II.4.2. General Procedure for the Synthesis of 3-(tert-Butylperoxy)-2-cyclohexyl-2,3-

dihydro-1H-inden-1-one (26ab) from Indene (26) and tert-Butyl hydroperoxide (a): To an 

oven-dried 10.0 mL round bottom flask fitted with a reflux condenser was added indene (26) 

(58 µL, 0.5 mmol), tert-butyl hydroperoxide (a) (600 µL, 3.0 mmol), Cu2O (7.0 mg, 0.05 

mmol), and cyclohexane (2.0 mL). The reaction mixture was stirred in an oil bath for 3 h at 

110 oC. The reaction mixture was cooled to room temperature, admixed with ethyl acetate (25.0 

mL) and the organic layer was washed with water (2.0 x 10.0 mL). The organic layer was dried 

over anhydrous sodium sulfate (Na2SO4), and the solvent was evaporated under reduced 

pressure. The resulting crude product was purified over a column of silica gel (hexane / ethyl 

acetate, 99:1.0) to give pure 2-(tert-butylperoxy)-3-cyclohexyl-2,3-dihydro-1H-inden-1-one 

(26ab) (100 mg, yield 66%). The identity and purity of the product were confirmed by 

spectroscopic analysis. 

II.4.3. Mechanistic Investigations 

II.4.3. Determine the Extrusion of CO from the Reaction: For the detection of the evolution 

of carbon monoxide (CO), a strip containing PdCl2 and PMA (phosphomolybdic acid) was 

hanged from the neck of the reaction flask (Figure II.4.3). The initial yellow colour of the strip 

before the reaction (Figure II.4.3) turned blue after 2 h of the reaction progress (Figure II.4.3). 

This colour change confirms the extrusion of CO from the reaction. 

 

 

 

 

 

 

 

 

 

 

 

Figure II.4.3 

  

PdCl2-PMA test strip 

before the reaction 

PdCl2-PMA test strip 

after the reaction 
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Carbonylation-Peroxidation of Styrene in the Presence of Radical Scavenger TEMPO: In 

an oven-dried 25.0 mL round bottom flask styrene (1) (114.4 µL, 1.0 mmol), tert-butyl 

hydroperoxide in decane (5-6 M) (a) (600 µL, 3.0 mmol), Cu2O (14.0 mg, 0.1 mmol), TEMPO 

(156 mg, 1.0 mmol) and acetonitrile (2.0 mL) each of were added. The flask was fitted to a 

condenser and the reaction mixture was stirred in a preheated oil bath at 110 oC for 2 h. The 

reaction after 2 h afforded the bis-peroxy product (1a') in 42% yield along with paltry yield 

(~8%) of the desired product (1a).  
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Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. 

D. Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian, Inc., 

Wallingford CT, 2009. 

II.6. Spectral Data 

3-(tert-Butylperoxy)-1,3-diphenylpropan-1-one (1a): 

Colourless oil, (121 mg, 81%). 1H NMR (CDCl3, 400 

MHz) δ 7.95 (d, 2H, J = 7.2 Hz), 7.55 (t, 1H, J = 7.4 Hz), 

7.47–7.42 (m, 4H), 7.35 (t, 2H, J = 7.4 Hz), 7.30 (d, 1H, 

J = 7.2 Hz), 5.60 (t, 1H, J = 6.4 Hz), 3.77 (dd, 1H, J = 

16.4, 7.2 Hz), 3.21 (dd, 1H, J = 16.0, 6.0 Hz), 1.16 (s, 9H) 

ppm. 13C NMR (CDCl3, 101 MHz) δ 197.64, 140.17, 

137.35, 133.21, 128.68, 128.54, 128.40, 128.24, 127.25, 

82.47, 80.92, 44.17, 26.49 ppm. IR (KBr, cm-1): 2979, 

1687, 1450, 1360, 1198, 751, 694; HRMS (ESI/Q-TOF) 

m/z: [M + Na]+ Calcd for C19H22NaO3 321.1461; found 

321.1466. 

3-(tert-Butylperoxy)-1,3-di-p-tolylpropan-1-one (2a): 

Yellow gummy, (100 mg, 61%). 1H NMR (CDCl3, 400 

MHz) δ 7.84 (d, 2H, J = 8.0 Hz), 7.32 (d, 2H, J = 8.0 Hz), 

7.24 (d, 2H, J = 8.0 Hz), 7.15 (d, 2H, J = 7.6 Hz), 5.55 (t, 

1H, J = 6.6 Hz), 3.76 (dd, 1H, J = 16.0, 6.8 Hz), 3.19 (dd, 

1H, J = 16.0, 6.0 Hz), 2.40 (s, 3H), 2.33 (s, 3H), 1.16 (s, 

9H) ppm. 13C NMR (CDCl3, 101 MHz) δ 197.40, 143.98, 

137.99, 137.06, 134.86, 129.34, 129.24, 128.52, 127.27, 

82.45, 80.88, 43.91, 26.50, 21.78, 21.35 ppm. IR (KBr, 

cm-1): 2977, 2928, 1684, 1606, 1512, 1362, 1271, 1195, 

1019, 810, 756; HRMS (ESI/Q-TOF) m/z: [M + Na]+ 

Calcd for C21H26NaO3 349.1774; found 349.1783. 
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3-(tert-Butylperoxy)-1,3-di-m-tolylpropan-1-one (3a): 

Gummy, (93 mg, 57%). 1H NMR (CDCl3, 400 MHz) δ 

7.75 (d, 2H, J = 7.6 Hz), 7.35–7.23 (m, 3H), 7.23 (d, 3H, 

J = 3.6 Hz,), 5.59–5.53 (m, 1H), 3.76 (dd, 1H, J = 16.3, 

7.1 Hz), 3.18 (dd, 1H, J = 16.0, 6.8 Hz), 2.40 (s, 3H), 2.35 

(s, 3H), 1.17 (s, 9H) ppm. 13C NMR (CDCl3, 101 MHz) δ 

197.89, 140.03, 138.41, 138.11, 137.33, 133.94, 129.04, 

128.92, 128.52, 128.42, 127.94, 125.61, 124.32, 82.55, 

80.94, 44.23, 26.49, 21.61, 21.47 ppm. IR (KBr, cm-1): 

2978, 2927, 1683, 1606, 1654, 1362, 1195, 783, 702; 

HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for 

C21H26NaO3 349.1774; found 349.1778. 

1,3-bis(4-(tert-Butyl)phenyl)-3-(tert-butylperoxy)propan-1-one (4a): 

Gummy, (124 mg, 65%). 1H NMR (CDCl3, 400 MHz) δ 

7.89 (d, 2H, J = 8.4 Hz), 7.46 (d, 2H, J = 8.4 Hz), 7.35 

(bs, 4H), 5.59 (t, 1H, J = 6.4 Hz), 3.77 (dd, 1H, J = 16.4, 

6.8 Hz), 3.21 (dd, 1H, J = 16.4, 10.4 Hz), 1.33 (s, 9H), 

1.30 (s, 9H), 1.18 (s, 9H) ppm. 13C NMR (CDCl3, 101 

MHz) δ 197.45, 156.91, 151.05, 137.02, 134.82, 128.35, 

126.97, 125.59, 125.46, 82.33, 80.91, 44.01, 35.24, 34.69, 

31.48, 31.23, 26.53 ppm. IR (KBr, cm-1): 2965, 1759, 

1685, 1601, 1452, 1361, 1198, 1019, 831, 752, 696; 

HRMS (ESI/Q-TOF) m/z: [M + K]+ Calcd for C27H38KO3 

449.2453; found 449.2441. 

1,3-di([1,1'-Biphenyl]-4-yl)-3-(tert-Butylperoxy)propan-1-one (5a): 

Yellow solid, (311 mg, 69%), m. p. 100104 oC. 1H NMR 

(400 MHz, CDCl3) δ 8.05 (d, J = 8.4 Hz, 2H), 7.69 (d, J 

= 8.4 Hz, 2H), 7.587.64 (m, 6H), 7.52 (d, J = 8.4 Hz, 

2H), 7.497.40 (m, 5H), 7.35 (t, J = 7.2 Hz, 1H), 5.67 (t, 

J = 6.4 Hz, 1H), 3.85 (dd, J = 16.4, 6.8 Hz, 1H), 3.29 (dd, 

J = 16.0, 6.0 Hz, 1H), 1.21 (s, 9H) ppm. 13C NMR (101 
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MHz, CDCl3) δ 197.19, 145.92, 141.17, 140.97, 139.96, 

139.15, 135.98, 129.09, 129.01, 128.87, 128.38, 127.70, 

127.43, 127.40, 127.35, 127.33, 127.26, 82.29, 81.05, 

44.12, 26.54 ppm. IR (KBr, cm-1): 2974, 2924, 1664, 

1599, 1484, 1405, 1360, 1196, 870, 760, 690. HRMS 

(ESI/Q-TOF) m/z: [M + Na]+ Calcd for C31H30NaO3 

473.2187; found 473.2192. 

3-(tert-Butylperoxy)-1,3-bis(4-(chloromethyl)phenyl)propan-1-one (6a): 

Brownish gummy, (130 mg, 66%). 1H NMR (CDCl3, 400 

MHz) δ 7.94 (d, 2H, J = 8.3 Hz), 7.47 (d, 2H, J = 8.3 Hz), 

7.40 (dd, 4H, J = 20.1, 8.2 Hz), 5.59 (t, 1H, J = 6.5 Hz), 

4.61 (s, 2H), 4.58 (s, 2H), 3.74 (dd,1H, J = 16.3, 7.1 Hz), 

3.18 (dd, 1H, J = 16.3, 5.9 Hz), 1.16 (s, 9H) ppm. 13C 

NMR (CDCl3, 101 MHz) δ 196.79, 142.63, 140.49, 

137.43, 137.09, 128.84, 128.83, 128.81, 127.58, 81.97, 

81.05, 46.08, 45.39, 44.18, 26.49 ppm. IR (KBr, cm-1): 

2982, 2881, 1691, 1362, 1267, 1196; HRMS (ESI/Q-

TOF) m/z: [M + Na]+ Calcd for C21H24Cl2NaO3 417.0995; 

found 417.0968. 

3-(tert-Butylperoxy)-1,3-bis(4-methoxyphenyl)propan-1-one (7a): 

Gummy, (215 mg, 60%). 1H NMR (400 MHz, CDCl3) δ 

7.94 (d, J = 9.2 Hz 2H), 7.35 (d, 2H, J = 8.8 Hz), 6.94–

6.86 (m, 4H), 5.52 (t, 1H, J = 6.6 Hz), 3.86 (s, 3H), 3.79 

(s, 3H), 3.75 (dd, 1H, J = 16.0, 6.4 Hz), 3.19 (dd, 1H, J = 

16.0, 6.0 Hz), 1.17 (s, 9H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 196.33, 163.61, 159.57, 132.10, 130.67, 130.46, 

128.68, 113.9, 113.8, 82.34, 80.83, 55.60, 55.36, 43.51, 

26.51 ppm. IR (KBr, cm-1): 2975, 2839, 1675, 1602, 1512, 

1255, 1174, 1030, 831, 739; HRMS (ESI/Q-TOF) m/z: 

[M + Na]+ Calcd for C21H26NaO5 381.1672; found 

381.1679. 
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1,3-bis(4-Bromophenyl)-3-(tert-butylperoxy)propan-1-one (8a): 

Gummy, (167 mg, 73%). 1H NMR (CDCl3, 400 MHz) δ 

7.88 (d, 2H, J = 8.8 Hz), 7.43 (d, 2H, J = 7.2 Hz), 7.37–

7.31 (m, 4H), 5.53 (t, 1H, J = 6.6 Hz), 3.70 (dd, 1H, J = 

16.0, 6.8 HZ), 3.12 (dd, 1H, J = 16.4, 6.0 HZ), 1.15 (s, 

9H) ppm. 13C NMR (CDCl3, 101 MHz) δ 196.10, 139.90, 

138.60, 135.50, 134.09, 129.80, 129.08, 128.79, 128.60, 

81.65, 81.10, 43.93, 26.47 ppm. IR (KBr, cm-1): 2980, 

2880, 1689, 1589, 1490, 1401, 1362, 1091, 823; HRMS 

(ESI/Q-TOF) m/z: [M + K]+ Calcd for C19H20Br2KO3 

492.9411; found 492.9418. 

3-(tert-Butylperoxy)-1,3-bis(4-chlorophenyl)propan-1-one (9a): 

Gummy, (130 mg, 71%). 1H NMR (CDCl3, 400 MHz) δ 

7.80 (d, 2H, J = 4.8 Hz), 7.59 (d, 2H, J = 8.8 Hz), 7.46 (d, 

2H, J = 8.4 Hz), 7.30 (d, 2H, J = 8.4 Hz), 5.52 (t, 1H, J = 

6.6 Hz), 3.68 (dd, 1H, J = 16.4, 7.2 Hz), 3.11 (dd, 1H, J = 

16.4, 6.0 Hz), 1.15 (s, 9H) ppm. 13C NMR (CDCl3, 101 

MHz) δ 196.20, 139.12, 135.86, 132.15, 132.05, 131.71, 

130.73, 129.87, 122.23, 81.64, 81.08, 43.85, 26.45 ppm. 

IR (KBr, cm-1): 2979, 2881, 1691, 1585, 1486, 1362, 

1195, 1071, 1009; HRMS (ESI/Q-TOF) m/z: [M + Na]+ 

Calcd for C19H20Cl2NaO3 389.0682; found 389.0678. 

3-(tert-Butylperoxy)-1,3-bis(4-fluorophenyl)propan-1-one (10a): 

Gummy, (114 mg, 68%). 1H NMR (CDCl3, 400 MHz) δ 

7.93–7.92 (m, 1H), 7.82 (d, 1H, J = 8.0 Hz ), 7.55–7.52 

(m, 1H), 7.42–7.38 (m, 3H), 7.31–7.29 (m, 2H), 5.54 (dd, 

1H, J = 7.2, 5.6 Hz), 3.69 (dd, 1H, J = 20.4, 32.0 Hz), 3.12 

(dd, 1H, J = 16.4, 5.6 Hz), 1.16 (s, 9H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 195.87, 167.23, 164.70, 163.93, 

161.48, 135.83 (d, J = 3.2 Hz), 133.68 (d, J = 3.0 Hz),  
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131.87 (d, J = 9.4 Hz), 131.03 (d, J = 9.3 Hz), 128.98 (d, 

J = 8.2 Hz), 115.94, 115.72 (d, J = 15.0 Hz), 115.36, 

81.76, 81.01, 43.93, 26.47 ppm. 19F (CDCl3, 377 MHz): δ 

-105.59–105.81 (m), 114.52–114.78 (m) ppm. IR (KBr, 

cm-1): 2979, 2932, 1724, 1687, 1600, 1509, 1411, 1364, 

1226, 1156, 834; HRMS (ESI/Q-TOF) m/z: [M + Na]+ 

Calcd for C19H20F2NaO3 357.1273; found 357.1283 

3-(tert-Butylperoxy)-1,3-bis(3-chlorophenyl)propan-1-one (11a): 

Yellow gummy, (119 mg, 65%). 1H NMR (400 MHz, 

CDCl3) δ 7.93 (t, 1H J = 1.8 Hz), 7.83–7.81 (m, 1H), 

7.55–7.52 (m, 1H), 7.42–7.38 (m, 2H), 7.31–7.27 (m, 

3H), 5.54 (t, 1H J = 6.4 Hz), 3.69 (dd, 1H, J = 19.6, 7.2 

Hz), 3.12 (dd, 1H, J = 17.6, 5.6 Hz), 1.16 (s, 9H); 13C 

NMR (CDCl3, 101 MHz) δ 195.89, 142.18, 138.59, 

135.11, 134.47, 133.33, 130.08, 129.89 , 128.53, 128.47, 

127.27, 126.46, 125.37, 81.51, 81.21, 44.10, 26.44; IR 

(KBr, cm-1): 2978, 2683, 1687, 1609, 1414, 1363, 1195, 

1017, 680; HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd 

for C19H20Cl2NaO3 389.0682; found 389.0686. 

3-(tert-Butylperoxy)-1,3-bis(3-nitrophenyl)propan-1-one (12a): 

Gummy, (225 mg, 58%). 1H NMR (400 MHz, CDCl3) δ 

8.80 (s, 1H), 8.45 (d, 1H, J = 8.0 Hz), 8.33 (s, 1H), 8.30 

(d, 1H, J = 8.0 Hz), 8.19 (d, 1H, J = 8.4 Hz), 7.80 (d, 1H, 

J = 7.6 Hz), 7.71 (t, 1H, J = 8.0 Hz), 7.57 (t, 1H, J = 8.0 

Hz), 5.69 (t, 1H, J = 6.6 Hz), 3.82 (dd, 1H, J = 16.4, 6.8 

Hz), 3.25 (dd, 1H, J = 16.8, 5.6 Hz), 1.16 (s, 9H) ppm. 13C 

NMR (101 MHz, CDCl3) δ 194.56, 142.24, 138.09, 

133.87, 133.42, 130.17, 129.66, 127.87, 123.41, 123.33, 

122.16, 81.52, 80.91, 44.00, 26.44 ppm. IR (KBr, cm-1): 

3088, 1700, 1689, 1530, 1351; HRMS (ESI/Q-TOF)  
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m/z: [M + H]+ Calcd for C19H21N2O7 389.1343; found 

389.1349. 

1-(tert-Butylperoxy)-3-oxopropane-1,3-diyl)bis(4,1-phenylene) diacetate (13a): 

Colorless solid, (273 mg, 66%), m. p. 9094 oC. 1H NMR 

(400 MHz, CDCl3) δ 7.99 (d, 2H, J = 8.4 Hz), 7.44 (d, 2H, 

J = 8.4 Hz), 7.19 (d, 2H, J = 8.4 Hz), 7.08 (d, 2H, J = 8.4 

Hz), 5.59 (t, 1H, J = 6.4 Hz), 3.73 (dd, 1H, J = 16.4, 6.2 

Hz), 3.16 (dd, 1H, J = 16.4, 6.0 Hz), 2.32 (s, 3H), 2.29 (s, 

3H), 1.16 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 

196.22, 169.59, 168.96, 154.55, 150.53, 137.72, 134.79, 

130.01, 128.30, 121.91, 121.65, 81.73, 81.07, 44.12, 

26.47, 21.29 ppm. IR (KBr, cm-1): 3439, 2924, 2853, 

1383, 1022, 742; HRMS (ESI/Q-TOF) m/z: [M + NH4]+ 

Calcd for C23H30NO7 432.2017; found 432.2027. 

Acetophenone (14a): 

Colorless liquid, (87 mg, 72%). 1H NMR (CDCl3, 400 

MHz) δ 7.95 (d, 2H, J = 8.0 Hz), 7.53 (t, 1H, J = 7.8 Hz), 

7.44 (t, 2H, J = 7.6 Hz,), 2.58 (s, 3H) ppm. 13C NMR 

(CDCl3, 101 MHz) δ 198.09, 137.13, 133.09, 128.57, 

128.29, 26.57 ppm. IR (KBr, cm-1): 3062, 1685, 1594, 

1444, 1359, 1263, 1179, 1021, 760, 690, 589; HRMS 

(ESI/Q-TOF) m/z: [M + NH4]
+ Calcd for C8H12NO 

138.0913; found 138.0921. 

1-(p-Tolyl)than-1-one (15a): 

Colorless liquid, (86 mg, 64%). 1H NMR (CDCl3, 400 

MHz) δ 7.85 (d, 2H, J = 8.2 Hz), 7.24 (d, 2H, J = 8.0 Hz), 

2.56 (s, 3H), 2.40 (s, 3H) ppm. 13C NMR (CDCl3, 101 

MHz) δ 197.82, 143.88, 134.76, 129.27, 128.46, 26.51, 

21.63 ppm. IR (KBr, cm-1): 3065, 1683, 1596, 1447, 1361, 

1263, 1179, 1021, 760, 690, 592; HRMS (ESI/Q-TOF) 
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m/z: [M + H]+ Calcd for C9H11O 135.0804; found 

135.0814. 

1-(4-Chlorophenyl)ethan-1-one (16a): 

Colorless liquid, (120 mg, 75%). 1H NMR (CDCl3, 400 

MHz) δ 7.89 (d, 2H, J = 8.5 Hz), 7.42 (d, 2H, J = 8.5 Hz), 

2.58 (s, 3H) ppm. 13C NMR (CDCl3, 101 MHz) δ 196.84, 

139.60, 135.51, 129.79, 128.94, 26.58 ppm. IR (KBr, cm-

1): 3069, 1686, 1589, 1451, 1363, 1264, 1182, 1021, 764, 

693, 595; HRMS (ESI/Q-TOF) m/z: [M + K]+ Calcd for 

C8H7ClKO 192.9817; found 192.9830. 

(E)-(1-(tert-Butylperoxy)prop-2-ene-1,1,3-triyl)tribenzene (17a): 

Yellow gummy, (133 mg, 74%). 1H NMR (CDCl3, 400 

MHz) δ 7.80 (d, 1H, J = 7.2 Hz), 7.58 (t, 1H, J = 7.4 Hz), 

7.49 (d, 1H, J = 8.0 Hz), 7.397.36 (m, 4H), 7.33–7.32 

(m 3H), 7.25 (d, 5H, J = 4.8 Hz), 6.34 (d, 1H, J = 9.6 Hz), 

5.41 (d, 1H, J = 9.6 Hz), 1.18 (s, 9H) ppm. 13C NMR 

(CDCl3, 101 MHz) δ 144.65, 141.63, 140.05, 139.45, 

132.55, 130.20, 130.11, 128.89, 128.73, 128.57, 128.42, 

128.28, 128.27, 128.03, 127.78, 127.61, 127.57, 127.45, 

83.24, 80.45, 26.59 ppm. IR (KBr, cm-1): 3059, 3028, 

2977, 2928, 1661, 1598, 1492, 1477, 1385, 1362, 1276, 

1195, 758, 697, 638; HRMS (ESI/Q-TOF) m/z: [M + H]+ 

Calcd for C25H27O2 359.2006; found 359.2015. 

(E)-(1-(tert-Butylperoxy)-3-(p-tolyl)prop-2-ene-1,1-diyl)dibenzene (18a): 

Yellow gummy, (123 mg, 66%). 1H NMR (CDCl3, 400 

MHz) δ 7.38–7.34 (m, 4H), 7.24–7.21 (m, 7H), 7.14 (d, 

3H, J = 8.0 Hz), 6.36 (d, 1H, J = 9.6 Hz), 5.37 (d, 1H, J = 

9.6 Hz), 2.34 (s, 3H), 1.17 (s, 9H) ppm. 13C NMR (CDCl3, 

101 MHz) δ 144.35, 141.69, 139.49, 137.86, 136.89, 

130.13, 129.31, 128.24, 127.72, 127.68, 127.60, 127.51, 
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127.41, 83.11, 80.44, 26.59, 21.37 ppm. IR (KBr, cm-1): 

2976, 2925, 1663, 1493, 1446, 1360, 1273, 1194, 1015, 

812, 762, 699; HRMS (ESI/Q-TOF) m/z: [M + Na]+ 

Calcd for C26H28NaO2 395.1982; found 395.1998. 

(E)-(3-(4-(tert-Butyl)phenyl)-1-(tert-butylperoxy)prop-2-ene-1,1-diyl)dibenzene (19a): 

Gummy, (116 mg, 56%). 1H NMR (600 MHz, CDCl3) δ 

7.40–7.33 (m, 5H), 7.29–7.23 (m, 9H), 6.37 (d, 1H, J = 

9.6 Hz), 5.40 (d, 1H, J = 9.6 Hz), 1.31 (s, 9H), 1.18 (s, 

9H) ppm. 13C NMR (151 MHz, CDCl3) δ 150.97, 144.31, 

141.68, 139.48, 138.38, 136.62, 130.17, 128.23, 127.79, 

127.70, 127.59, 127.48, 127.11, 125.55, 82.99, 80.52, 

34.70, 31.47, 26.58 ppm. IR (KBr, cm-1): 2979, 2923, 

1669, 1486, 1442, 1365, 1273, 1199, 1015, 818, 752, 689; 

HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ Calcd for 

C29H38NO2 432.2897; found 432.2913. 

(E)-(3-(4-Bromophenyl)-1-(tert-butylperoxy)prop-2-ene-1,1-diyl)dibenzene (20a): 

Gummy, (173 mg, 79%). 1H NMR (CDCl3, 400 MHz) δ 

7.45 (d, 3H, J = 8.4 Hz), 7.37 (d, 3H, J = 7.6 Hz), 7.26 

(bs, 2H), 7.23–7.17 (m, 6H), 6.24 (d, 1H, J = 9.6 Hz), 5.35 

(d, 1H, J = 9.5 Hz), 1.17 (s, 9H) ppm. 13C NMR (CDCl3, 

101 MHz) δ 145.23, 141.40, 139.42, 139.26, 131.69, 

129.98, 129.10, 128.38, 128.33, 127.97, 127.74, 127.61, 

126.52, 121.91, 82.64, 80.54, 26.58 ppm. IR (KBr, cm-1): 

3027, 1656, 1587, 1527, 1492, 1452, 1333, 1070, 1012, 

732, 698; HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for 

C25H25BrNaO2 459.0930; found 459.0947. 

(E)-(1-(tert-Butylperoxy)-3-(4-chlorophenyl)prop-2-ene-1,1-diyl)dibenzene (21a): 

Reddish gummy, (151 mg, 77%). 1H NMR (CDCl3, 400 

MHz) δ 7.38 (d, 3H, J = 7.2 Hz), 7.30 (d, 4H, J = 8.4 Hz), 

7.25 (bs, 3H), 7.24–7.21 (m, 4H), 6.25 (d, 1H, J = 9.6 Hz), 
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5.37 (d, 1H, J = 9.6 Hz), 1.17 (s, 9H) ppm. 13C NMR 

(CDCl3, 101 MHz) δ 145.16, 141.38, 139.24, 138.82, 

133.73, 129.97, 128.76, 128.74, 128.37, 128.32, 127.96, 

127.72, 127.60, 126.57, 82.58, 80.56, 26.56 ppm. IR 

(KBr, cm-1): 3031, 1653, 1604, 1559, 1511, 1333, 1232, 

1161, 835, 704; HRMS (ESI/Q-TOF) m/z: [M + Na]+ 

Calcd for C25H25ClNaO2 415.1435; found 415.1449. 

(3-(tert-Butylperoxy)but-1-ene-1,3-diyl)dibenzene (22a): 

Colourless oil, (102 mg, 69%). 1H NMR (600 MHz, 

CDCl3) δ 7.49 (d, 2H, J = 7.2 Hz), 7.40 (d, 2H, J = 7.2 

Hz), 7.35–7.30 (m, 4H), 7.28–7.21 (m, 2H), 6.52 (dd, 2H, 

J = 39.6, 16.2 Hz), 1.79 (s, 3H), 1.25 (s, 9H) ppm. 13C 

NMR (CDCl3, 151 MHz) δ 144.30, 137.16, 134.03, 

129.96, 128.67, 128.09, 127.68, 127.25, 126.69, 126.53, 

83.76, 79.42, 26.88, 24.70 ppm. IR (KBr, cm-1): 2988, 

2935, 1891, 1736, 1677, 1578, 1486, 1394, 1263, 1072, 

1026, 1007, 927, 913, 861, 807, 757, 735, 731, 718, 667, 

645; HRMS (ESI/Q-TOF) m/z: [M + K]+ Calcd for 

C20H24KO2 335.1408.; found 335.1416. 

(E)-4,4'-(3-(tert-Butylperoxy)but-1-ene-1,3-diyl)bis(bromobenzene) (23a): 

Yellow gummy, (161 mg, 71%). 1H NMR (CDCl3, 400 

MHz) δ 7.647.42 (m, 4H), 7.34 (d, 2H, J = 6.0 Hz), 7.25 

(d, 2H, J = 5.6 Hz), 6.43 (dd, 2H, J = 36.0, 11.2 Hz), 1.75 

(s, 3H), 1.23 (s, 9H) ppm. 13C NMR (CDCl3, 101 MHz) δ 

143.09, 135.78, 133.99, 131.80, 131.20, 129.29, 128.43, 

128.22, 121.64, 121.34, 83.39, 79.65, 26.82, 24.63 ppm. 

IR (KBr, cm-1): 2978, 2930, 1900, 1726, 1687, 1588, 

1486, 1394, 1263, 1072, 1026, 1009, 930, 909, 858, 803, 

755, 745, 739, 718, 681, 668, 644; HRMS (ESI/Q-TOF) 

m/z: [M + NH4]
+ Calcd for C20H26Br2O2 470.0325; found 

470.0337. 
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3-(tert-Butylperoxy)-2-cyclohexyl-2,3-dihydro-1H-inden-1-one (26ab): 

Yellow gummy, (98 mg, 65%). 1H NMR (CDCl3, 400 

MHz) δ 7.81 (d, 1H, J = 8.0 Hz), 7.73 (d, 1H, J = 7.6 Hz), 

7.64 (td, 1H, J = 7.6, 1.1 Hz), 7.49 (t, 1H, J = 7.4 Hz), 

5.45 (d, 1H, J = 2.4 Hz), 2.66 (dd, 1H, J = 4.4, 2.8 Hz), 

2.11–2.04 (m, 1H), 1.79–1.74 (m, 2H), 1.66 (d, 2H, J = 

7.6 Hz), 1.41 (d, 1H, J = 11.2 Hz), 1.35–1.30 (m, 2H), 

1.27 (s, 9H), 1.22 (d, 1H, J = 3.6 Hz), 1.15–1.10 (m, 2H) 

ppm. 13C NMR (CDCl3, 101 MHz) δ 205.88, 151.09, 

138.00, 134.87, 129.91, 127.84, 123.23, 82.21, 80.56, 

58.32, 38.94, 31.32, 29.23, 26.75, 26.69, 26.47, 26.35 

ppm. IR (KBr, cm-1): 2977, 1717, 1601, 1449, 1362, 1194, 

751; HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for 

C19H27O3 303.1955; found 303.1981. 

3-(tert-Butylperoxy)-2-cycloheptyl-2,3-dihydro-1H-inden-1-one (26ac): 

Gummy, (100 mg, 63%). 1H NMR (CDCl3, 400 MHz) δ 

7.84 (d, 1H, J = 8.0 Hz), 7.74 (d, 1H, J = 7.6 Hz), 7.64 (t, 

1H, J = 8.0 Hz), 7.49 (t, 1H, J = 7.6 Hz), 5.45 (d, 1H, J = 

2.4 Hz), 2.69 (t, 1H, J = 3.2 Hz), 2.33–2.27 (m, 1H), 1.80–

1.71 (m, 2H), 1.53–1.47 (m, 3H), 1.41–1.29 (m, 5H), 1.28 

(s, 9H), 1.27 (d, 2H, J = 2.8 Hz) ppm. 13C NMR (CDCl3, 

101 MHz) δ 205.67, 151.43, 138.06, 134.87, 129.84, 

127.86, 123.28, 82.36, 80.58, 59.37, 40.34, 33.31, 30.82, 

28.00, 27.76, 27.49, 27.33, 26.70 ppm. IR (KBr, cm-1): 

2924, 2858, 1602, 1460, 1362, 1254, 1021, 754; HRMS 

(ESI/Q-TOF) m/z: [M + H]+ Calcd for C20H29O3 

317.2111; found 317.2133. 

3-(tert-Butylperoxy)-2-cyclooctyl-2,3-dihydro-1H-inden-1-one (26ad):  

Red gummy, (107 mg, 65%). 1H NMR (CDCl3, 400 MHz) 

δ 7.84 (d, 1H, J = 7.6 Hz), 7.74 (d, 1H, J = 7.6 Hz), 7.64 

(t, 1H, J = 7.0 Hz), 7.48 (t, 1H, J = 7.4 Hz), 5.43 (d, 1H, 
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J = 2.8 Hz), 2.68 (t, 1H, J = 3.2 Hz), 2.452.38 (m, 1H), 

1.76–1.68 (m, 4H), 1.541.51 (m, 3H), 1.44–1.31 (m, 

5H), 1.28 (s, 9H), 1.26 (s, 2H) ppm. 13C NMR (CDCl3, 

101 MHz) δ 205.67, 151.54, 138.17, 134.84, 129.81, 

127.85, 123.26, 82.48, 80.58, 59.97, 37.84, 32.49, 30.06, 

26.72, 26.64, 26.59, 26.21, 26.19, 26.02 ppm. IR (KBr, 

cm-1): 2921, 1718, 1602, 1464, 1362, 1195, 1021, 754; 

HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for C21H31O3 

331.2268; found 331.2273. 

1,2-bis(tert-Butylperoxy)-2,3-dihydro-1H-indene (26ae'): 

Yellow gummy, (88 mg, 59%). 1H NMR (CDCl3, 400 

MHz) δ 7.48 (d, 1H, J = 7.6 Hz), 7.29 (d, 1H, J = 6.0 Hz), 

7.22 (t, 2H, J = 6.0 Hz), 5.52 (d, 1H, J = 1.6 Hz), 4.99–

4.96 (m, 1H), 3.36 (dd, 1H, J = 17.2, 6.8 Hz), 2.95 (dd, 

1H, J = 17.2, 2.4 Hz), 1.28 (s, 9H), 1.26 (s, 9H) ppm. 13C 

NMR (CDCl3, 101 MHz) δ 142.81, 138.27, 129.49, 

126.92, 126.87, 125.20, 89.61, 86.61, 80.68, 80.56, 35.85, 

26.59 ppm. IR (KBr, cm-1): 2976, 1717, 1466, 1341, 1195, 

1020, 874, 751; HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ 

Calcd for C17H30NO4 312.2169; found 312.2143. 

2-(tert-Butylperoxy)-2,3-dihydro-1H-inden-1-one (26af′): 

Brownish gummy, (67 mg, 61%). 1H NMR (CDCl3, 400 

MHz) δ 7.75 (d, 1H, J = 7.6 Hz), 7.59 (t, 1H, J = 7.6 Hz), 

7.38 (dd, 2H, J = 16.0, 8.0 Hz), 4.38 (dd, 1H, J = 7.6, 4.8 

Hz), 3.48 (dd, 1H, J = 16.8, 8.0 Hz), 2.99 (dd, 1H, J = 

16.4, 4.8 Hz), 1.34 (s, 9H) ppm. 13C NMR (CDCl3, 101 

MHz) δ 205.08, 150.80, 135.41, 134.92, 127.85, 126.63, 

124.30, 75.33, 74.26, 36.77, 28.49 ppm. IR (KBr, cm-1): 

2971, 2925, 1723, 1664, 1606, 1366, 1265, 1193, 951, 

752; HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for 

C13H17O3 221.1172; found 221.1199. 
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3-(tert-Butylperoxy)-2-(1,4-dioxan-2-yl)-2,3-dihydro-1H-inden-1-one (26ag): 

Brownish gummy, (86 mg, 56%). 1H NMR (CDCl3, 400 

MHz) δ 7.81–7.75 (m, 2H), 7.67 (t, 1H, J = 7.4 Hz), 7.50 

(t, 1H, J = 7.6 Hz), 5.80 (d, 1H, J = 2.4 Hz), 3.90–3.84 

(m, 2H), 3.73–3.59 (m, 5H), 2.73 (t, 1H, J = 2.6 Hz), 1.29 

(s, 9H) ppm. 13C NMR (CDCl3, 101 MHz) δ 202.76, 

150.94, 137.38, 135.21, 129.92, 127.42, 123.60, 80.79, 

80.30, 74.20, 69.77, 67.27, 66.54, 54.61, 26.69 ppm. IR 

(KBr, cm-1): 2975, 2858, 1722, 1604, 1461, 1362, 1286, 

1195, 1119, 876, 756, 616; HRMS (ESI/Q-TOF) m/z: [M 

+ H]+ Calcd for C17H23O5 307.1540; found 307.1563. 

3-(tert-Butylperoxy)-1-phenyl-3-(p-tolyl)propan-1-one (2aC): 

Gummy, (102 mg, 65%). 1H NMR (400 MHz, CDCl3) δ 

7.95 (d, 2H, J = 7.2 Hz), 7.56 (t, 1H, J = 7.4 Hz), 7.44 (t, 

2H, J = 7.6 Hz), 7.32 (d, 2H, J = 8.0 Hz), 7.16 (d, 2H, J = 

8.0 Hz), 5.56 (t, 1H, J = 6.6 Hz), 3.79 (dd, 1H, J = 16.4, 

7.2 Hz), 3.21 (dd, 1H, J = 16.0, 6.0 Hz), 2.33 (s, 3H), 1.16 

(s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ 197.77, 

138.02, 137.32, 136.95, 133.16, 129.24, 128.75, 128.63, 

128.37, 127.26, 82.40, 80.86, 44.05, 26.47, 26.38, 21.32 

ppm. HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for 

C20H24NaO3 335.1618; found 335.1645. 
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II.7. Spectra 

3-(tert-Butylperoxy)-1,3-diphenylpropan-1-one (1a): 1H NMR (400 MHz, CDCl3) 

 

3-(tert-Butylperoxy)-1,3-diphenylpropan-1-one (1a): 13C NMR (101 MHz, CDCl3) 
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(E)-(1-(tert-Butylperoxy)prop-2-ene-1,1,3-triyl)tribenzene (17a): 1H NMR (400 MHz, 

CDCl3) 

 

(E)-(1-(tert-Butylperoxy)prop-2-ene-1,1,3-triyl)tribenzene (17a): 13C NMR (101 MHz, 

CDCl3) 
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3-(tert-Butylperoxy)-2-cyclohexyl-2,3-dihydro-1H-inden-1-one (26ab): 1H NMR (400 

MHz, CDCl3) 

 

3-(tert-Butylperoxy)-2-cyclohexyl-2,3-dihydro-1H-inden-1-one (26ab): 13C NMR (101 

MHz, CDCl3) 
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tert-Butyl Nitrite Mediated Differential 

Functionalizations of Internal Alkenes: 

Paths to Furoxans and Nitroalkenes 

 

 

 
 

 

ABSTRACT: tert-Butyl nitrite (TBN) reacts differently with various internal alkenes leading to interesting 

and useful products. Synthesis of 1,2,5-oxadiazole-N-oxides (furoxans) has been achieved from internal 

alkenes using tert-butyl nitrite (TBN), quinoline and K2S2O8. Under an identical reaction condition α,β-

unsaturated carboxylic acids and cyclic and acyclic internal alkenes both afforded nitroalkenes as the sole 

product via decarboxylative and direct nitration path respectively. 
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CHAPTER III 

III. tert-Butyl Nitrite Mediated Differential 

Functionalizations of Internal Alkenes: Paths to Furoxans 

and Nitroalkenes 

III.1. Introduction 

Furoxan (or 1,2,5-oxadiazole 2-oxide) is a heterocycle of the isoxazole family and is an 

important scaffold in medicinal chemistry.[1] Derivatives of furoxans or furoxan N-oxides are 

of significant importance in organic synthesis, since they are an integral part of several potential 

therapeutic agents such as furoxans-praziquantel,[2a] N-acyl derivatives of furoxans,[2b] 

furoxans-phthalimide,[2c] furoxanyl-N-acylhydraxones,[2d] furoxanylacyl-salicyclic acid,[2e] 

furoxan-farnesylthiosalicylic acid,[2f] furoxans amodiaquine,[2g] furoxans-phenylsulfonyl,[2h] 4-

furoxanyl nitrone,[2i] furoxan-chalcones,[2j] furoxan-fenoterol,[2k] furoxan-oleanolic acid,[2l] 

furoxans-dibenzoyl,[2m] furoxan-ibuprofen,[2n] etc. Moreover, furoxan derivatives have drawn 

phenomenal biological and pharmaceutical interests, some of which are reported to have 

antioxidant,[3a] vasodilator,[3a] leishmanicidal,[3b] anticancer,[3c] antibacterial,[2i] antimalarial,[2l] 

antihistaminic,[3d] and anti-HIV[3e] activities. Furoxan derivatives are known to release nitric 

oxide (NO) in the presence of thiol co-factors, thus activating the soluble guanylate cyclase.[1,4] 

Consequently, many research groups pursued studies on the development of furoxan-based 

drugs.[5] Selected furoxan derivatives possessing potential pharmaceutical applications are 

shown in Figure III.1.1.[2i,3a,5c,6] However, any organic reagent such as tert-butyl nitrite 

mediated synthesis of furoxans from alkenes is still unexplored. In this regard, synthesis of 

furoxans from easily accessible and biologically demanding internal alkenes bearing an allylic 

stereogenic centre may generate potential applications as both stereogenic centres[8a] and 

furoxan moiety[8b,c] are important parts of many biologically active compounds, thus are 

expected to receive considerable interest from biological and pharmaceutical point of view.  
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Figure III.1.1. Some representative bioactive furoxans 

III.2. Strategies for tert-Butyl Nitrite (TBN) Mediated 

Functionalizations of Olefins 

Alkenes which are simple organic molecules have been widely applied in organic 

synthesis for the construction of a diverse array of complex molecules. One of the finest 

approaches to build such class of molecules in a single operation is via the direct 

functionalization of olefins. In this connection, tert-butyl nitrite (TBN) has emerged as a 

versatile reagent in organic synthesis.[9a] Therefore, it has been widely employed for different 

types of alkene functionalizations. These functionalizations can be broadly divided into two 

types viz (i) mono-functionalizations and (ii) di-functionalizations. Some of the recent 

advances in each of these categories are summarized below. 

(i) Mono-functionalizations 

In this context, Beller disclosed Fe(II)-catalyzed synthesis of oximes from vinylarenes. 

This synthesis was accomplished in the presence of tert-butyl nitrite and NaBH4 to access 

different oxime analogues in moderate to good yields (Scheme III.2.1).[9b] 

 

Scheme III.2.1. TBN-mediated oximation of alkenes 
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Prabhu et.al. reported a tert-butyl nitrite-mediated nitro-decarboxylation of cinnamic 

acids. This nitrative decarboxylation was achieved using Cu(I) as the catalyst to access a variety 

of nitrolefins (Scheme III.2.2).[9c] 

 

Scheme III.2.2. TBN mediated decarboxylative nitration involving sp2 carbon  

Maiti and co-workers reported decarboxylative nitration of ,-unsaturated carboxylic 

acids. This decarboxylative nitration that was achieved in the presence of tert-butyl nitrite and 

TEMPO leads to the formation of a wide variety of nitrolefins via a radical pathway (Scheme 

III.2.3).[9d] 

 

Scheme III.2.3. TBN mediated decarboxylative nitration involving sp2 carbon  

(ii) Di-functionalizations 

In this context, Taniguchi et al. reported the oxidative nitration of alkenes using a 

combination of tert-butyl nitrite and molecular oxygen to give -nitro alcohols and their nitrate 

derivatives (Scheme III.2.4).[9e] 

 

Scheme III.2.4. TBN mediated oxidative nitration involving sp2 carbon 

A vicinal sulfoximation of alkenes was achieved by Yu and co-workers by using sulfinic 

acid as the sulfonating agent and TBN as the NO source as well as an oxidant to access a variety of 

α-sulfonyl ketoximes (Scheme III.2.5).[9f]  

 

Scheme III.2.5. TBN-mediated sulfoximation involving sp2 carbon 

Our group reported tert-butyl nitrite mediated synthesis of 1,2,4-oxadiazole-5(4H)-ones 

from terminal alkenes. In this biradical pathway, TBN serves as a source of NO and N whereas 
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H2O serves as a carbonyl oxygen source to furnish a variety of 1,2,4-oxadiazole-5(4H)-ones 

(Scheme III.2.6).[9g]  

 

Scheme III.2.6. TBN-mediated 1,2,4-oxadiazole-5(4H)-ones synthesis involving sp2 carbon 

Recently our group has reported a tert-butyl nitrite-mediated domino synthesis of 

isoxazolines and isoxazoles from corresponding styrenes and phenylacetylenes. This Sc(OTf)3 

catalyzed strategy proceeds via a radical pathway to give isoxazolines and isoxazoles (Scheme 

III.2.7).[9h] 

 

Scheme III.2.7. TBN mediated domino synthesis of isoxazolines and isoxazoles  

However, tert-butyl nitrite-mediated di-functionalization of any internal olefin is less 

explored so far.  

 

Scheme III.2.8. Strategies for functionalization of internal alkenes using TBN 

III.3. Present Work 

Inspired by these developments on tert-butyl nitrite-mediated functionalizations 

particularly using styrenes and phenylacetylenes, we anticipated that if an internal alkene is 
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treated with TBN whether it may lead to the formation of similar isoxazoline[9i] or a completely 

different reactivity may drive the formation of some other product? Therefore, we were curious 

to investigate the reaction of various internal alkenes with TBN (Scheme III.2.8).  

Optimization of Reaction Conditions. To execute the above-envisaged strategy, our initial 

investigation started by reacting an internal alkene (1) with tert-butyl nitrite (a). Alkene (E)-1,3-

diphenyl-1-butene (1) was chosen as the model substrate as this core unit contains an allylic 

carbon stereogenic center which represents a privileged and biologically important molecular 

scaffold.[8a] Initially, alkene (1) was treated with tert-butyl nitrite (a) (2 equiv) in the presence 

of well explored FeCl3 (2.5 mol%) catalyst, and base 1,4-diazabicyclo[2.2.2]octane (DABCO) 

(1 equiv) in 1,2-dichloroethane (DCE) (1.5 mL) at 85 °C for 5 h. A new product (1a) was isolated 

in 33% yield after column chromatographic separation (entry 1, Table III.3.1). Spectroscopic 

(1H and 13C NMR) analysis of the product (1a) revealed the disappearance of both alkene 

protons at 6.40 ppm. However, the appearance of a doublet at 1.23 ppm and a multiplet at 3.27 

ppm suggests that the PhCH(CH3)- part is intact thereby confirming di-functionalization across 

the double bond of (1). Further, HRMS analysis of the product indicates the loss of two protons 

and the addition of two NO groups. Finally, the exact structure of the product was confirmed by 

X-ray crystallographic analysis of one of its derivative (8a) as shown in (Figure III.3.1). The  

 

Figure III.3.1. ORTEP molecular diagram of (8a) 

formation of this interesting furoxan skeleton fascinated us. Therefore, this reaction was further 

screened by varying various other Lewis acid catalysts. Among the catalysts screened such as 

AlCl3 (37%), Fe(OTf)3 (39%) and Sc(OTf)3 (44%) (entries 2-4, Table III.3.1), it was obsverved 

that Sc(OTf)3 provided better yield (44%). However, the use of other bivalent metal catalysts 

such as Cu(OTf)2 and Zn(OTf)2 provided the desired product (1a) in lesser yields 19% and 

17% respectively (entries 5-6, Table IV.3.1). Interestingly, the use of organic base quinolone 

(entry 9, Table III.3.1) in place of DABCO, DBU, DMAP (entries 4, 7, 8, Table III.3.1) 

provided the product (1a) in an improved yield (56%). The reaction carried out in the absence  
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Table III.3.1. Screening of reaction conditions[a-d] 

 

Entry Catalyst (mol %) Base (equiv) Solvent (mL) Additive (equiv) Yield (%)[b] 

1 FeCl3 (2.5) DABCO (1) DCE  33 

2 AlCl3 (2.5) DABCO (1) DCE  37 

3 Fe(OTf)3 (2.5) DABCO (1) DCE  39 

4 Sc(OTf)3 (2.5) DABCO (1) DCE  44 

5 Cu(OTf)2 (2.5) DABCO (1) DCE  19 

6 Zn(OTf)2 (2.5) DABCO (1) DCE  17 

7 Sc(OTf)3 (2.5) DBU (1) DCE  44 

8 Sc(OTf)3 (2.5) DMAP (1) DCE  27 

9 Sc(OTf)3 (2.5) Quinoline (1) DCE  56 

10  Quinoline (1) DCE  23 

11 Sc(OTf)3 (2.5)  DCE  39 

12 Sc(OTf)3 (2.5) Quinoline (1) DCE Oxone® (1) 59 

13 Sc(OTf)3 (2.5) Quinoline (1) DCE K2S2O8 (1) 62 

14  Quinoline (1) DCE K2S2O8 (1) 64 

15 Sc(OTf)3 (2.5)  DCE K2S2O8 (1) 29 

16 -  DCE K2S2O8 (1) 51 

17  Quinoline (1) DCE K2S2O8 (1) 64[c] 

18  Quinoline (1) DCE K2S2O8 (1) 52[d] 

19  Quinoline (1) CH3CN K2S2O8 (1) 73 

20  Quinoline (1) DMSO K2S2O8 (1) 21 

21  Quinoline (1) DMF K2S2O8 (1) 43 

22  Quinoline (1) AcOH K2S2O8 (1) 51 

23  Quinoline (1)  K2S2O8 (1) 27 

24  Quinoline (2) CH3CN K2S2O8 (1) 76 

25  Quinoline (1) CH3CN K2S2O8 (2) 60 

[a]Reaction conditions: 1 (0.50 mmol), K2S2O8 (0.50 mmol), base (0.50 mmol), tert-butylnitrite (1.0 mmol) at 85 
°C. [b]Yield after 5 h.  [c]Temperature 100 °C. [d]Temperature 70 °C. 
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of Sc(OTf)3 catalyst was detrimental to product formation (entry 10, Table III.3.1), suggesting 

the involvement of Sc(OTf)3 in facilitating the reaction. When the reaction was performed in 

the absence of base under otherwise identical conditions the yield of (1a) decreased to 39% 

(entry 11, Table III.3.1). These results suggest the active involvement of both catalyst and base 

in this reaction. To further improve the product yield, various oxidant/additive combinations 

were employed in instead of a single oxidant. It was found that the use of additive Oxone® 

along with TBN improved the product yield up to 59% (entry 12, Table III.3.1). By changing 

the additive from Oxone® to potassium persulphate (K2S2O8) the product yield improved up 

to 62% (entry 13, Table III.3.1). Surprisingly, when the reaction was carried out in the absence 

of Sc(OTf)3 catalyst, but in the presence of TBN, K2S2O8 and quinoline the yield of (1a) 

improved to 64% (entry 14, Table III.3.1). This observation suggests that the reaction is neither 

mediated by a redox process nor by a Lewis acid catalyst. However, when the reaction was 

carried out in the absence of base the product formation (1a) dropped to 29% (entry 15, Table 

III.3.1). In the presence of K2S2O8 (1 equiv) alone i.e in the absence of any catalyst and base 

the reaction gave 51% yield (entry 16, Table III.3.1). When the reaction was carried out at 100 

oC the yield remained unchanged (64%) of (1a) (entry 17, Table III.3.1) but a decrease in the 

reaction temperature to 70 oC provided reduced yield (52%) of the product (entry 18, Table 

III.3.1). Subsequently, screening of other solvents such as CH3CN, DMSO, DMF, AcOH, 

solvent CH3CN was found to give the best yield 73% (entries 19-22, Table III.3.1) under 

otherwise identical conditions. Since most of the reagents are liquid at room temperature the 

reaction was attempted under a neat condition, unfortunately, the reaction was unclean giving 

multitude of products and reducing the isolated yield to 27% (entry 23, Table III.3.1). A 

marginal improvement in the yield (76%) of the product was observed by increasing the 

quinoline amount to 2 equiv (entry 24, Table III.3.1). However, a twofold loading of K2S2O8 

was found to be counterproductive for the reaction giving only 60% yield (entry 25, Table 

III.3.1). After a series of screening, it was found that this bis-functionalization is best achieved 

using alkene (1) (0.5 mmol), TBN (2 equiv), quinoline (1 equiv), K2S2O8 (1 equiv) at 85 °C for 

5 h. 

After establishing the optimized reaction condition for furoxan (1a) formation from 

internal alkene (1) as shown in (Table III.3.1), we explored the reaction between various (E)-

1,3-diphenyl-1-butenes (1-9) with TBN (a). This reaction proceeded well with a variety of 

alkenes bearing electron-donating as well as electron-withdrawing groups in their phenyl rings. 

Phenyl rings of these alkenes possessing moderately electron-donating groups such as p-Me 
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(2) p-tBu (3), p-Ph (4), gave their corresponding products (2a, 57%), (3a, 55%), (4a, 59%), in 

moderate yields (Scheme III.3.1). Alkene substrates having moderately electron-withdrawing 

groups such as p-Cl (5), p-Br (6), p-F (7) in the phenyl rings provided their corresponding 

products (5a, 71%), (6a, 73%), (7a, 75%) in good yields as shown in (Scheme III.3.1). Alkenes 

possessing strongly electron-withdrawing group such as m-NO2 (8) also resulted in the 

formation of furoxan (8a) in good yield (79%). Internal alkene having tri-methyl (9) 

substitution in its phenyl ring reacted successfully and provided the corresponding furoxan (9a, 

51%) in a relatively lesser yield (Scheme III.3.1). The lower yield of product obtained for the 

substrate (9) is possibly due to steric hindrance caused by ortho-substitutions.  

Scheme III.3.1. Substrate scope for furoxan synthesis[a-c] 

 
[a]Reaction conditions: (1-9) (0.50 mmol), K2S2O8 (0.50 mmol), quinoline (0.50 mmol), tert butyl nitrite (1.0 

mmol) in CH3CN (1.5 mL) at 85 °C for 5 h. [b]Isolated yields. [c]Gram scale yield (64%) TBN and K2S2O8 

was added in 4 equal lots over a period of 4 h. 

In addition to these unsymmetrical benzylic internal alkenes, this method is equally 

amenable to 1,2-disubstituted symmetrical and unsymmetrical stilbenes. When trans-stilbene 

(10) was treated with TBN, it provided corresponding furoxan (10a) in 67% yield (Scheme 

III.3.2). Besides, unsymmetrical trans-stilbenes possessing moderately electron-donating p-Me 
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(11) and electron-withdrawing p-Cl (12) substituents in one of the phenyl ring reacted 

successfully providing their expected products (11a) and (12a) in 55% and 51% yields 

respectively. A heterocyclic trans-stilbene (13) also reacted successfully and provided the 

corresponding furoxan (13a) in good yield (75%). At present we are not sure about the position 

of N-oxide in trans-stilbenes as towards which phenyl ring it is oriented but based on the 

mechanism proposed in (Scheme III.3.4), the N-oxide is expected to be towards phenyl side in 

(11a), p-Cl phenyl side in (12a) and towards pyridine ring in (13a) (Scheme III.3.2). 

Scheme III.3.2. Substrate scope for furoxan synthesis from trans-stilbenes[a,b] 

 
[a]Reaction conditions: (10-13) (0.50 mmol), K2S2O8 (0.50 mmol), quinoline (0.50 mmol), tert-butyl 

nitrite (1.0 mmol) in CH3CN (1.5 mL) at 85 °C for 5 h. [b]Isolated yields.  

To demonstrate the applicability of the reaction in large scale, internal alkene (1) (5 

mmol, 1.04 g) was reacted with TBN (10 mmol) and K2S2O8 (5 mmol) the product was obtained 

in 51% yield. Interestingly, when TBN and K2S2O8 were added in four equal lots for 4 h the 

yield of the product (1a) improved up to 64% (Scheme III.3.1). To check whether the reaction 

is proceeding via a radical path, (E)-4,4'-(but-2-ene-1,3-diyl)bis(bromobenzene) (6) was 

reacted with tert-butyl nitrite (a) in the presence of an equimolar quantity of radical scavenger 

(2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO). Formation of (<2%) of the product (6a) 

(Scheme III.3.3) suggests a possible radical pathway for this transformation. 

 

Scheme III.3.3. Radical nature of furoxan synthesis 
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Based on the literature reports, intermediates detected by HRMS analysis of the reaction 

mixtures a plausible mechanism has been proposed for the furoxan formation. Initially, the 

homolytic cleavage of tert-butyl nitrite produces a NO radical and a tert-butoxy radical 

(Scheme III.3.4). The NO radical under an aerobic reaction condition gets converted to a NO2 

radical.[10] Subsequently, the NO2 radical attacks at the non-benzylic carbon of the olefin (6) to 

generate a nitroalkane benzyl radical intermediate (A) (Scheme III.3.4). The radical 

intermediate (A) then reacts with the NO• radical at its benzylic position to give a nitro-nitroso 

Scheme IV.3.4. A plausible mechanism for furoxan synthesis 

intermediate (B). Alternatively, the intermediate (A) loses a proton giving product (A´), which 

has been detected by HRMS analysis of the reaction aliquots (Figure III.3.2). This pattern of 

preferential attack of NO• at the benzylic position is consistent with our isoxazoline synthesis 

involving a terminal alkene and TBN.[9i] The intermediate (B) then undergo a CC bond 

rotation which is perhaps facilitated by the co-ordination of K+ with two of the oxygen atoms 

from NO and NO2 groups forming an intermediate (C). The nitroso intermediate (C) isomerizes 

to a bis-oxime type intermediate (D) in the presence of a base, from which furoxan (6a) is 

generated via the loss of a water molecule (Scheme III.3.4). Formation of intermediates (B) / 

(D) have been detected by HRMS analysis of the reaction mixture [Figure III.3.2] / [Figure 

III.3.3].  
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Figure III.3.2. HRMS spectrum of the reaction mixture after 15 minutes 

 

Figure III.3.3. HRMS spectrum of the reaction mixture after 30 minutes 

Further, to check whether this strategy of furoxan synthesis applies to other internal 

alkenes such as α,β-unsaturated acids or not? trans-cinnamic acid (14) was reacted with TBN 

(a) under an identical reaction condition. The reaction proceeded well and provided product 

(14a) in good yield (77%). Spectroscopic (IR, 1H and 13C NMR) analysis of the isolated product 

(14a) showed the absence of the COOH group. The HRMS analysis of the new product 
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revealed the loss of a COOH group and incorporation of a NO2 group. Here, perhaps tert-butyl 

nitrite (a) is serving as a decarboxylative nitrating agent because their corresponding ester did 

not yield any trace of the nitroalkene (nor even furoxan). To explore the generality of this 

strategy, the reaction of electron-donating such as p-Me (15), p-OMe (16) and electron-

withdrawing such as p-Cl (17), p-Br (18), and m-NO2-p-Cl (19) substituents present in the aryl 

ring of the cinnamic acids all afforded β-nitration products (15a, 79%), (16a, 81%), (17a, 85%), 

(18a, 83%) and (19a, 76%) (Scheme III.3.5) in good yields.  

Scheme III.3.5. Nitration of α,β-unsaturated carboxylic acids[a,b] 

 

[a]Reaction conditions: (14-19) (0.50 mmol), K2S2O8 (0.50 mmol), quinoline (0.50 mmol), tert-butyl 

nitrite (1.0 mmol) in CH3CN (1.5 mL) at 85 °C for 5 h. [b]Isolated yields. 

Before this report, there are reports on decarboxylative nitration using HNO3,
[11a-c] 

tBuONO in combination with CuCl[9c] and TEMPO.[9d] Few other methods such as Henry 

reaction involving nitroalkanes,[11e] and direct nitration of alkenes using AgNO2
[11f] have also 

been reported for the synthesis of nitroalkenes. Although few decarboxylative nitrations is 

reported, which have been achieved either using a metal catalyst or the use of harsh reaction 

conditions such as high temperature, highly acidic conditions or stoichiometric amounts of 

metal nitrates.[11] It may be mentioned here that the nitro-olefins are a distinguished class of 

synthetic intermediates, which have been used in the preparation of a wide variety of 

biorelevant compounds and pharmaceuticals.[12] Thus, the present metal-free decarboxylative 

nitration is an economical, safer and greener approach for the synthesis of nitroalkenes. The 

proposed mechanism for the reaction is expected to be similar to the one proposed by Prabhu 
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et.al. using TBN and CuCl[9c] and Maiti et.al. using TEMPO and TBN[9d] as shown in (Scheme 

III.3.8). 

Encouraged by the above differential reactivity of tert-butyl nitrite (TBN) with two 

classes of alkenes, one leading to furoxans and the other decarboxylative nitration giving 

nitroalkenes, this strategy was then applied to alicyclic alkenes to see the type of product it 

would result. To our delight, alicyclic alkenes such as cyclohexene (20), cyclooctene (21) and 

cyclooctadiene (22) yielded nitroalkenes under an identical reaction condition affording 

products (20a, 74%), (21a, 76%) and (22a, 73%) respectively in good yields as shown in 

(Scheme III.3.6). Surprisingly, none of the substrates (20-22) gave any trace of their furoxan 

products. Here the reaction stops at the mono-nitration stage, however, for the furoxan 

synthesis generation of avicinal nitro-nitroso intermediate is essential (Scheme III.3.4). All the 

substrates in (Scheme III.3.2) and (Scheme III.3.3) form stable benzyl radical after initial mono 

nitration (Scheme III.3.4), but in alicyclic alkenes formation of such stable benzylic radical is 

not possible as a result none of the substrates gave furoxan as their products. Nevertheless, 

formation of similar nitro alkenes have been reported using TBN in the presence of TEMPO 

but only from terminal alkenes.[9c] Acyclic trans-alkenes (-aryl styrenes) such as prop-2-ene-

1,1,3-triyltribenzene (23) and 3-(4-bromophenyl)prop-2-ene-1,1-diyl)dibenzene (24) provided 

their -nitro products (23a) and (24a) in 51% and 57% yields respectively rather than the 

expected -nitro products. 

Scheme III.3.6. Nitration of alicyclic alkenes[a,b] 

 
[a]Reaction conditions: (20-22) (0.50 mmol), K2S2O8 (0.50 mmol), quinoline (0.50 mmol), tert-

butyl nitrite (1.0 mmol) in CH3CN (1.5 mL) at 85 °C for 5 h. [b]Isolated yields. 
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Scheme III.3.7. -Nitration of -aryl styrenes[a,b] 

 
[a]Reaction conditions: (23-25) (0.50 mmol), K2S2O8 (0.50 mmol), quinoline (0.50 mmol), tert-butyl 

nitrite (1.0 mmol) in CH3CN (1.5 mL) at 85 °C for 5 h. [b]Isolated yields.  

 

Figure III.3.5. ORTEP Molecular diagram of (23a) 

The structure of the product (23a) is 3-nitro and not 2-nitro has been confirmed by X-

ray crystallographic analysis (Figure III.3.5). Similarly, the structure of (24a) is ascertained by 

NOE experiments. Interestingly, under the present reaction condition terminal alkene viz. allyl 

cyclopentane (25) afforded the isoxazoline product (25a, 59%). This result is not surprising 

since we have recently reported the formation of isoxazoline from terminal alkenes using TBN, 

quinoline in the presence of catalyst Sc(OTf)3.
[9i]  

To account for the formation of nitroalkenes from -unsaturated carboxylic acids and 

alicyclic alkenes, the following mechanism has been proposed. The carboxylic acid reacts with 

the base and forms its potassium salt (E) [Scheme III.3.8 (i)]. The NO2 radical generated via 

heterolytic cleavage of TBN and subsequent oxidation reacts with (E) to form a radical 

intermediate (F), the intermediate (F) undergoes oxidation to give intermediate (G), which 

upon decarboxylation gives (14a) [Scheme III.3.8 (i)]. An analogous mechanism has been 

proposed for the formation of nitroalkenes from alicyclic alkenes. The NO2 radical reacts with 

alicyclic alkene (20) to form a radical intermediate (H) [Scheme III.3.8 (ii)], one-electron 
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oxidation of (H) gives rise to the carbocation intermediate (I). In the presence of a base, the 

intermediate (I) loses a proton to give (20a) [Scheme III.3.8 (ii]. Mechanism for the formation 

of the unexpected 3-nitroprop-1-ene-1,1,3-triyl)tribenzene (23a) is shown in [Scheme III.3.8. 

(iii)].  

 

Scheme III.3.8. Plausible mechanism for the synthesis of nitralkenes 

In conclusion, we have demonstrated the differential reactivity of various alkenes with 

tert-butyl nitrite (TBN). Internal benzylic alkenes such as (E)-1,3-diphenyl-1-butene gave 

furoxan as the exclusive product in the presence of K2S2O8, base and TBN. While α,β-

unsaturated esters are inert to TBN but α,β-unsaturated acids under an identical condition 

undergo a rapid decarboxylation giving nitroalkenes. On the other hand, acyclic internal 

alkenes yielded nitro alkenes as the sole product, whereas terminal aliphatic alkenes gave 

isoxazolines as their product. In the furoxan formation, TBN is serving as a NO2 cum NO 

synthon and as a decarboxylative nitrating agent when the substrates are α,β-unsaturated acids.  

 

  

TH-2287_146122034



Chapter III                     Mono and Di-Functionalizations 

72 

 

III.4. Experimental Section 

III.4.1. General Information: All the reagents were commercial grade and purified 

according to the established procedures. Organic extracts were dried over anhydrous sodium 

sulphate. Solvents were removed in a rotary evaporator under reduced pressure. Silica gel (60-

120 mesh size) was used for the column chromatography. Reactions were monitored by TLC 

on silica gel 60 F254 (0.25mm). NMR spectra were recorded in CDCl3 with tetramethylsilane 

as the internal standard for 1H NMR (400 MHz and 600 MHz), hexafluorobenzene 19F NMR 

(400 MHz), CDCl3 solvent as the internal standard for 13C NMR (151 MHz). HRMS spectra 

were recorded using ESI mode. IR spectra were recorded in KBr or neat. 

III.4.2. Crystallographic Description: 

Single crystal X-ray data were collected using a Rigaku Super Nova, single source offset, 

Eos diffractometer.1 the structures were solved by direct methods and refined by full-matrix 

least-squares calculations using SHELXTL software.2,3 All the non-H atoms were refined in 

the anisotropic approximation against F2 of all reflections. The H-atoms were placed at their 

calculated positions and refined in the isotropic approximation.  

1. CrysAlispro, Oxford Diffraction Ltd., version 1, 171. 33.34d [release 27-02-2009 CrysAlis 

171. NET] 

2. SMART and SAINT, Siemens Analytical X-ray Instruements Inc., Madison, WI, 1996. 

3. G. M. Sheldrick, 2008, 64, 112-122. 

CCDC Number for Compound 8a: CCDC 1812965. This data can be obtained free of charge 

from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/datarequest/cif. 

CCDC Number for Compound 23a: CCDC 1854783. This data can be obtained free of 

charge from the Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/datarequest/cif. 

Crystallographic Description of 23a: Crystal dimension (mm): 0.27 x 0.22 x 0.18 C21H17NO2, 

Mr = 315.3720. triclinic, space group 'p -1'; a = 10.2644(3) Å, b =  10.2809(3) Å, c = 10.4984(3) 

Å; =  61.091(4),  = 61.846(4),  = 65.664(4), V = 830.42(6) Å3; Z = 2; ρcal= 1.261 g/cm3; 

(mm-1) = 0.645; F (000) = 332.0; Refinement method = Full-matrix least-squares on F2; Final 

R indices ['I > 2\s(I)'] R1 =  0.0454 , wR2 = 0.1223, goodness of fit = 1.036. 
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III.4.3. Synthesis of Furoxans and Nitrolefins 

III.4.3. General Procedure for the Synthesis of 4-Phenyl-3-(1-phenylethyl)-1,2,5-

oxadiazole 2-oxide (1a): To an oven-dried 25.0 mL round bottom flask fitted with a reflux 

condenser were added (E)-but-1-ene-1,3-diyldibenzene (104 mg, 0.5 mmol), K2S2O8 (135 mg, 

0.5 mmol), quinoline (0.059 mL, 0.5 mmol), tert-butyl nitrite (0.119 mL, 1.0 mmol) and 

acetonitrile (1.5 mL). Then the reaction mixture was stirred in an oil bath at 85 °C for 5 h. After 

the completion of the reaction excess solvent was evacuated under reduced pressure. The 

reaction mixture was admixed with ethyl acetate 20.0 mL and washed with water (2.0 x 10.0 

mL). The separated organic layer was dried over anhydrous sodium sulphate (Na2SO4), and 

evaporated under reduced pressure. The resulting crude product was purified by silica gel 

column chromatography using hexane as the eluent to give pure 4-phenyl-3-(1-phenylethyl)-

1,2,5-oxadiazole 2-oxide (1a, 98 mg, 73% yield). The identity and purity of the product were 

confirmed by spectroscopic analysis. 

III.4.3. General Procedure for the Synthesis of E-(2-Nitrovinyl)benzene (14a): To an oven-

dried 25.0 mL round bottom flask fitted with a reflux condenser were added trans-cinnamic 

acid (74 mg, 0.5 mmol), K2S2O8 (135 mg, 0.5 mmol), quinoline (0.059 mL, 0.5 mmol), tert-

butyl nitrite (0.119 mL, 1.0 mmol) and acetonitrile (1.5 mL). Then the reaction mixture was 

stirred in an oil bath at 85 °C for 5 h. After the completion of the reaction excess solvent was 

evacuated under reduced pressure. The reaction mixture was admixed with ethyl acetate 20.0 

mL washed with water (2.0 x 10.0 mL). The separated organic layer was dried over anhydrous 

sodium sulphate (Na2SO4), and evaporated under reduced pressure. The resulting crude product 

was purified by silica gel column chromatography using hexane as the eluent to give pure E-

(2-nitrovinyl)benzene (14a, 57 mg, 77% yield). The identity and purity of the product were 

confirmed by spectroscopic analysis. 

III.4.3. General Procedure for the Synthesis of 1-Nitrocyclohex-1-ene (20a): To an oven-

dried 25.0 mL round bottom flask fitted with a reflux condenser were added cyclohexene (41 

mg, 0.5 mmol), K2S2O8 (135 mg, 0.5 mmol), quinoline (0.059 mL, 0.5 mmol), tert-butyl nitrite 

(0.119 mL, 1.0 mmol) and acetonitrile (1.5 mL). Then the reaction mixture was stirred in an 

oil bath at 85 °C for 5 h. After completion of the reaction excess solvent was evacuated under 

reduced pressure. The reaction mixture was admixed with ethyl acetate 20.0 mL and water (2.0 

x10.0 mL) and the separated organic layer was dried over anhydrous sodium sulphate 
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(Na2SO4), and evaporated under reduced pressure. The resulting crude product was purified by 

silica gel column chromatography using hexane as the eluent to give pure 1-nitrocyclohex-1-

ene (20a, 47 mg, 74% yield). The identity and purity of the product were confirmed by 

spectroscopic analysis. 

III.4.4. Mechanistic Investigation: 

V.4.4 Reaction of (1) with Radical Scavenger TEMPO: To an oven-dried 25.0 mL round 

bottom flask fitted with a reflux condenser were added (E)-but-1-ene-1,3-diyldibenzene (104 

mg, 0.5 mmol), K2S2O8 (135 mg, 0.5 mmol), quinoline (0.059 mL, 0.5 mmol), TEMPO (0.078 

g, 0.5 mmol) tert-butyl nitrite (0.119 mL, 1.0 mmol) and acetonitrile (1.5 mL). Then the 

reaction mixture was stirred in an oil bath at 85 °C for 5 h.  After completion of the reaction 

desired product (1a) was isolated only in trace amount (<2%). This experiment supports the 

radical nature of the mechanism. 
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III.6. Spectral Data 

4-Phenyl-3-(1-phenylethyl)-1,2,5-oxadiazole 2-oxide (1a): 

Gummy, (97 mg, 73%). 1H NMR (CDCl3, 400 MHz): δ 

7.497.46 (m, 3H), 7.357.27 (m, 5H), 7.14 (d, 2H, J = 8.0 

Hz), 3.503.45 (m, 1H), 1.44 (d, 3H, J = 8.0 Hz) ppm. 13C 

NMR (CDCl3, 151 MHz): δ 150.13, 142.66, 141.67, 

130.52, 130.01, 129.72, 129.18, 128.83, 127.37, 127.07, 

38.99, 21.43 ppm. IR (KBr, cm-1): 3427, 2923, 2853, 1629, 

1384, 1121, 749; HRMS (ESI/Q-TOF) (m/z): calcd for 

C16H15N2O2 [M + H]+: 267.1128, found 267.1129. 

4-(p-Tolyl)-3-(1-(p-tolyl)ethyl)-1,2,5-oxadiazole 2-oxide (2a): 

Yellowish gummy, (84 mg, 57%). 1H NMR (CDCl3, 400 

MHz): δ 7.43 (d, 1H, J = 12.0 Hz), 7.28 (d, 2H, J = 8.0 

Hz), 7.187.12 (m, 3H), 7.04 (d, 2H, J = 8.0 Hz), 

3.473.43 (m, 1H), 2.43 (s, 3H), 2.33 (s, 3H), 1.40 (d, 3H, 

J = 4.0 Hz) ppm. 13C NMR (CDCl3, 151 MHz): δ 149.98, 

141.63, 140.09, 139.72, 136.99, 130.38, 129.81, 129.51, 

126.92, 126.77, 124.91, 38.65, 21.64, 21.47, 21.20 ppm. 

IR (KBr, cm-1): 3412, 2921, 2853, 1525, 1513, 1450, 1331, 
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1275, 1260, 815, 764, 749; HRMS (ESI/Q-TOF) (m/z): 

calcd for C18H18N2 KO2 [M + K]+ 333.1000, found 

333.1004. 

4-(4-(tert-Butyl)phenyl)-3-(1-(4-(tert-butyl)phenyl)ethyl)-1,2,5-oxadiazole 2-oxide. (3a): 

Gummy, (104 mg, 55%). 1H NMR (CDCl3, 600 MHz): δ 

7.48 (d, 1H, J = 12.0 Hz), 7. 43 (d, 1H, J = 12.0 Hz), 7.35 

(d, 2H, J = 6.0 Hz), 7.22 (d, 2H, J = 6.0 Hz), 7.10 (d, 2H, 

J = 12.0 Hz) 3.513.48 (m, 1H), 1.42 (d, 3H, J = 6.0 Hz), 

1.37 (s, 9H), 1.31 (s, 9H) ppm. 13C NMR (CDCl3, 151 

MHz): δ 153.02, 150.21, 150.02, 141.69, 139.56, 130.20, 

126.74, 126.02, 125.73, 38.39, 35.04, 31.50, 31.43, 21.31 

ppm. IR (KBr, cm-1): 3411, 2963, 2869, 2873, 1527, 1268, 

1110, 835, 742; HRMS (ESI/Q-TOF) (m/z): calcd for 

C24H31N2O2 [M + H]+: 379.2380, found 379.2386. 

4-([1,1'-Biphenyl]-4-yl)-3-(1-([1,1'-biphenyl]-4-yl)ethyl)-1,2,5-oxadiazole 2-oxide (4a): 

Gummy, (123 mg, 59%). 1H NMR (CDCl3, 600 MHz): δ 

7.72 (d, 2H, J = 6.0 Hz), 7.65 (d, 2H, J = 6.0 Hz), 

7.587.54 (m, 5H), 7.54 (s, 1H), 7.49 (t, 2H, J = 9.0 Hz), 

7.45 (t, 2H, J = 9.0 Hz), 7.39 (d, 2H, J = 6.0 Hz), 7.35 (t, 

2H, J = 9.0 Hz), 7.25 (s, 1H), 3.633.58 (m, 1H) 1.51 (d, 

3H, J = 6.0 Hz) ppm. 13C NMR (CDCl3, 151 MHz): 

150.00, 142.90, 141.68, 141.65, 140.73, 140.40 140.28, 

130.98, 129.12, 128.99, 128.47, 128.10, 127.92, 127.55, 

127.52, 127.40, 127.22,.38.78, 21.56 ppm. IR (KBr, cm-1): 

3437, 2924, 2854, 1634, 1525, 1378, 1333, 1265, 1014, 

737, 697; HRMS (ESI/Q-TOF) (m/z): calcd for 

C28H23N2O2 [M + H]+: 419.1754, found 419.1766. 

4-(4-Chlorophenyl)-3-(1-(4-chlorophenyl)ethyl)-1,2,5-oxadiazole 2-oxide (5a): 

Yellowish gummy, (119 mg, 71%). 1H NMR (CDCl3, 600 

MHz): δ 7.46 (t, 2H, J = 9.0 Hz), 7.30 (d, 2H, J = 12.0 Hz), 

7.20 (d, 2H, J = 6.0 Hz), 7.05 (d, 2H, J = 6.0 Hz), 
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3.433.40 (m, 1H), 1.42 (d, 3H, J = 6.0 Hz) ppm. 13C NMR 

(CDCl3, 151 MHz): δ 149.30, 141.46, 140.90, 136.42, 

133.27, 131.81, 129.37, 129.24, 128.33, 127.87, 38.50, 

21.49 ppm. IR (KBr, cm-1): 3434, 2926, 1631, 1529, 1383, 

1350, 1092, 828; HRMS (ESI/Q-TOF) (m/z): calcd for 

C16H13Cl2N2O2 [M + H]+: 335.0349, found 335.0357. 

4-(4-Bromophenyl)-3-(1-(4-bromophenyl)ethyl)-1,2,5-oxadiazole 2-oxide (6a): 

Gummy, (155 mg, 73%). 1H NMR (CDCl3, 400 MHz): δ 

7.62 (d, 2H, J = 8.0 Hz), 7.467.43 (m, 2H), 7.13 (d, 2H, 

J = 8.0 Hz), 7.00 (d, 2H, J = 8.0 Hz), 3.433.38 (m, 1H), 

1.42 (d, 3H, J = 8.0 Hz) ppm. 13C NMR (CDCl3, 151 

MHz): δ 149.31, 141.40, 141.37, 132.33, 132.21, 132.02, 

128.69, 128.30, 124.72, 121.32, 38.58, 21.46 ppm. IR 

(KBr, cm-1): 3421, 2968, 2931, 2857, 1589, 1527, 1333, 

1073, 1009, 825; HRMS (ESI/Q-TOF) (m/z): calcd for 

C16H13Br2N2O2 [M + H]+: 424.9318, found 424.9328. 

4-(4-Fluorophenyl)-3-(1-(4-fluorophenyl)ethyl)-1,2,5-oxadiazole 2-oxide (7a): 

Gummy, (113 mg, 75%). 1H NMR (CDCl3, 600 MHz): δ 

7.45 (d, 1H, J = 12.0 Hz), 7.25 (d, 1H, J = 6.0 Hz), 7.18 (t, 

2H, J = 9.0 Hz), 7.097.07 (m, 2H), 7.02 (t, 2H, J = 9.0 

Hz), 3.453.42 (m, 1H), 1.43 (d, 3H, J = 6.0 Hz) ppm. 13C 

NMR (CDCl3, 151 MHz): δ 164.48, 162.84 (d, J = 8.4 Hz), 

161.22, 149.30, 141.70, 138.23 (d, J = 3.2 Hz), 132.54 (d, 

J = 8.6 Hz) 128.51 (d, J = 8.1 Hz), 125.56 (d, J = 3.6 Hz), 

116.12 (dd, J = 21.7, 8.0 Hz), 38.38, 21.62 ppm. 19F 

(CDCl3 + Hexafluorobenzene, 400 MHz): 111.22, 116.28 

ppm. IR (KBr, cm-1): 3426, 2972, 2928, 1889, 1741, 1603, 

1510, 1378, 1231, 1161,839, 785; HRMS (ESI/Q-TOF) 

(m/z): calcd for C16H13F2N2O2 [M + H]+: 303.0940, found 

303. 0951. 
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4-(3-Nitrophenyl)-3-(1-(3-nitrophenyl)ethyl)-1,2,5-oxadiazole 2-oxide (8a): 

Solid, (141 mg, 79%), m. p. 268272 °C. 1H NMR (CDCl3, 

600 MHz): δ 8.41 (d, 1H, J = 12.0 Hz), 8.24 (s, 1H), 8.16 

(d, 1H, J = 12.0 Hz), 8.12 (s, 1H), 7.85 (d, 1H, J = 6.0 Hz), 

7.74 (t, 1H, J = 6.0 Hz), 7.65 (d, 1H, J = 6.0 Hz), 7.56 (t, 

1H, J = 6.0 Hz), 4.424.38 (m, 1H), 1.80 (d, 3H, J = 6.0 

Hz) ppm. 13C NMR (CDCl3, 151 MHz): 155.08, 140.90, 

134.12, 134.08, 133.59, 133.55, 130.88, 125.98, 123.43, 

122.31, 116.61, 39.98, 15.95 ppm. IR (KBr, cm-1): 3402, 

2923, 1599, 1530, 1350, 1025, 1002, 764, 749; HRMS 

(ESI/Q-TOF) (m/z): calcd for C16H13N4O6 [M + H]+: 

357.0830, found 357.0843. 

4-Mesityl-3-(1-mesitylethyl)-1,2,5-oxadiazole 2-oxide (9a): 

Yellowish gummy, (89 mg, 51%).  1H NMR (CDCl3, 400 

MHz): δ 7.97 (d, 1H, J = 8.0 Hz), 6.95 (s, 1H), 6.73 (s, 

1H), 6.69 (s, 1H), 3.693.65 (m, 1H), 2.37 (s, 3H), 2.29 (s, 

3H), 2.24 (s, 3H), 2.21 (s, 6H), 1.40 (d, 3H, J = 8.0 Hz), 

1.35 (s, 3H) ppm. 13C NMR (CDCl3, 151 MHz): δ 149.52, 

143.36, 139.90, 138.95, 136.90, 136.11, 128.60, 128.42, 

126.37, 33.86, 21.39, 20.82, 19.91, 18.95, 18.52 ppm. IR 

(KBr, cm-1): 3416, 2921, 2851, 1644, 1524, 1384, 1275, 

1261, 764, 749; HRMS (ESI/Q-TOF) (m/z): calcd for 

C22H25N2NaO2 [M + Na]+: 373.1886, found 373.1896. 

3,4-Diphenyl-1,2,5-oxadiazole 2-oxide (10a): 

Yellowish gummy, (80 mg, 67%). 1H NMR (CDCl3, 600 

MHz): δ 7.98 (d, 2H, J = 12.0 Hz), 7.67 (t, 1H, J = 7.6 Hz), 

7.53 (m, 4H), 7.477.43 (m, 3H) ppm. 13C NMR 

(CDCl3, 151 MHz): δ 135.10, 131.19, 130.75, 130.10, 

129.22, 129.21, 129.15, 128.88, 128.49 ppm. IR (KBr, cm-

1): 3423, 2923, 2852, 1672, 1593, 1578, 1506, 1449, 1422, 

1211, 771, 716, 693, 643; HRMS (ESI/Q-TOF) (m/z): 
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calcd for C14H11N2O2 [M + H]+: 239.0815, found 

239.0829. 

3-Phenyl-4-(p-tolyl)-1,2,5-oxadiazole 2-oxide(11a): 

Gummy, (69 mg, 55%). 1H NMR (CDCl3, 600 MHz): δ 

8.08 (d, 1H, J = 12.0 Hz), 7.91 (d, 1H, J = 6.0 Hz), 

7.547.48 (m, 4H), 7.327.30 (m, 2H), 7.25 (d, 1H, J = 6.0 

Hz), 2.53 (s, 3H) ppm. 13C NMR (CDCl3, 151 MHz): δ 

139.72, 138.51, 137.88, 137.56, 133.55, 130.44, 129.94, 

129.86, 118.17, 110.91, 29.88 ppm. IR (KBr, cm-1): 2925, 

2854, 2231, 1636, 1524, 1341, 1263, 1091, 1016, 825, 

739; HRMS (ESI/Q-TOF) (m/z): calcd for C15H116N3O2 

[M + NH4]
+: 270.1237, found 270.1250. 

4-(4-Chlorophenyl)-3-phenyl-1,2,5-oxadiazole 2-oxide (12a): 

Yellowish gummy, (70 mg, 51%). 1H NMR (CDCl3, 600 

MHz): δ 8.31 (s, 1H), 7.52(d, 1H, J = 6.0 Hz), 7.347.31 

(m, 4H), 7.17 (d, 2H, J = 12.0 Hz), 7.02 (d, 2H, J = 6.0 Hz) 

ppm. 13C NMR (CDCl3, 151 MHz): δ 148.54, 136.47, 

135.65, 133.66, 132.38, 132.24, 131.28, 131.24, 130.62,  

129.80, 129.54, 129. 26, 129.08, 129.05 ppm. IR (KBr, 

cm-1): 2924, 1636, 1593, 1430, 1320, 1091, 832, 739; 

HRMS (ESI/Q-TOF) (m/z): calcd for C14H10ClN2O2 [M + 

H]+: 273.0425, found 273.0438. 

4-Phenyl-3-(pyridin-2-yl)-1,2,5-oxadiazole 2-oxide (13a): 

Yellowish gummy, (90 mg, 75%). 1H NMR (CDCl3, 600 

MHz): δ 8.82 (d, 1H, J = 6.0 Hz), 8.20 (d, 1H, J = 6.0 Hz), 

7.94 (d, 1H, J = 12.0 Hz), 7.887.85 (m, 1H), 7.827.79 

(m, 1H), 7.58 (d, 1H, J = 12.0 Hz), 7.477.44 (m, 3H) 

ppm. 13C NMR (CDCl3, 151 MHz): δ 167.80, 162.08, 

157.31, 150.16, 149.12, 136.78, 136.01, 126.00, 125.54, 

125. 50, 125.00, 120.79, 116.56 ppm. IR (KBr, cm-1): 

2923, 1672, 1612, 1585, 1460, 1295, 938, 755; HRMS 
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(ESI/Q-TOF) (m/z): calcd for C13H13N4O2 [M + NH4]
+: 

257.1033, found 257.1160. 

(E)-(2-Nitrovinyl)benzene (14a): 

Yellow solid, (57 mg, 77%),  m. p. 5760 °C. 1H NMR 

(CDCl3, 600 MHz): δ 8.01 (d, 1H, J = 12.0 Hz), 7.59 (d, 

1H, J = 12.0 Hz), 7.56 (s, 1H), 7.54 (d, 1H, J = 6.0 Hz), 

7.50 (d, 1H, J = 6.0 Hz), 7.477.44 (m, 2H) ppm. 13C NMR 

(CDCl3, 151 MHz): δ 139.25, 137.28, 132.31, 130.23, 

129.56, 129.31 ppm. IR (KBr, cm-1): 3109, 2923, 1632, 

1577, 1513, 1449, 1344, 1262, 967, 764, 750; HRMS 

(ESI/Q-TOF) (m/z): calcd for C8H7NNaO2 [M + Na]+: 

172.0369, found 172.0382. 

(E)-1-Methyl-4-(2-nitrovinyl)benzene (15a): 

Yellow solid, (64 mg, 79%), m. p. 106109 °C. 1H NMR 

(CDCl3, 600 MHz): δ 7.98 (d, 1H, J = 12.0 Hz), 7.57 (d, 

1H, J = 18.0 Hz), 7.44 (d, 2H, J = 12.0 Hz), 7.25 (d, 2H, J 

= 6.0 Hz), 2.41 (s, 3H) ppm. 13C NMR (CDCl3, 151 MHz): 

δ 143.29, 139.37, 136.40, 132.31, 130.30, 129.36, 127.39, 

21.84 ppm. IR (KBr, cm-1): 3109, 2923, 2853, 1632, 1496, 

1341, 1265, 965, 810, 741; HRMS (ESI/Q-TOF) (m/z): 

calcd for C9H10NO2 [M + H]+: 164.0706, found 164.0712. 

(E)-1-Methoxy-4-(2-nitrovinyl)benzene (16a): 

Yellow solid, (73 mg, 81%),  m. p. 8588 °C. 1H NMR 

(CDCl3, 600 MHz): δ 7.96 (d, 1H, J = 12.0 Hz), 7.527.49 

(m, 3H), 6.95 (d, 2H, J = 12.0 Hz), 3.86 (s, 3H); 13C NMR 

(CDCl3, 151 MHz): δ 163.07, 139.22, 135.11, 131.33, 

122.63, 115.04, 55.68; IR (KBr, cm-1): 2925, 1605, 1498, 

1339, 1256, 1176, 1031, 973, 809; HRMS (ESI/Q-TOF) 

(m/z): calcd for C9H10NO3 [M + H]+: 180.0655, found 

180.0669. 
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(E)-1-Chloro-4-(2-nitrovinyl)benzene (17a): 

Yellow solid, (78 mg, 85%),  m. p. 102105 °C. 1H NMR 

(CDCl3, 600 MHz): δ 7.96 (d, 1H, J = 12.0 Hz), 7.56 (d, 

1H, J = 18.0 Hz), 7.49 (d, 2H, J = 12.0 Hz), 7.43 (d, 2H, J 

= 12.0 Hz) ppm. 13C NMR (CDCl3, 151 MHz): δ 138.49, 

137.89, 137.55, 130.44, 129.92, 128.65 ppm. IR (KBr, cm-

1): 3107, 2924, 2852, 1721, 1642, 1601, 1529, 1344, 1201, 

1048, 965, 832, 753, 677; HRMS (ESI/Q-TOF) (m/z): 

calcd for C8H6ClNNaO2 [M + Na]+: 205.9979, found 

205.9991. 

(E)-1-Bromo-4-(2-nitrovinyl)benzene (18a): 

Yellow solid, (95 mg, 83%), m. p. 151154 °C. 1H NMR 

(CDCl3, 600 MHz): δ 7.97 (dd, 1H, J1 = 12.0 Hz, J2 = 6.0 

Hz), 7.627.59 (m, 3H), 7.587.42 (m, 2H) ppm. 13C 

NMR (CDCl3, 151 MHz): δ 137.98, 137.59, 132.89, 

130.56, 129.07, 126.95 ppm. IR (KBr, cm-1): 2923, 2849, 

1633, 1517, 1341, 1073, 812; HRMS (ESI/Q-TOF) (m/z): 

calcd for C8H6BrNNaO2 [M + Na]+: 249.9474, found 

249.9478. 

(E)-1-Chloro-2-nitro-4-(2-nitrovinyl)benzene (19a): 

Yellow solid, (87 mg, 76%), m. p. 131135 °C. 1H NMR 

(CDCl3, DMSO-d6, 600 MHz): δ 8.33 (d, 1H, J = 6.0 Hz), 

8.068.00 (m, 2H), 7.917.89 (m, 1H), 7.717.68 (m, 1H) 

ppm. 13C NMR (CDCl3, 151 MHz): δ 138.49, 137.89, 

137.55, 130.44, 129.92, 130.00, 128.65 ppm. IR (KBr, cm-

1): 3103, 3039, 2924, 2852, 1734, 1633, 1591, 1518, 1404, 

1339, 1259, 1086, 970, 819, 742; HRMS (ESI/Q-TOF) 

(m/z): calcd for C8H5ClN2KO2 [M + K]+: 266.9569, found 

266.9579. 
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1-Nitrocyclohex-1-ene (20a): 

Yellow gummy, (47 mg, 74%). 1H NMR (CDCl3, 600 

MHz): δ 7.327.30 (m, 1H), 2.582.55 (m, 2H), 2.342.31 

(m, 2H), 1.791.75 (m, 2H), 1.651.61 (m, 2H) ppm. 13C 

NMR (CDCl3, 151 MHz): δ 149.89, 134.47, 24.96, 24.08, 

21.96, 20.84 ppm. IR (KBr, cm-1): 3434, 2927, 2857, 1636, 

1517, 1337, 927, 696; HRMS (ESI/Q-TOF) (m/z): calcd 

for C6H10NO2 [M + H]+: 128.0706, found 128.0714. 

1-Nitrocyclooct-1-ene (21a): 

Brownish gummy, (59 mg, 76%). 1H NMR (CDCl3, 600 

MHz): δ 7.30 (t, 1H, J = 9.0 Hz), 2.752.73 (m, 2H), 

2.342.31 (m, 4H), 1.741.69 (m, 4H), 1.511.50 (m, 2H) 

ppm.13C NMR (CDCl3, 151 MHz): δ 152.43, 136.46, 

29.19, 28.44, 26.81, 26.56, 25.81, 24.96 ppm. IR (KBr, 

cm-1): 3417, 2929, 2856, 1518, 1447, 1330, 821, 1746; 

HRMS (ESI/Q-TOF) (m/z): calcd for C8H14NO2 [M + H]+: 

156.1019, found 156.1031. 

1-Nitrocycloocta-1,5-diene (22a): 

Reddish gummy, (56 mg, 73%). 1H NMR (CDCl3, 600 

MHz): δ 7.36 (t, 1H, J = 12.0 Hz), 5.595.55 (m, 2H), 3.03 

(t, 2H, J = 12.0 Hz), 2.622.57 (m, 2H), 2.542.46 (m, 4H) 

ppm. 13C NMR (CDCl3, 151 MHz): δ 135.39, 128.85, 

127.85, 27.27, 26.89, 26.52, 25.86 ppm. IR (KBr, cm-1): 

3421, 2921, 2851, 2873, 1633, 1519, 1384, 1331 1260, 

1093, 1021, 799; HRMS (ESI/Q-TOF) (m/z): calcd for 

C8H12NO2 [M + H]+: 164.0863, found 164.0857. 

(E)-(2-Nitroprop-2-ene-1,1,3-triyl)tribenzene (23a): 

Light yellow solid, (80 mg, 51%), m. p. 118123 °C. 1H 

NMR (CDCl3, 600 MHz): δ 7.39 (bs, 6H), 7.34 (t, 3H, J = 

9.0 Hz), 7.27 (t, 2H, J = 6.0 Hz), 7.23 (d, 4H, J = 6.0 Hz), 

6.47 (d, 1H, J = 12.0 Hz), 5.14 (d, 1H, J = 12.0 Hz) ppm. 
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13C NMR (CDCl3, 151 MHz): δ 151.73, 141.50, 131.20, 

130.11, 129.08, 129.05, 128.99, 128.40, 128.34, 127.38, 

127.02, 49.29 ppm. IR (KBr, cm-1): 3438, 2925, 1741, 

1526, 1491, 1448, 1265, 1027, 696; HRMS (ESI/Q-TOF) 

(m/z): calcd for C21H18NO2 [M + H]+: 316.1332, found 

316.1352. 

(3-(4-Bromophenyl)-3-nitroprop-1-ene-1,1-diyl)dibenzene (24a): 

Brown solid, (112 mg, 57%), m. p. 152157 °C. 1H NMR 

(CDCl3, 600 MHz): δ 7.53(d, 2H, J = 12.0 Hz), 7.35(t, 4H, 

J = 6.0 Hz), 7.29 (d, 2H, J = 6.0 Hz), 7.26 (d, 2H, J = 12.0 

Hz), 7.22(d, 4H, J = 12.0 Hz), 6.48 (d, 1H, J = 6.0 Hz), 

5.16 (d, 1H, J = 12.0 Hz) ppm. 13C NMR (CDCl3, 151 

MHz): δ 150.67, 141.25, 132.29, 130.22, 129.44, 129.11, 

128.38, 128.29, 127.49, 124.49, 49.33 ppm. IR (KBr, cm-

1): 3128, 1523, 1400, 1071, 829, 751, 701; HRMS (ESI/Q-

TOF) (m/z): calcd for C21H17BrNO2 [M + H]+: 394.0437, 

found 394.0452. 

2-Cyclopentyl-1-(5-(cyclopentylmethyl)-4,5-dihydroisoxazol-3-yl)ethan-1-one (25a): 

Gummy, (78 mg, 59%). 1H NMR (CDCl3, 600 MHz): δ 

4.804.75 (m, 1H), 3.17 (dd, 1H, J = 18.0 Hz, 12.0 Hz), 

2.90 (d, 2H, J = 6.0 Hz ), 2.75 (dd, 1H, J1 = 18.0,  6 0 Hz) 

2.322.28 (m, 1H), 1.941.87 (m, 1H), 1.851.80 (m, 4H), 

1.641.62 (m, 3H), 1.571.53 (m, 7H), 1.161.13 (m, 4H) 

ppm. 13C NMR (CDCl3, 151 MHz): δ 196.21, 158.27, 

84.34, 45.35, 41.58, 37.58, 37.02, 36.10, 32.96, 32.84, 

32.72, 32.70, 25.15, 25.09 ppm. IR (KBr, cm-1): 3416, 

2952, 2867, 1685, 1629, 1572, 1384, 1201, 933, 764, 750; 

HRMS (ESI/Q-TOF) (m/z): calcd for C16H26NO2 [M + 

H]+: 264.1958, found 264.1970. 
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III.7. Spectra 

4-Phenyl-3-(1-phenylethyl)-1,2,5-oxadiazole 2-oxide (1a): 1H NMR (CDCl3, 400 MHz) 

 

4-Phenyl-3-(1-phenylethyl)-1,2,5-oxadiazole 2-oxide (1a): 13C NMR (CDCl3, 151 MHz) 
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(E)-(2-Nitrovinyl)benzene (14a): 1H NMR (CDCl3, 600 MHz) 

 

(E)-(2-Nitrovinyl)benzene (14a): 13C NMR (CDCl3, 151 MHz) 
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(2-Nitroprop-2-ene-1,1,3-triyl)tribenzene (23a): 1H NMR (CDCl3, 600 MHz) 

 

(2-Nitroprop-2-ene-1,1,3-triyl)tribenzene (23a): 13C NMR (CDCl3, 151 MHz) 
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tert-Butyl Nitrite Mediated Nitro-

Nitratosation of Internal Alkenes 

 

 

 
 

 

ABSTRACT: In an oxygen atmosphere tert-butyl nitrite (TBN) reacts with unsymmetrical internal 

benzylic alkenes giving nitro-nitratosation product exclusively. The -diaryl substituted styrenes provided 

better yields compared to -alkyl-aryl substituted styrenes. The higher yields for the former type of 

substrates is possible dictated by the additional stability of benzylic radical due to the anchimeric 

assistantance imparted by the -substituted phenyl ring. During oxidative nitration, the nitro (NO2) group 

adds at the non-benzylic site, whereas the nitrato group (ONO2) is attached at the relatively stable 

benzylic position. Under an identical reaction condition, α,β-unsaturated carboxylic acids, afforded 

nitroalkenes as the sole product. 
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CHAPTER IV 

IV. tert-Butyl Nitrite Mediated Nitro-Nitratosation of 

Internal Alkenes 

IV.1. Introduction 

The metal-free reagent, tert-butyl nitrite (TBN) is emerging as a multi-tasking reagent 

in various synthetic applications because of its easy availability, easy handling, low cost, and 

stability.[1] Thermolysis of TBN provides NO and tBuO radicals. The former can directly 

participate in a reaction, whereas both these radicals can initiate several reactions. Due to the 

intrinsic ability of TBN to activate molecular oxygen it captures dioxygen generating a NO2 

radical, which prompts nitration and many other oxidation processes. Interestingly, the NO 

radical is a good acceptor of transient radicals thus serving as an efficient radical trapper and 

source of N and N-O synthons.[1] 

IV.2. Strategies for tert-Butyl Nitrite (TBN) Mediated 

Functionalizations of Alkenes 

tert-Butyl nitrite reacts differently with alkenes depending upon the presence of other 

additives present in the reaction system. Therefore, it has been widely employed for different 

types of alkene functionalizations. In this context, Beller group reported Fe(II)-catalyzed 

synthesis of oximes from vinylarenes. This synthesis was accomplished in the presence of tert-

butyl nitrite and NaBH4 to access different oxime analogues in moderate to good yields 

(Scheme IV.2.1).[2]  

 

Scheme IV.2.1. TBN-mediated oximation of alkenes 

Taniguchi et al. reported the synthesis of -nitro alcohols along with nitrated products 

by treating vinylarenes with TBN. This synthesis was achieved under the oxygen atmosphere, 

where -nitro alcohols were obtained as the main product and oxidative nitration product as a 

minor one (Scheme IV.2.2).[3]  
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Scheme IV.2.2. TBN-mediated oxidative nitration of alkenes 

Wan group developed a Cu (II)-catalyzed synthesis of isoxazolines. These isoxazolines 

were constructed in the presence of TBN as a NO-synthon, DABCO as base and diazoacetate 

as a carbene progenitor. In this process, styrene serves as a dienophile and undergo [3+2] 

cycloaddition with nitrile oxide intermediate to furnish the desired isoxazolines (Scheme 

IV.2.3).[4] Following the analogous [3+2] cycloaddition strategy our group obtained 

symmetrical isoxazolines from styrenes in the presence of TBN as NO, NO2- synthon, Sc(OTf)3 

as a catalyst and quinoline as a base.[5] 

 

Scheme IV.2.3. TBN-mediated oximation of alkenes  

Later on, our group reported a Cu-catalyzed imidazo[1,2-a]quinolines synthesis. In this 

process, quinoline takes part along with styrene and TBN providing imidazo[1,2-a]quinolones 

via a three-component process. Here, TBN serves the dual role of an N1 synthon as well as an 

oxidant (Scheme IV.2.4).[6]  

 

Scheme IV.2.4. TBN-mediated di-functionalization of alkenes  

Recently our group reported tert-butyl nitrite mediated synthesis of 1,2,4-oxadiazole-

5(4H)-ones from terminal alkenes. In this biradical pathway, TBN serves as a source of NO 

and N whereas H2O serves as carbonyl oxygen source (Scheme IV.2.5).[7] 

 

Scheme IV.2.5. TBN-mediated 1,2,4-oxadiazole-5(4H)-ones synthesis involving sp2 carbon 
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A base-mediated bi-functionalization of alkenes for the synthesis of α-sulfonylethanone 

oximes was developed in water by Wang and co-workers. In this process, sulfonyl hydrazide 

as sulfonyl radical and TBN as the NO source adds across styrene double bond to give a bi-

functionalized product -sulfonylethanone oximes, which is mediated by a base (Scheme 

IV.2.6).[8] Similarly,-sulfonylethanone oxime is obtained from styrene, where TOsMIC acts 

as the sulfonyl source and TBN as the NO source as well as an oxidant.[9]  

 

Scheme IV.2.6. TBN-mediated α-sulfonylethanone oxime synthesis involving sp2 carbon 

A vicinal sulfoximation of alkenes was achieved by Yu and co-workers by using sulfinic 

acid as the sulfonating agent and TBN as the NO source as well as an oxidant to access a variety of 

α-sulfonyl ketoximes (Scheme IV.2.7).[10]  

 

Scheme IV.2.7. TBN-mediated sulfoximation involving sp2 carbon 

From the above literature reports, it is evident that TBN reacts with styrenes in many 

ways depending on the reaction conditions and other additives present. On the other hand, 

internal benzylic and non-benzylic alkenes also react differently with TBN. An interesting 

synthesis of furoxan is accomplished from benzylic internal alkene using TBN, quinoline and 

K2S2O8 (Scheme IV.2.8). Under a similar condition -unsaturated carboxylic acids and 

cyclic internal alkene afforded nitroalkenes (Scheme IV.2.8).[11] 

 

Scheme IV.2.8. TBN-mediated functionalizations of internal alkenes  

During the formation of isoxazoline,[4,5] imidazo[1,2-a]quinolines,[6] and 1,2,4-

oxadiazole-5(4H)-ones[7] from styrenes and TBN, the in situ generated NO2 radical attacks at 

the -carbon while the NO radical attacks at the -carbon even though both the radicals co-
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exist in the medium. From the computational calculation, it was found that the attack of NO2 

radical at the terminal carbon that is at the -carbon is stabilised by around 6 kcal/mole than 

the attack by NO radical at the same site.[7] During the furoxan formation from internal alkenes 

viz. (E)-1,3-diphenyl-1-butenes, the NO2 radical again attacks at the -carbon while the NO radical 

at the benzylic position (i.e -carbon) leading to the formation of furoxan (Scheme IV.2.8).[11] 

However, in an analogous internal alkene viz. prop-2-ene-1,1,3-triyltriaryl system gave 

exclusively a mono nitro product where the nitro group is at the benzylic position -carbon) 

(Scheme IV.2.8). Surprisingly, compared to all other previous results[5-7] this is an unusual 

attacking position for the nitro group as it always prefers to attack at the -position (Scheme 

IV.2.1,2,5,8).[2, 7,11]  

 

Scheme IV.2.8. Nitro-nitratosation of internal alkenes 

IV.3. Present Work 

Inspired by these developments on tert-butyl nitrite-mediated functionalizations 

particularly formation of -nitro alcohols and their nitrate derivatives, where the exclusive 

attack of the NO2 group is at the terminal carbon of the styrene (Scheme IV.2.2),[3] we 

anticipated that instead of a terminal if an internal alkene such as -diaryl substituted or -alkyl-

aryl-substituted styrene is treated with TBN under an oxygen atmosphere will they react 

similarly or behave differently giving different products? Further, if mono-nitration takes place 

will it be at the  or the -position of the internal benzylic alkenes? Therefore, we were curious 

to investigate the reaction of various internal alkenes with TBN in an oxygen atmosphere 

(Scheme IV.2.8).  

Optimization of Reaction Conditions. To implement the above-envisaged strategy, our initial 

investigation started by reacting -diaryl substituted internal alkene (1) with tert-butyl nitrite 

(a). Initially, alkene (1) was treated with tert-butyl nitrite (a) (2 equiv) in chlorobenzene (2.0 

mL) at room temperature for 24 h in an air atmosphere. A new product (1a) was isolated in 
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39% yield after column chromatographic separation (entry 1, Table IV.3.1). Spectroscopic (IR, 

1H and 13C NMR) analysis of the product (1a) revealed the disappearance of both alkene 

protons at 6.60 ppm and 6.40 ppm. However, the appearance of two doublets one at 5.87 ppm 

and another at 4.88 ppm along with a multiplet at 5.69 ppm suggests that the PhCH(Ph)- part 

is intact thereby confirming di-functionalization across the double bond of (1). Further, HRMS 

analysis of the product indicates the loss of two protons and the addition of NO2 and ONO2 

groups. Eventually, the exact structure of the product was confirmed by X-ray crystallographic 

analysis of one of its derivative (10a) as shown in Figure IV.3.1. Fascinated by the formation  

 

Figure IV.3.1. ORTEP molecular diagram of (10a) 

of this oxidative nitration product (1a), this reaction was further screened by varying various 

other solvents. Among the solvents screened such as CH3CN, DCE, DMSO, DMF, MeOH and 

THF (entries 2-6, Table IV.3.1) the polar aprotic solvent CH3CN (entry 2, Table IV.3.1) was 

found to give the best yield of (1a) in 48% under otherwise identical condition. Gratifyingly, 

when the same reaction was performed in an oxygen atmosphere, the product (1a) was obtained 

in an improved yield of 65% (entry 7, Table IV.3.1). To see if the use of a metal catalyst can 

help improve the yield, various metal catalysts such as Cu(OAc)2, CuCl2, Cu(acac)2, CuO, Cu2O, 

FeCl3 were employed but none provided any improved yield of the product (1a) compared to 

the uncatalyzed reaction (entries 8-14, Table IV.3.1). Interestingly, when the reaction was 

performed at 0 °C under otherwise identical reaction conditions provided the desired product 

(1a) in an improved yield of 74% (entry 15, Table IV.3.1). On the other hand, when the reaction 

was performed at 50 °C, the yield of (1a) dropped drastically to 11%, possibly due to 

competitive side reactions among various radicals (entry 16, Table IV.3.1).  
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Table IV.3.1. Screening of reaction conditions[a-c] 

 

Entry Catalyst  

(10 mol %) 

Solvent 

(mL) 

Temperature 

(oC) 

Yield 

(%)[b] 
1  

PhCl rt 39 
2  

CH3CN rt 48 
3  

DCE rt 23 
4  

DMSO rt 38 
5  

DMF rt 14 
6  

MeOH rt 18 
7  

CH3CN rt 65[c] 
8 Cu(OAc)2 CH3CN rt 27[c] 
9 CuCl2 CH3CN rt 23[c] 

10 Cu(acac)2 CH3CN rt 24[c] 
11 CuO CH3CN rt 22[c] 
12 Cu(OTf)2 CH3CN rt 45[c] 
13 Cu2O CH3CN rt 34[c] 
14 FeCl3 CH3CN rt 11[c] 
15  CH3CN 0 74[c] 
16  CH3CN 50 11[c] 

[a]Reaction conditions: 1 (0.5 mmol), tert-butyl nitrite (1.0 mmol) solvent (2.0 mL). [b]Yield after 24 h. [c] In the 

presence of O2 (balloon).  

After a series of screening experiments, it was found that this bis-functionalization is 

best achieved using alkene (1) (0.5 mmol), TBN (2 equiv) at 0 °C for 24 h.After establishing 

the optimized reaction condition for this oxidative nitration as shown in (Table IV.3.1), we 

explored the reaction of various (E)-prop-2-ene-1,1,3-triyltribenzenes (1-20) with TBN (a). 

This reaction proceeds well with a variety of internal alkenes (1-20) bearing electron-donating 

as well as electron-withdrawing groups in their phenyl ring attached directly to the double 

bond. Phenyl rings of these internal benzylic alkenes possessing moderately electron-donating 

groups such as p-Me (2), m-Me (3), p-tBu (4), p-Ph (5), p-CH2Cl (6) gave their corresponding 

oxidative nitration products (2a, 67%), (3a, 65%), (4a, 62%), (5a, 66%), (6a, 64%) in moderate 

yields (Scheme IV.3.1). Internal benzylic alkenes bearing moderately electron-withdrawing 

groups such as p-Cl (7), m-Cl (8), p-Br (9) and p-F (10) in their phenyl rings, provided their 

corresponding products (7a, 75%), (8a, 73%), (9a, 76%) and (10, 77%), in good yields as 

shown in (Scheme IV.3.1). Alkene possessing strongly electron-withdrawing group such as m-

NO2 (11) also underwent oxidative nitration and provided the corresponding product (11a) in 

good yield (71%). As can be seen from the pattern in the yield obtained, phenyl ring possessing 
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moderately electron-withdrawing groups provided better yields than substrates having 

electron-donating groups. This yield trend is not pronounced for a substrate having strongly 

electron-withdrawing groups such as nitro suggesting some additional factors may be 

responsible for it. Alkene having a polycyclic ring such as 2-naphthyl (12) at the double also 

delivered the desired oxidative nitration product (12a) in moderate yield (Scheme IV.3.1). In 

addition to simple phenyl rings at the -position (1-12) substituted phenyl rings (13-16) all 

reacted efficiently. -Phenyl rings having electron-donating p-Me (13), p-Et (14) as well as 

electron-withdrawing p-Cl (15), p-F (16) all reacted successfully and provided their 

corresponding oxidative nitration products (13a, 73%), (14a, 75%) and (15a, 77%), (16a, 79%) 

in good yield (Scheme IV.3.1). An alkene (17) where both the -phenyl rings are locked 

through the C(CH3)2 unit also reacted successfully and provided the expected product (17a) in 

a good yield of (74%). As can be seen from Scheme IV.3.1, -diaryl substituted styrene (1) 

provided the better yield of the product compared to -alkyl-aryl-substituted styrene (18) even 

though the benzylic radical formed is away. The higher yield of the product (1a) obtained for 

the substrate (1) may be due to additional stability of the benzylic radical imparted by the -

phenyl ring through anchimeric assistance. However, such over assistance is missing for 

substrate (18). 
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Scheme IV.3.1. Substrate scope for nitro-nitratosation,[a-c] 

 
[a]Reaction conditions: 120 (0.50 mmol), tert-butyl nitrite (1.0 mmol) in CH3CN (2.0 mL) at 0 oC for 24 h. 

[b]Isolated yields. [c]Gram scale yield (64%). 

To check whether the reaction is proceeding via a radical path, alkene (1) was reacted 

with tert-butyl nitrite (a) in the presence of an equimolar quantity of radical scavenger (2,2,6,6-

tetramethylpiperidin-1-yl)oxidanyl (TEMPO). Formation of (<8%) of the product (1a), 

suggests a possible radical pathway. To ascertain, whether molecular oxygen is involved in the 

product formation or not, a reaction was performed under an atmosphere of nitrogen keeping 
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all other parameters identical. The nitrogen atmosphere reaction provided the desired product 

(1a) in <5%, thereby suggesting the involvement of molecular oxygen in the product formation.  

Taking cues from the above reactions and based on the literature reports,[12] a plausible 

mechanism has been proposed for this nitro-nitratosation. Initially, tert-butyl nitrite reacts with 

molecular oxygen to generate NO2 radical via peroxynitrite radical (ONOO•) intermediate 

(Scheme IV.3.2, path-I).[12] Alternatively, the nitro radical can also be obtained by the reaction 

of TBN with water generating HNO2, decomposition of which would give NO2 radical 

(Scheme IV.3.2, path-II).[3,12d-f] The NO2 radical so generated then attacks at the non-benzylic 

carbon of the internal alkene (1) to form a nitroalkane benzyl radical intermediate (A) (Scheme 

IV.3.2). The benzylic radical intermediate (A) then reacts with the molecular O2 to generate a 

 

Scheme IV.3.2. A plausible mechanism for nitro-nitratosation 

peroxy-radical intermediate (B). The intermediate (B) reacts further with TBN (a) to give 

intermediate (C) via the transfer of NO radical. The OO bond cleavage of intermediate (C) 

generates an oxy-radical intermediate (D) via the loss of a NO2 radical (Scheme IV.3.2). The 

intermediate (D) reacts with NO2 radical where the electron is localized at the N-atom to give 

the product (1a) (Scheme IV.3.2). This proposed mechanism is well supported by DFT 

calculations as shown in Figure IV.3.2. 

Based on experimental results, we have considered a credible mechanistic design which 

has been studied using density functional theory (DFT) to verify our findings. This plausible 
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mechanistic approach is depicted in Figure IV.3.2. All DFT calculations have been been 

accomplished using 6-31+G(d,p) basis set for the atoms present in the system at M06[13a] level  

 

Figure IV.3.2. Calculated energy profile diagram for the nitro-nitratosation reaction. The 

relative energies from DFT calculations are in kcal mol-1 at M06/6-31g+(d,p) level of theory. 

The relative energies are shown in blue colour, activation barrier in italic bold and stabilization 

energy in normal font are given in kcal mol-1. 

of theory. GAUSSIAN 09 program package has been utilized to perform the calculation.[13b,c] 

Frequency calculations have been done on all modelled structures with the same level of theory. 

The reaction coordinates of all the species involved {i.e. reactants, intermediates, transition 

states (TSs) and products} along with the energy values are shown in Figure IV.3.3. The 

optimized geometries of the various structures involved in the reaction, as well as selected bond 

lengths, are also shown in Figure IV.3.3. The reaction starts with the attack of NO2 radical at  
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Figure IV.3.3. Optimized geometries of all species involved in the reaction along with selected 

bond lengths (in Å) at M06/6-31+G(d,p) level of theory 

the internal CC thereby generating another free radical (A) at the benzylic position; which is 

stabilized by releasing energy of 11.19 kcal mol-1 and formed by crossing a barrier height of 

0.27 kcal mol-1. The intermediate benzylic radical attack molecular oxygen forming a peroxy 

radical intermediate (B) involving a barrier of 0.83 kcal mol-1 and releasing 17.54 kcal mol-1 of 

energy. At this stage, the NO radical generated from TBN attacks the intermediate (B) forming 
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an intermediate (C) in which the transition state is associated with a barrier of 1.28 kcal mol-1 

and releases energy of 26.83 kcal mol-1. The radical intermediate (D) readily gets attached to 

the N-site of the NO2 radical and the process is stabilized by releasing 39.70 kcal.mol-1 of 

energy and formed by crossing height of 1.13 kcal mol-1. In the case of intermediate (C), the 

NO2 is linked to the O-atom of the benzylic position with O-site of NO2; whereas, in the final 

product (1a) the NO2 group is attached through its N-site. Further, from the energy profile 

diagram, we could see that the final product (1a) is energetically more favourable as compared 

to intermediate (C) by 38.57 kcal mol-1 of energy. The overall reaction is found to be 

exothermic in nature. Thus, the theoretical findings are in good agreement with the proposed 

mechanism. 

Further, to check whether this nitro-nitratosation strategy applies to other internal 

alkenes such as α,β-unsaturated acids or not? trans-cinnamic acid (21) was reacted with TBN 

(a) at 100 oC otherwise under identical reaction conditions. The reaction proceeded well and 

provided a new product (21a) (Scheme IV.3.3). Spectroscopic (IR, 1H and 13C NMR) analysis 

of the isolated product (21a) showed the absence of the COOH group. The HRMS analysis of 

the new product revealed the loss of a COOH group and incorporation of a NO2 group. The 

reaction of the corresponding ester (ethyl cinnamate) with TBN did not yield any trace of the 

nitroalkene nor any oxidative nitration product. Thus the tert-butyl nitrite (a) is serving as a 

decarboxylative nitrating agent. Before this report, there are reports on decarboxylative 

nitration of trans-cinnamic acid using HNO3
[14a-c] tBuONO in combination with CuCl,[14d] 

TEMPO,[14e] and K2S2O8.
[11] These decarboxylations have been achieved either by using a 

metal catalyst or the use of harsh reaction conditions such as high temperature, highly acidic 

conditions stoichiometric amounts of metal nitrates or stoichiometric amounts of additives.[14] 

Compared to all the methods reported our present method is the mildest as it is achieved in the 

absence of any other additives. 
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Scheme IV.3.3. Nitration of α,β-unsaturated carboxylic acids,[a-b] 

 
[a]

Reaction conditions: 2129 (0.50 mmol), tert-butyl nitrite (1.0 mmol) in CH3CN (2.0 mL) at 100 oC for 24 h. 
[b]

Isolated yields. 

To explore the generality of this strategy, the reaction of trans-cinnamic acid having 

moderately electron-donating such as p-Me (22) and strongly electron-donating group such as 

p-OMe (23) both provided their corresponding products (22a, 64%), (23a, 61%), in moderate 

yields. The moderately electron-withdrawing groups such as p-Cl (24), p-Br (25), p-F (26) and 

strongly electron-withdrawing such as p-Cl-m-NO2 (27) cinnamic acids all reacted successfully 

and delivered their corresponding nitroalkenes (24a, 70%), (25a, 72%), (26a, 74%), (27a, 

76%), in good yields. This strategy is equally successful even for a sterically crowded (28), 

and multinuclear (29) alkene carboxylic acids both provided their corresponding products (28a, 

59%) and (29a, 57%) in moderate yields (Scheme IV.3.3). 

To account for the formation of nitroalkenes from -unsaturated carboxylic acids, the 

following mechanism has been proposed which is similar to previously proposed one. The 

trans-cinnamic acid reacts with tBuO radical and forms a nitro benzylic intermediate (E), which 

upon decarboxylation gives nitroalkene (21a) ((Scheme IV.3.4).[14e] 
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Scheme IV.3.4. A plausible mechanism for decarboxylative nitration 

In conclusion, we have demonstrated the differential reactivity of TBN with internal 

benzylic alkenes in an oxygen atmosphere, which provided nitro-nitrosation products. This 

result is in contrast to the furoxan formation for the same substrate with TBN but in the 

presence of K2S2O8. The -diaryl substituted styrenes provided better yields compared to -

alkyl-aryl-substituted styrenes possible due to anchimeric assistance imparted by the -phenyl 

ring. While α,β-unsaturated esters are inert to TBN, α,β-unsaturated acids provided 

corresponding nitroalkenes via decarboxylation. Even though other radical species co-exist in 

the medium the nitro radical attacks exclusively at the -carbon in internal benzylic alkenes. A 

plausible mechanism has been proposed which is supported by DFT calculation. 

IV.4. Experimental Section 

IV.4.1. General Information:. All the reagents were commercial grade and purified according 

to the established procedures. Organic extracts were dried over anhydrous sodium sulphate. 

Solvents were removed in a rotary evaporator under reduced pressure. Silica gel (100-200 mesh 

size) was used for the column chromatography. Reactions were monitored by TLC on silica 

gel 60 F254 (0.25 mm). NMR spectra were recorded in CDCl3 with tetramethylsilane as the 

internal standard for 1H NMR (400 and 600 MHz) and in for 13C NMR (101 and 151 MHz) 

CDCl3 as the internal standard. HRMS spectra were recorded using +ESI (TOF) mode. IR 

spectra were recorded in KBr or neat. 
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IV.4.2. Crystallographic Description: 

Single crystal X-ray data were collected using a Rigaku Super Nova, single-source 

offset, Eos diffractometer.1 the structures were solved by direct methods and refined by full-

matrix least-squares calculations using SHELXTL software.2,3 All the non-H atoms were 

refined in the anisotropic approximation against F2 of all reflections. The H-atoms were placed 

at their calculated positions and refined in the isotropic approximation.  

1. CrysAlispro, Oxford Diffraction Ltd., version 1, 171. 33.34d [release 27-02-2009 CrysAlis 

171. NET] 

2. SMART and SAINT, Siemens Analytical X-ray Instruements Inc., Madison, WI, 1996. 

3. G. M. Sheldrick, 2008, 64, 112-122. 

CCDC Number for Compound 10a: CCDC 1979947. This data can be obtained free of 

charge from the Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/datarequest/cif. 

Crystallographic Description of 10a: Crystal dimension (mm): 0.27 x 0.22 x 0.18. 

'C21H17FN2O5', Mr = 396.37. trigonal, space group 'p -32'; a = 12.8747(12) Å, b = 12.8739(15) 

Å, c = 10.1248(10) Å;  = 89.953(9)o,  = 90.031(8)o,  = 120.005(11), V = 1453.2(3) Å3; Z 

= 3; ρcal= 1.359 g/cm3; (mm-1) = 0.104; F (000) = 612.0; Reflection collected / unique = 2734 

/ 1755; Refinement method = Full-matrix least-squares on F2; Final R indices ['I > 2\s(I)'] R1 

= 0.0518, wR2 = 0.1091, R indices (all data) R1 = 0.0906, wR2 = 0.1342; goodness of fit = 

0.994. 

IV.4.3. Synthesis of Oxidative Nitration and Decarboxylative Nitration 

Products 

IV.4.3. General Procedure for the Synthesis of 2-Nitro-1,3,3-triphenylpropyl nitrate (1a): 

To an oven-dried 25.0 mL round bottom flask was added (E)-prop-2-ene-1,1,3-triyltribenzene 

(135 mg, 0.5 mmol) and subjected to the vacuum for 10 minutes. Next, CH3CN (2.0 mL) and 

tert-butyl nitrite (0.119 mL, 1.0 mmol) were introduced to the flask through a syringe under an 

oxygen atmosphere (balloon). Then the reaction mixture was stirred at 0 oC for 24 h. After the 

completion of the reaction excess solvent was evacuated under reduced pressure. The reaction 

mixture was admixed with dichloromethane (20.0 mL) and washed with water (2.0 x 10.0 mL) 

and the organic layer was separated. The separated organic layer was dried over anhydrous 

sodium sulphate (Na2SO4), and evaporated under reduced pressure. The resulting crude product 

was purified by silica gel column chromatography using hexane as the eluent to give pure 2-
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nitro-1,3,3-triphenylpropyl nitrate (1a, 140 mg, 74% yield). The identity and purity of the 

product were confirmed by spectroscopic analysis. 

IV.4.3. General Procedure for the Synthesis of E-(2-Nitrovinyl)benzene (24a): To an 

oven-dried 25.0 mL double-neck round bottom flask was added trans-cinnamic acid (74 mg, 

0.5 mmol) and fitted with a reflux condenser. The reaction setup was subjected to the vacuum 

for 10 minutes. tert-Butyl nitrite (0.119 mL, 1.0 mmol) was purged into 2.0 mL of acetonitrile, 

then this tert-butyl nitrite containing acetonitrile was introduced into the reaction setup in an 

oxygen atmosphere. Then the reaction mixture was stirred in an oil bath at 100 oC for 24 h. 

After the completion of the reaction excess solvent was evacuated under reduced pressure. The 

reaction mixture was admixed with ethyl acetate 20.0 mL washed with water (2.0 x 10.0 mL). 

The separated organic layer was dried over anhydrous sodium sulphate (Na2SO4), and 

evaporated under reduced pressure. The resulting crude product was purified by silica gel 

column chromatography using hexane as the eluent to give pure E-(2-nitrovinyl)benzene (21a, 

51 mg, 69% yield). The identity and purity of the product were confirmed by spectroscopic 

analysis. 

IV.4.4. Mechanistic Investigation: 

IV.4.4 Reaction of (1) with Radical Scavenger TEMPO: To an oven-dried 25.0 mL round 

fitted with a reflux condenser bottom flask was added (E)-prop-2-ene-1,1,3-triyltribenzene 

(135 mg, 0.5 mmol), TEMPO (0.078 g, 0.5 mmol) and subjected to the vacuum for 10 minutes. 

Next, CH3CN (2.0 mL) and tert-butyl nitrite (0.119 mL, 1.0 mmol) were introduced to the flask 

through a syringe under an oxygen atmosphere (balloon). After the completion of the reaction 

excess solvent was evacuated under reduced pressure. The reaction mixture was admixed with 

dichloromethane (20.0 mL) and washed with water (2.0 x 10.0 mL) and the organic layer was 

separated. The separated organic layer was dried over anhydrous sodium sulphate (Na2SO4), 

and evaporated under reduced pressure. The resulting crude product was purified by silica gel 

column chromatography using hexane as the eluent to give pure 2-nitro-1,3,3-triphenylpropyl 

nitrate (1a, 13 mg, 7% yield). The identity and purity of the product was confirmed by 

spectroscopic analysis. 
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IV.6. Spectral Data 

2-Nitro-1,3,3-triphenylpropyl nitrate (1a): 

Yellow gummy, (140 mg, 61%). 1H NMR (400 MHz, CDCl3) δ 

7.36–7.31 (m, 10H), 7.28 (bs, 1H), 7.25–7.19 (m, 4H), 5.87 (d, 

J = 5.0 Hz, 1H), 5.69 (dd, J = 11.4, 5.0 Hz, 1H), 4.88 (d, J = 11.4 

Hz, 1H) ppm.13C NMR (101 MHz, CDCl3) δ 138.14, 138.12, 

133.04, 130.02, 129.78, 129.33, 129.23, 128.25, 128.10, 127.87, 

127.63, 126.08, 93.51, 80.40, 52.09.ppm. IR (KBr, cm-1): 3032, 

2913, 1646, 1556, 1493, 1453, 1363, 1272, 1031, 903, 828, 746, 

695; HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for 

C21H18N2NaO5 411.1108, found 411.1116. 

2-Nitro-3,3-diphenyl-1-(p-tolyl)propyl nitrate (2a): 

Yellow solid, (131 mg, 67%), m. p. 110114 °C. 1H NMR (400 

MHz, CDCl3) δ 7.35 (d, J = 7.6 Hz, 2H), 7.31 (d, J = 4.4 Hz, 

5H), 7.28–7.21 (m, 4H), 7.11 (d, J = 4.0 Hz, 3H), 5.83 (d, J = 5.2 

Hz, 1H), 5.67 (dd, J = 11.6, 5.2 Hz, 2H), 4.87 (d, J = 11.6 Hz, 

1H), 2.30 (s, 3H) ppm. 13C NMR (CDCl3, 101 MHz) δ 140.12, 

138.16, 138.13, 130.10, 129.92, 129.73, 129.22, 128.15, 128.07, 

127.86, 127.64, 126.00, 93.52, 80.41, 52.01, 21.35 ppm. IR 

(KBr, cm-1): 3031, 2915, 1653, 1552, 1492, 1450, 1363, 1270, 

1087, 1031, 823, 751, 704, 588, 532; HRMS (ESI/Q-TOF) m/z: 

[M + NH4]
+ Calcd for C22H24N3O5 410.1710, found 410.1739. 

2-Nitro-3,3-diphenyl-1-(m-tolyl)propyl nitrate (3a): 

Yellow solid, (128 mg, 65%), m. p. 116119 °C. 1H NMR (400 

MHz, CDCl3) δ 7.36 (d, J = 7.5 Hz, 2H), 7.31 (d, J = 4.4 Hz, 

4H), 7.28–7.19 (m, 5H), 7.12 (d, J = 7.6 Hz, 1H), 7.03 (d, J = 7.6 

Hz, 1H), 6.97 (s, 1H), 5.84 (d, J = 5.1 Hz, 1H), 5.68 (dd, J = 

11.4, 5.1 Hz, 1H), 4.86 (d, J = 11.4 Hz, 1H), 2.29 (s, 3H) ppm. 

13C NMR (CDCl3, 101 MHz) δ 139.14, 138.15, 138.12, 132.86, 

130.82, 129.69, 129.21, 128.18, 128.07, 127.84, 127.63, 126.72, 

123.06, 93.43, 80.56,  52.13, 21.45 ppm. IR (KBr, cm-1): 3031, 
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2915, 1645, 1556, 1492, 1452, 1364, 1272, 1036, 836, 748, 696, 

613; HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ Calcd for 

C22H24N3O5 410.1710, found 410.1735. 

1-(4-(tert-Butyl)phenyl)-2-nitro-3,3-diphenylpropyl nitrate (4a): 

Yellow gummy, (135 mg, 62%). 1H NMR (400 MHz, CDCl3) δ 

7.35–7.26 (m, 11H), 7.23–7.19 (m, 2H), 7.12 (d, J = 8.0 Hz, 2H), 

5.90 (d, J = 5.6 Hz, 1H), 5.69 (dd, J = 11.2, 5.6 Hz, 1H), 4.81 (d, 

J = 11.2 Hz, 1H), 1.26 (s, 9H) ppm. 13C NMR (CDCl3, 101 MHz) 

δ 153.12, 138.23, 138.14, 129.73, 129.62, 129.20, 128.08, 

128.05, 127.88, 127.67, 126.19, 93.17, 80.94, 52.40, 31.26 ppm. 

IR (KBr, cm-1): 3034, 2961, 1645, 1556, 1493, 1453, 1363, 1272, 

1107, 1029, 831, 749, 698, 610; HRMS (ESI/Q-TOF) m/z: [M + 

NH4]
+ Calcd for C25H30N3O5 452.2180, found 452.2270. 

1-([1,1'-Biphenyl]-4-yl)-2-nitro-3,3-diphenylpropyl nitrate (5a): 

Yellow gummy, (150 mg, 66%). 1H NMR (400 MHz, CDCl3) δ 

7.44–7.42 (m, 2H), 7.35 (t, J = 7.4 Hz, 2H), 7.28 (d, J = 7.2 Hz, 

3H), 7.22–7.18 (m, 9H), 7.14 (d, J = 8.0 Hz, 2H), 5.87 (d, J = 5.6 

Hz, 1H), 5.66 (dd, J = 11.2, 5.2 Hz, 1H), 4.80 (d, J = 11.6 Hz, 

3H) ppm. 13C NMR (101 MHz, CDCl3) δ 142.94, 140.09, 138.14, 

138.08, 131.75, 129.72, 129.23, 129.00, 128.12, 127.97, 127.90, 

127.65, 127.25, 126.75, 93.33, 80.61, 52.30 ppm. IR (KBr, cm-

1): 3035, 2961, 1646, 1556, 1489, 1451, 1362, 1270, 1025, 828, 

749, 695; HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ Calcd for 

C27H26N3O5 4722.1768, found 4722.1775. 

1-(4-(Chloromethyl)phenyl)-2-nitro-3,3-diphenylpropyl nitrate (6a): 

Yellow solid, (137 mg, 64%), m. p. 120125 °C. 1H NMR (400 

MHz, CDCl3) δ 7.36–7.33 (m, 4H), 7.31–7.28 (m, 5H), 7.27–

7.20 (m, 5H), 5.87 (d, J = 5.2 Hz, 1H), 5.68 (dd, J = 11.6, 5.2 

Hz, 1H), 4.87 (d, J = 11.6 Hz, 1H), 4.52 (s, 2H) ppm. 13C NMR 

(CDCl3, 101 MHz) δ 140.94, 138.09, 136.14, 136.08, 129.75, 

127.72, 127.23, 127.00, 126.12, 125.97, 125.90, 125.65, 125.25, 

124.75, 91.33, 78.61, 50.30, 27.83 ppm. IR (KBr, cm-1): 3032, 
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2960, 1654, 1554, 1492, 1451, 1360, 1275, 1032, 899, 828, 748, 

698, 671, 617, 591, 552;. HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ 

Calcd for C22H23ClN3O5 444.1321, found 444.1334. 

1-(4-Chlorophenyl)-2-nitro-3,3-diphenylpropyl nitrate (7a): 

Yellow solid, (155 mg, 75%), m. p. 140144 °C. 1H NMR (400 

MHz, CDCl3) δ 7.35 (d, J = 8.0 Hz, 2H), 7.31–7.27 (m, 8H), 

7.25–7.22 (m, 2H), 7.14 (d, J = 8.4 Hz, 2H), 5.83 (d, J = 5.2 Hz, 

1H), 5.66 (dd, J = 11.6, 5.6 Hz, 1H), 4.86 (d, J = 11.6 Hz, 1H) 

ppm. 13C NMR (101 MHz, CDCl3) δ 137.94, 137.88, 136.15, 

131.52, 129.83, 129.61, 129.28, 128.30, 128.18, 127.83, 127.54, 

93.29, 79.77, 52.11 ppm. IR (KBr, cm-1): 3029, 2912, 1658, 

1598, 1554, 1491, 1452, 1410, 1365, 1273, 1196, 1091, 1033, 

900, 826, 755, 707, 674; HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ 

Calcd for C21H21ClN3O5 430.1164, found 430.1180. 

1-(3-Chlorophenyl)-2-nitro-3,3-diphenylpropyl nitrate (8a): 

Yellow solid, (151 mg, 73%), m. p. 116119 °C. 1H NMR (400 

MHz, CDCl3) δ 7.36 (d, J = 7.6 Hz, 2H), 7.32–7.22 (m, 10H), 

7.17 (s, 1H), 7.12 (d, J = 7.6 Hz, 1H), 5.83 (d, J = 5.2 Hz, 1H), 

5.67 (dd, J = 11.6, 5.2 Hz, 1H), 4.86 (d, J = 11.6 Hz, 1H) ppm. 

13C NMR (CDCl3, 101 MHz) δ 139.14, 138.15, 138.12, 132.86, 

130.82, 129.69, 129.21, 128.18, 128.07, 127.84, 127.63, 126.72, 

123.06, 93.43, 80.56,  52.13, 21.45 ppm. IR (KBr, cm-1): 3029, 

2958, 1658, 1554, 1491, 1361, 1275, 1098, 1079, 1032, 820, 

787, 747, 696, 614; HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ Calcd 

for C21H21ClN3O5 430.1164, found 430.1176. 

1-(4-Bromophenyl)-2-nitro-3,3-diphenylpropyl nitrate (9a): 

Yellow gummy, (174 mg, 76%). 1H NMR (400 MHz, CDCl3) δ 

7.45 (d, J = 8.4 Hz, 2H), 7.36–7.26 (m, 10H), 7.08 (d, J = 8.4 

Hz, 2H), 5.82 (d, J = 5.2 Hz, 1H), 5.65 (dd, J = 11.6, 5.2 Hz, 

1H), 4.85 (d, J = 11.2 Hz, 1H) ppm. 13C NMR (CDCl3, 101 MHz) 

δ 137.94, 137.89, 132.57, 129.84, 129.29, 128.31, 128.19, 
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127.84, 127.78, 127.56, 124.38, 93.24, 79.83, 52.12 ppm. IR 

(KBr, cm-1): 3029, 2958, 1658, 1554, 1491, 1361, 1275, 1098, 

1079, 1032, 820, 787, 747, 698, 616; HRMS (ESI/Q-TOF) m/z: 

[M + NH4]
+ Calcd for C21H21BrN3O5 474.0659, found 474.0668. 

1-(4-Fluorophenyl)-2-nitro-3,3-diphenylpropyl nitrate (10a): 

Colourless solid, (153 mg, 77 %), m. p. 128131 °C. 1H NMR 

(400 MHz, CDCl3) δ 7.35 (d, J = 7.2 Hz, 2H), 7.31–7.29 (m, 5H), 

7.27–7.18 (m, 5H), 7.00 (t, J = 8.6 Hz, 2H), 5.86 (d, J = 5.2 Hz, 

1H), 5.66 (dd, J = 11.2, 5.2 Hz, 1H), 4.85 (d, J = 11.2 Hz, 1H) 

ppm. 13C NMR (101 MHz, CDCl3) δ 163.49 (d, J = 251.49 Hz), 

137.97 (d, J = 5.1 Hz), 129.80, 129.27, 128.87 (d, J = 3.3 Hz), 

128.28, 128.20, 128.17, 127.83, 127.57, 116.5 (d, J = 22.2 Hz), 

93.39, 79.89, 52.17 ppm. 19F NMR (CDCl3, 377 MHz) δ -110.42. 

IR (KBr, cm-1): 3031, 2958, 1654, 1601, 1551, 1508, 1492, 1364, 

1270, 1228, 1158, 1092, 1031, 825, 752, 703, 674; HRMS 

(ESI/Q-TOF) m/z: [M + NH4]
+ Calcd for C21H21FN3O5 

414.1460, found 414.1480. 

2-Nitro-1-(3-nitrophenyl)-3,3-diphenylpropyl nitrate (11a): 

Yellow gummy, (150 mg, 71%). 1H NMR (400 MHz, CDCl3) δ 

8.18 (d, J = 8.0 Hz, 1H), 8.05 (s, 1H), 7.60 (d, J = 7.6 Hz, 1H), 

7.53 (t, J = 8.0 Hz, 1H), 7.36 (d, J = 7.2 Hz, 2H), 7.32–7.28 (m, 

6H), 7.26–7.22 (m, 3H), 5.98 (d, J = 5.2 Hz, 1H), 5.74 (dd, J = 

11.6, 5.6 Hz, 1H), 4.88 (d, J = 11.6 Hz, 1H) ppm. 13C NMR 

(CDCl3, 101 MHz) δ 148.48, 137.74, 137.56, 135.34, 131.82, 

130.65, 129.93, 129.36, 129.11, 128.44, 128.31, 127.82, 127.48, 

124.91, 121.86, 92.95, 79.48, 52.34 ppm. IR (KBr, cm-1): 3032, 

2922, 1658, 1554, 1524, 1451, 1349, 1274, 1090, 1031, 825, 

736, 700, 592, 551; HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd 

for C21H17N3NaO7 446.0959, found 446.0965. 
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1-(Naphthalen-2-yl)-2-nitro-3,3-diphenylpropyl nitrate (12a): 

Yellow gummy, (129 mg, 60%). 1H NMR (400 MHz, CDCl3) δ 

7.81 (d, J = 8.8 Hz, 3H), 7.68 (s, 1H), 7.52–7.50 (m, 2H), 7.38–

7.24 (m, 12H), 6.04 (d, J = 4.8 Hz, 1H), 5.79 (dd, J = 11.6, 5.2 

Hz, 1H), 4.92 (d, J = 11.2 Hz, 1H) ppm. 13C NMR (101 MHz, 

CDCl3) δ 138.12, 138.10, 133.05, 129.73, 129.50, 129.25, 

128.35, 128.20, 128.13, 127.94, 127.88, 127.67, 127.32, 127.05, 

126.16, 122.74, 93.37, 80.69, 52.21 ppm. IR (KBr, cm-1): 2921, 

2853, 1646, 1555, 1493, 1453, 1364, 1273, 1029, 824, 747, 698; 

HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for C25H20N2NaO5 

451.1264, found 451.1273. 

2-Nitro-1-phenyl-3,3-di-p-tolylpropyl nitrate (13a): 

Yellow gummy, (148 mg, 73%). 1H NMR (400 MHz, CDCl3) δ 

7.33–7.31 (m, 3H), 7.23–7.18 (m, 6H), 7.11–7.06 (m, 4H), 5.85 

(d, J = 4.8 Hz, 1H), 5.64 (dd, J = 11.6, 4.8 Hz, 1H), 4.82 (d, J = 

11.6 Hz, 1H), 2.28 (s, 3H), 2.25 (s, 3H) ppm. 13C NMR (101 

MHz, CDCl3) δ 137.96, 137.71, 135.34, 135.31, 133.20, 130.42, 

129.87, 129.30, 127.40, 126, 93.74, 80.32, 51.28, 21.13, 21.11 

ppm. IR (KBr, cm-1): 3030, 2919, 1646, 1656, 1511, 1365, 1273, 

1037, 906, 832, 732, 697; HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ 

Calcd for C23H26N3O5 424.1867, found 424.1875. 

3,3-bis(4-Ethylphenyl)-2-nitro-1-phenylpropyl nitrate (14a): 

Yellow gummy, (163 mg, 75%). 1H NMR (400 MHz, CDCl3) δ 

7.24–7.21 (m, 3H), 7.18 (d, J = 8.4 Hz, 2H), 7.44–7.12 (m, 4H), 

7.03 (t, J = 8.2 Hz, 4H), 5.79 (d, J = 4.8 Hz, 1H), 5.58 (dd, J = 

11.6, 4.8 Hz, 1H), 4.75 (d, J = 11.2 Hz, 1H), 2.53–2.44 (m, 4H), 

1.12–1.05 (m, 6H) ppm. 13C NMR (CDCl3, 101 MHz) δ 144.17, 

143.92, 135.57, 135.48, 133.21, 129.89, 129.26, 129.18, 128.64, 

127.73, 127.47, 126.08, 93.70, 80.49, 51.48, 28.49, 28.45, 15.41, 

15.41 ppm. IR (KBr, cm-1): 3031, 2966, 1646, 1557, 1510, 1455, 

1365, 1273, 1125, 1034, 905, 829, 744, 696; HRMS (ESI/Q-
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TOF) m/z: [M + NH4]
+ Calcd for C25H30N3O5 452.2180, found 

452.2192. 

3,3-bis(4-Chlorophenyl)-2-nitro-1-phenylpropyl nitrate (15a): 

Yellow gummy, (171 mg, 77%). 1H NMR (400 MHz, CDCl3) δ 

7.33 (d, J = 8.0 Hz, 3H), 7.28–7.25 (m, 6H), 7.22–7.17 (m, 4H), 

5.89 (d, J = 5.6 Hz, 1H), 5.60 (dd, J = 10.8, 5.6 Hz, 1H), 4.79 (d, 

J = 11.2 Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 136.15, 

136.05, 134.45, 134.41, 132.59, 130.26, 129.99, 129.58, 129.43, 

129.11, 128.95, 126.34, 92.83, 80.62, 50.95 ppm. IR (KBr, cm-

1): 3030, 2916, 1900, 1654, 1648, 1557, 1490, 1410, 1364, 1273, 

1091, 1013, 906, 819, 730, 696; HRMS (ESI/Q-TOF) m/z: [M + 

NH4]
+ Calcd for C21H20Cl2N3O5 464.0775, found 464.0782. 

3,3-bis(4-Fluorophenyl)-2-nitro-1-phenylpropyl nitrate (16a): 

Yellow solid, (164 mg, 79%), m. p. 130135 °C. 1H NMR (400 

MHz, CDCl3) δ 7.347.19 (m, 9H), 7.02–6.96 (m, 4H), 5.89 (d, 

J = 5.6 Hz, 1H), 5.60 (dd, J = 11.2, 5.6 Hz, 1H), 4.82 (d, J = 11.2 

Hz, 1H) ppm. 13C NMR (CDCl3, 101 MHz) δ 162.46 (d, J = 

248.46 Hz), 162.35 (d, J = 249.47 Hz), 133.72 (d, J = 3.8 Hz), 

132.70, 130.22, 129.51, 129.42, 129.41, 129.35, 129.27, 126.33, 

116.68 (d, J = 47.47 Hz), 116.45 (d, J = 47.47 Hz), 93.29, 80.63  

50.72 ppm. 19F NMR (377 MHz, CDCl3) δ -113.10, -113.61 IR 

(KBr, cm-1): 3065, 2917, 1661, 1603, 1564, 1508, 1453, 1418, 

1366, 1230, 1161, 1109, 1033, 905, 833, 777, 750, 700, 677; 

HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ Calcd for C21H20F2N3O5 

432.1366, found 432.1371. 

1-(10,10-Dimethyl-9,10-dihydroanthracen-9-yl)-2-nitro-2-phenylethyl nitrate (17a): 

Gummy, (155 mg, 74%). 1H NMR (400 MHz, CDCl3) δ 7.60 

(dd, J = 15.2, 8.0 Hz, 2H), 7.44–7.33 (m, 7H), 7.26 (d, J = 4.4 

Hz, 3H), 7.18 (d, J = 7.6 Hz, 1H), 6.02 (d, J = 7.2 Hz, 1H), 5.02 

(t, J = 6.9 Hz, 1H), 4.72 (d, J = 6.8 Hz, 1H), 1.68 (s, 3H), 1.65 

(s, 3H) ppm. 13C NMR (CDCl3, 101 MHz) δ 145.60, 144.86, 
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132.92, 131.54, 130.57, 130.40, 129.70, 128.70, 128.67, 128.04, 

127.99, 127.40, 127.15, 127.08, 126.67, 97.10, 80.83,  45.18, 

38.87, 35.53, 32.77 ppm. IR (KBr, cm-1): 3036, 2971, 1658, 

1599, 1448, 1322, 1264, 1167, 1039, 932, 735, 700; HRMS 

(ESI/Q-TOF) m/z: [M + Na]+ Calcd for C24H22NaN2O5 

441.1421, found 441.1432. 

2-Nitro-1,3-diphenylbutyl nitrate (18a): 

Gummy, (81 mg, 51%). 1H NMR (400 MHz, CDCl3) δ 7.45–

7.42 (m, 3H), 7.38–7.36 (m, 2H), 7.27–7.25 (m, 3H), 7.01–6.99 

(m, 2H), 6.20 (d, J = 9.6 Hz, 1H), 5.11 (dd, J = 9.6, 6.0 Hz, 1H), 

3.27–3.17 (m, 1H), 1.33 (d, J = 7.2 Hz, 3H) ppm. 13C NMR (101 

MHz, CDCl3) δ 138.45, 132.29, 130.68, 129.45, 128.78, 128.30, 

128.18, 127.84, 92.88, 82.29, 40.17, 18.86 ppm. IR (KBr, cm-1): 

3037, 2979, 1694, 1640, 1552, 1494, 1452, 1270, 1199, 1084, 

1040, 745, 695; HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for 

C16H16NaN2O5 339.0951, found 339.0959. 

1,3-bis(4-Bromophenyl)-2-nitrobutyl nitrate (19a): 

Yellow solid, (135 mg, 57%), m. p. 183187 oC. 1H NMR (600 

MHz, CDCl3) δ 7.52 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 

2H), 7.15 (d, J = 8.4 Hz, 2H), 6.79 (d, J = 8.4 Hz, 2H), 6.05 (d, 

J = 9.0 Hz, 1H), 4.96 (dd, J = 9.0, 6.0 Hz, 1H), 3.17–3.11 (m, 

1H), 1.28 (d, J = 7.2 Hz, 3H) ppm. 13C NMR (151 MHz, CDCl3) 

δ 137.27, 132.86, 132.11, 131.20, 129.81, 129.53, 125.32, 

122.43, 92.44 , 81.16, 39.74, 18.61 ppm. IR (KBr, cm-1): 3049, 

2925, 2854, 1644, 1555, 1460, 1375, 1274, 1016, 801, 723; 

HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ Calcd for 

C16H18Br2NaN3O5 489.9608, found 489.9615. 

1,3-bis(4-Chlorophenyl)-2-nitrobutyl nitrate (20a): 

Gummy, (104 mg, 54 %). 1H NMR (600 MHz, CDCl3) δ 7.37 (d, 

J = 6.6 Hz, 2H), 7.30 (dd, J = 6.0, 2H), 7.20 (d, J = 6.0 Hz, 2H), 

6.92 (dd, J = 6.4, 2.8 Hz, 8H), 6.12 (d, J = 9.0 Hz, 2H), 5.03 (dd, 
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J = 9.0, 5.4 Hz, 1H), 3.17–3.11 (m, 1H) ppm. 13C NMR (151 

MHz, CDCl3) δ 138.47, 132.40, 130.74, 129.51, 128.84, 128.39, 

128.26, 127.90, 92.90, 82.29, 40.23, 18.95 ppm. IR (KBr, cm-1): 

3036, 2924, 2848, 1653, 1558, 1449, 1366, 1275, 1092, 1014, 

749; HRMS (ESI/Q-TOF) m/z: [M + NH4]
+ Calcd for 

C16H18Cl2NaN3O5 402.0618, found 402.0625. 

(E)-(2-Nitrovinyl)benzene (21a): 

Yellow solid, (51 mg, 69%), m. p. 5761 °C. 1H NMR (600 

MHz, CDCl3) δ 8.01 (d, J = 13.7 Hz, 1H), 7.59 (d, J = 13.7 Hz, 

1H), 7.56–7.54 (m, 2H), 7.52–7.49 (m, 1H), 7.47–7.44 (m, 2H) 

ppm. 13C NMR (151 MHz, CDCl3) δ 139.21, 137.24, 132.27, 

130.19, 129.52, 129.27 ppm. IR (KBr, cm-1): 3109, 2923, 1632, 

1577, 1513, 1449, 1344, 1262, 967, 764, 750; HRMS (ESI/Q-

TOF) Calcd for C8H7NaNO2 [M + Na]+ 172.0369, found 

172.0382. 

(E)-1-Methyl-4-(2-nitrovinyl)benzene (22a): 

Yellow solid, (52 mg, 64%), m. p. 106109 °C. 1H NMR (600 

MHz, CDCl3) δ 7.98 (d, J = 13.6 Hz, 1H), 7.57 (d, J = 13.6 Hz, 

1H), 7.44 (d, J = 7.8 Hz, 2H), 7.26 (d, J = 7.9 Hz, 2H), 2.41 (s, 

3H) ppm. 13C NMR (151 MHz, CDCl3) δ 143.25, 139.33, 

136.36, 130.26, 129.32, 127.35, 21.80 ppm. IR (KBr, cm-1): 

3109, 2923, 2853, 1632, 1496, 1341, 1265, 965, 810, 741; 

HRMS (ESI/Q-TOF) m/z: Calcd for C9H10NO2 [M + H]+ 

164.0706, found 164.0712. 

(E)-1-Methoxy-4-(2-nitrovinyl)benzene (23a): 

Yellow solid, (55 mg, 61%), m. p. 8588 °C. 1H NMR (600 

MHz, CDCl3) δ 7.97 (d, J = 13.6 Hz, 1H), 7.54–7.48 (m, 3H), 

6.96 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H) ppm. 13C NMR (151 MHz, 

CDCl3) δ 163.03, 139.18, 135.07, 131.29, 122.60, 115.01, 55.64 

ppm. IR (KBr, cm-1): 2925, 1605, 1498, 1339, 1256, 1176, 1031, 
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973, 809; HRMS (ESI/Q-TOF) m/z: Calcd for C9H10NO3 [M + 

H]+ 180.0655, found 180.0669. 

(E)-1-Chloro-4-(2-nitrovinyl)benzene (24a): 

Yellow solid, (64 mg, 70%), m. p. 102105 °C. 1H NMR (600 

MHz, CDCl3) δ 7.97 (d, J = 13.7 Hz, 1H), 7.57 (d, J = 13.7 Hz, 

1H), 7.52–7.48 (m, 2H), 7.44 (d, J = 8.5 Hz, 2H) ppm. 13C NMR 

(151 MHz, CDCl3) δ 138.45, 137.85, 137.51, 130.40, 129.88, 

128.61 ppm. IR (KBr, cm-1):  3107, 2924, 2852, 1721, 1642, 

1601, 1529, 1344, 1201, 1048, 965, 832, 753, 677; HRMS 

(ESI/Q-TOF) m/z: calcd for C8H6ClNaNO2 [M + Na]+ 205.9979, 

found 205.9991. 

(E)-1-Bromo-4-(2-nitrovinyl)benzene (25a): 

Yellow solid, (82 mg, 72%), m. p. 151154 °C. 1H NMR (600 

MHz, CDCl3) δ 7.98–7.94 (m, 1H), 7.64–7.56 (m, 3H), 7.47–

7.39 (m, 2H) ppm. 13C NMR (151 MHz, CDCl3) δ 137.94, 

137.55, 132.85, 130.52, 129.03, 126.91 ppm. IR (KBr, cm-1): 

2923, 2849, 1633, 1517, 1341, 1073, 812; HRMS (ESI/Q-TOF) 

m/z: Calcd for C8H6BrNaNO2 [M + Na]+ 249.9474, found 

249.9480. 

(E)-1-Fluoro-4-(2-nitrovinyl)benzene (26a): 

Yellow solid, (62 mg, 74%), m. p. 102105 °C. 1H NMR (400 

MHz, CDCl3) δ 8.027.97 (m, 1H), 7.60–7.53 (m, 3H), 7.19–

7.14 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 165.06 (d, J 

= 255.83 Hz), 137.96, 136.99, 131.41 (d, J = 8.9 Hz), 126.46, 

116.91 (d, J = 22.32 Hz) ppm. 19F NMR (377 MHz, CDCl3) δ -

105.81. IR (KBr, cm-1): 3109, 2973, 1630, 1554, 1514, 1449, 

1338, 1261, 1189, 1072, 964, 762, 699; HRMS (ESI/Q-TOF) 

m/z: Calcd for C8H6FNaN2O2 [M + Na]+ 190.0275, found 

190.0287. 
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(E)-1-Chloro-2-nitro-4-(2-nitrovinyl)benzene (27a): 

Yellow solid, (87 mg, 76%), m. p. 131135 °C. 1H NMR (600 

MHz, CDCl3 + DMSO-d6) δ 8.33 (d, J = 6.0 Hz, 1H), 8.10–7.96 

(m, 2H), 7.93–7.83 (m, 1H), 7.73–7.61 (m, 1H) ppm. 13C NMR 

(151 MHz, CDCl3 + DMSO-d6) δ 147.68, 139.39, 134.85, 

132.77, 132.10, 129.96, 128.80, 125.34 ppm. IR (KBr, cm-1): 

3103, 3039, 2924, 2852, 1734, 1633, 1591, 1518, 1404, 1339, 

1259, 1086, 970, 819, 742; HRMS (ESI/Q-TOF) m/z: Calcd for 

C8H5ClNaN2O2 [M + Na]+ 250.983, found 250.989. 

(E)-1,3,5-Trimethyl-2-(2-nitrovinyl)benzene (28a): 

Yellow solid, (56 mg, 59%), m. p.  °C. 1H NMR (400 

MHz, CDCl3) δ 8.27 (d, J = 13.9 Hz, 1H), 7.31 (d, J = 13.9 Hz, 

1H), 6.95 (s, 2H), 2.39 (s, 6H), 2.31 (s, 3H) ppm. 13C NMR (101 

MHz, CDCl3) δ 141.01, 139.82, 138.61, 136.72, 130.02, 125.88, 

21.67, 21.34 ppm. IR (KBr, cm-1): 2918, 1627, 1604, 1500, 1329, 

1149, 1032, 967, 922, 799, 751, 716; HRMS (ESI/Q-TOF) m/z: 

Calcd for C11H13NaNO2 [M + Na]+ 214.0838, found 214.0847. 

(E)-2-(2-Nitrovinyl)naphthalene (29a): 

Yellow solid, (57 mg, 57%), m. p. 129132 °C. 1H NMR (400 

MHz, CDCl3) δ 8.14 (d, J = 13.6 Hz, 1H), 7.99 (s, 1H), 7.89–

7.85 (m, 3H), 7.68 (d, J = 13.6 Hz, 1H), 7.63–7.53 (m, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 139.34, 137.25, 135.03, 133.26, 

132.39, 129.48, 128.95, 128.51, 128.06, 127.66, 127.40, 123.44 

ppm. IR (KBr, cm-1): 3106, 1625, 1503, 1328, 1267, 1169, 960, 

872, 821, 750, 710; HRMS (ESI/Q-TOF) m/z: Calcd for 

C12H9NaNO2 [M + Na]+ 222.0525, found 222.0531. 
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IV.7. Spectra 

2-Nitro-1,3,3-triphenylpropyl nitrate (1a): 1H NMR (CDCl3, 400 MHz) 

 

2-Nitro-1,3,3-triphenylpropyl nitrate (1a):  13C NMR (CDCl3, 101 MHz) 
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2-Nitro-1,3-diphenylbutyl nitrate (18a): 1H NMR (CDCl3, 400 MHz) 

 

2-Nitro-1,3-diphenylbutyl nitrate (18a): 13C NMR (CDCl3, 151 MHz) 
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(E)-(2-Nitrovinyl)benzene (21a): 1H NMR (CDCl3, 600 MHz) 

 

(E)-(2-Nitrovinyl)benzene (21a): 13C NMR (CDCl3, 151 MHz) 
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ABSTRACT: An iron(III) catalyzed C-3 functionalization of flavones has been achieved using tert-butyl 

peroxybenzoate (TBPB) / potassium persulphate (K2S2O8) oxidant combinations with a suitable solvent. In 

the presence of iron(III) / tert-butyl peroxybenzoate / potassium persulphate, the reaction of flavones in 

cycloalkanes afforded exclusive C-3 cycloalkylation via Csp2Csp3 coupling, whereas the solvent N,N-

dialkylformamide provided C-3 amidation via Csp2Csp2 coupling. Under identical reaction conditions just 

by switching the solvent to chlorobenzene, C-3 methylated flavones were obtained where tert-butyl 

peroxybenzoate (TBPB) served as the source of the methyl group. 

TH-2287_146122034



Chapter V                   Alpha-Functionalizations 

124 

 

CHAPTER V 

V. Iron(III) Catalyzed Peroxide Mediated C-3 

Functionalizations of Flavones 

V.1. Introduction 

Transition metal-catalyzed CH functionalization has undergone a renaissance in the 

past decade for the construction of carboncarbon (CC) and carbonheteroatom (CX) 

bonds.[1] In this context, cross dehydrogenative coupling (CDC) protocols have emerged as a 

promising and powerful tool towards the formation of CspCsp, CspCsp
2 and Csp

2Csp
2 bonds.[2] 

In recent times, this CDC protocol has even made progress for the formation of Csp
3C bonds.[3] 

In this context, cycloalkanes have been employed for CDC reactions in the absence[4a-b] or 

presence of transition metal catalysts[4c-g] albeit with limited examples. Aliphatic Csp
3H bonds 

are the most available natural resource. Thus, methodologies for the direct functionalization of 

aliphatic Csp
3H bonds will expand the synthetic toolbox, allowing access to value-added 

products with various important applications.  

V.2. Strategies for /-Functionalizations of Chromones 

Flavone (a type of chromone) is an important structural motif, present in many natural 

products and pharmaceutical molecules having a wide range of biological and pharmaceutical 

applications.[5] Thus, any further derivatization on this moiety may generate potentially 

important candidates. To date, there are many examples where chromones have been employed 

as the coupling partner for regioselective -functionalization (sp2-functionalization). In this 

context, Shafiee group reported the palladium-catalyzed -arylation of chromones by coupling 

of chromones with arylboronic acids. This coupling was achieved by using a combination of 

ligand (1,10-phenanthroline) and O2 along with Pd(OAc)2 catalyst to yield a variety of flavones 

[Scheme V.2.1].[6a] 

 

Scheme V.2.1. -Functionalization of chromones involving sp2 carbon 
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Hong group also reported a palladium-catalyzed -functionalization of chromones by 

coupling chromones with arylboronic acids. This functionalization proceeds via conjugate 

addition of arylboronic acids to chromones (Scheme V.2.2). This coupling was achieved by 

using catalytic amounts of Fe(OTf)3 as a Lewis acid and DDQ and KNO2 as oxidants to yield 

a variety of flavones as major products (Scheme V.2.2).[6b] 

 

Scheme V.2.2. -Functionalization of chromones involving sp2 carbon 

Latter on Antonchick group reported the -alkylation of chromones and (thio) 

chromones by using both acyclic as well as cyclic alkanes. This 1,4-radical addition of alkyl 

radicals to chromones was achieved by using a combination hypervalent iodine (PhI(O2CCF3)2 

oxidant and sodium azide (NaN3) additive to access a variety of flavones and (thio) flavones 

(Scheme V.2.3).[4b] 

 

Scheme V.2.3. -Functionalization of chromones and thio-chromones  

Han and coworkers also reported the -alkylation of chromones. This alkylation was 

achieved via 1,4-conjugate radical addition of alkanes to chromones. This coupling was done 

by using both cyclic as well as acyclic alkanes in combination with di-tertiary butyl peroxide 

(DTBP) to yield a variety of -alkylated chromanones (Scheme V.2.4).[6c] 

 

Scheme V.2.4. -Functionalization of chromones involving sp2 carbon 

Recently, Ge group reported the copper-catalyzed -cross dehydrogenative coupling 

(CDC) of chromones by using both cyclic and acyclic ethers. This -CDC was achieved by 
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using a combination of oxidant (TBHP), base (DABCO) to yield a variety of -alkylated 

chromones (Scheme V.2.5).[6d] 

 

Scheme V.2.5. -Functionalization of chromones with ethers involving sp2 CH bond 

Up to now, we have seen the alkylation of chromone where the source of an alkyl group 

is either cycloalkanes or cyclic ethers. In contrast, there are reports regarding peroxide 

mediated -methylation although not on the chromone moiety but on other moieties such as 

methylation on pyrimidinones and pyridinones with dicumyl peroxide (DCP)[7a] and tert-butyl 

peroxybenzoate (TBPB)-promoted direct α-methylation of 1,3-dicarbonyl compounds.[7b] Both 

cycloalkanes and the cyclic ethers in presence of peroxides form radicals and act as a source of 

an alkyl group. Similar to this, formamides such as dimethylformamide are also known to 

generate formamide radical in presence of peroxides and act as a source of formamide. In this 

connection, peroxide mediated formamidation has been reported with some important moieties 

such as azoles,[8a] 2-picolinamides,[8b] -oxocarboxylic.[8c] Thus, in order to expand the scope 

of chromone fucnctionlizations, alkylation and formamidation of chromones can be tried with 

peroxides and formamides respectively. 

If both  and -positions are available as in the case of chromone, regioselective 

functionalization can occur at its -position (previous reports) but not at the more nucleophilic 

-position. We speculated that if the -position is substituted with a stabilizing group such as 

aryl as in flavones, the functionalization might occur at the nucleophilic -position of flavone 

via a radical pathway (present work, Scheme V.2.6). 
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Scheme V.2.6. Strategies for -functionalization of flavones 

V.3. Present Work 

Herein, we have developed conditions for the selective -cycloalkylation, 

formamidation and methylation of flavones. Some of these -functionalized flavones such as 

flavoxate (brand name: urispas), dimefline and bisflavone possessing potential pharmaceutical 

applications are shown in Figure V.3.1.[9] 

 

Figure V.3.1. -Functionalized bioactive flavones 

Optimization of Reaction Conditions. Taking cues from the functionalization of chromone 

derivatives with cyclic ethers as reported by Ge et al.,[6d] a coupling reaction between flavone 

(1) and cyclohexane (a) was carried out. Our initial investigation started with the evaluation of 

reaction conditions for oxidative -functionalization of flavone (1) with cyclohexane (a). 
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Flavone (1) was chosen as the model substrate as this core represents a highly privileged and 

biologically important molecular scaffold.[5] Initially flavone (1) was treated with cyclohexane 

(a) in the presence of a well-explored iron(III) acetylacetonate [Fe(acac)3] (20 mol%) catalyst, 

tert-butyl hydroperoxide (TBHP) (1.5 equiv) as the oxidant and 1,4-diazabicyclo[2.2.2]octane 

(DABCO) (1 equiv) as the base in 1,2-dichloroethane (DCE) (2.0 mL). A new product was 

isolated in a mere yield of 16%, after column chromatographic separation. Spectroscopic (1H 

and 13C NMR) analysis of the product (1a) revealed the presence of a cyclohexyl unit in flavone 

and disappearance of the -proton at 6.84 ppm (entry 1, Table V.3.1). This confirmed the -

functionalization of flavone to a 3-cyclohexylflavone along with the retention of ,-double 

CC bond. The structure of the compound (1a) was further ascertained by X-ray 

crystallographic analysis as shown in (Fig. V.3.2). 

 

Figure. V.3.2. ORTEP molecular diagram of (1a) 

This reaction was further screened by varying the oxidants from TBHP to di-tert-butyl-

peroxide (DTBP), benzoyl peroxide (BP) and tert-butyl peroxybenzoate (TBPB) using only 

cyclohexane as the solvent cum reagent (entries 2-4, Table V.3.1). It was observed that TBPB 

provided better yield (28%) compared to other oxidants tested. To further improve the product 

yield, various oxidant combinations were employed in place of a single oxidant. It was found 

that the use of co-oxidant (additive) oxone® along with TBPB improved the product yield up 

to 41% (entry 5, Table V.3.1). By changing the additive from oxone® to potassium persulphate 

(K2S2O8) the product yield improved up to 69% (entry 6, Table V.3.1). Again the use of other 

iron catalysts such as FeCl3 and FeCl2 was found inferior (entries 7-8, Table V.3.1). Switching 

to copper catalysts from iron catalysts such as Cu(OAc)2 and CuCl2 did not afford any trace of 

the desired product (1a) (entries 9-10, Table V.3.1). The use of organic bases such as 

bicyclo[2.2.1]hept-2-ene (DBU), 4-dimethylamino-pyridine (DMAP) or pyridine instead of  
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Table V.3.1. Screening of the reaction conditions[a-c] 

 

Entry Catalyst (mol%) Base (1 equiv) Oxidant/Additive 

(3/1 equiv)) 

Yield (%)[a,b] 

1 Fe(acac)3 (20) DABCO TBHP 16[c] 

2 Fe(acac)3 (20) DABCO DTBP 10 

3 Fe(acac)3 (20) DABCO BP 13 

4 Fe(acac)3 (20) DABCO TBPB 28 

5 Fe(acac)3 (20) DABCO TBPB/Oxone® 41 

6 Fe(acac)3 (20) DABCO TBPB/K2S2O8 69 

7 FeCl3 (20) DABCO TBPB/K2S2O8 35 

8 FeCl2 (20) DABCO TBPB/K2S2O8 00 

9 Cu(OAC)2 (20) DABCO TBPB/K2S2O8 00 

10 CuCl2 (20) DABCO TBPB/K2S2O8 00 

11 Fe(acac)3 (20) DBU TBPB/K2S2O8 12 

12 Fe(acac)3 (20) DMAP TBPB/K2S2O8 29 

13 Fe(acac)3 (20) Pyridine TBPB/K2S2O8 27 

14 Fe(acac)3 (10) DABCO TBPB/K2S2O8 54 

15 Fe(acac)3 (30) DABCO TBPB/K2S2O8 71 

16 -  TBPB/K2S2O8 <5 

[a]Reaction conditions: (1) (0.50 mmol), catalyst (20 mol%), base (0.50 mmol), oxidant (1.50 mmol) additive (0.50 

mmol) in cyclohexane (a) (2.0 mL) at 115 oC for 12 h. [b].Isolated yield. [c]1,2-dichloroethane (2.0 mL). 

DABCO provided the desired -cycloalkylated product (1a) in lower yields (entries 11-13, 

Table V.3.1). Furthermore, decreasing the catalyst loading [Fe(acac)3] to 10 mol% lowered the 

product yield to 54%. However, an increase in the catalyst loading to 30 mol% did not improve 

the yield (1a, 71%) significantly (entries 14 and 15, Table V.3.1). In the absence of iron(III) 

catalyst only a trace (<5%) of the desired cycloalkylated product (1a) (entry 16, Table V.3.1) 

was obtained thereby confirming the active involvement of iron(III) in this reaction. 
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Substrate Scope for -Cycloalkyl Flavones. After establishing the optimized reaction 

conditions for -cycloalkylation, we explore the coupling between various flavones (1-9) with 

other cycloalkanes (a-c). The 2-Aryl rings of flavone bearing electron-donating as well as 

electron-withdrawing substituents, were all compatible providing their desired -

cycloalkylated products. Flavones containing electron-donating substituents such as p-Me (2), 

p-OMe (3) in their 2-aryl rings provided the desired products (2a) and (3a) in 61% and 57% 

yields respectively (Scheme V.3.1). The 2-Aryl ring of flavones bearing two electron-donating 

groups such as 3,4-di-OMe (4) when reacted with cyclohexane (a) to afforded -cycloalkylated 

product (4a) in moderate yield (51%). Electron-withdrawing substituents such as p-Br (5), o-

Cl (6) and m-Br (7) present in the 2-aryl ring of flavones also underwent oxidative 

functionalization giving their corresponding products (5a, 45%), (6a, 41%) and (7a, 80%) 

(Scheme V.3.1). In addition to this, flavone possessing 2-heteroaryl ring and methyl 

substitution in the fused aromatic ring also reacted successfully and provided their 

corresponding products (8a, 52%) and (9a, 39%). To evaluate the scope and generality of this 

strategy, reactions of flavone (1) with other cycloalkanes such as cyclopentane (b) and 

cyclooctane (c) were investigated. Cyclopentane (b) and cyclooctane (c) when coupled with 

flavone (1) under the optimized reaction conditions resulted in -cycloalkylated products (1b, 

59%) and (1c, 53%) in moderate yields (Scheme V.3.1). When flavone (1) was coupled with 

an open chain alkane such as heptane under the optimized reaction conditions it did not afford 

any trace of the desired product (1d). 
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Scheme V.3.1. -Cycloalkylation of flavone using cycloalkane[a,b] 

 
[a]Reaction conditions: (1-9) (0.50 mmol), [Fe(acac)3] (20 mol%), DABCO (0.50 mmol), TBPB (1.50 mmol), 

K2S2O8 (0.50 mmol) in cycloalkane (a-c) (2.0 mL) at 115 oC for 12 h. [b]Isolated yields. 

Analogous to cycloalkane, formamide can also form a stable radical at the carbonyl 

carbon in the presence of a peroxide oxidant.[8] Thus the idea is to generate -amidation in 

place of -cycloalkylation of flavones (1-9) under similar reaction conditions. After a series of 

screening runs it was found that chlorobenzene was the best solvent giving the expected -

amidated flavone in moderate yield (1a', 58%) during the reaction of flavone (1) with N,N-

dimethyl formamide (a') (Scheme V.3.2). Flavones containing electron-donating as well as 

electron-withdrawing substituents present in their 2-aryl rings were functionalized efficiently  
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Scheme V.3.2. -Amidation of flavone using N,N-dialkylformamides[a,b] 

 

 

[a]Reaction conditions: (1-6) (0.50 mmol), (a'-f') (1.0 mL), [Fe(acac)3] (20 mol%), DABCO (0.50 mmol), TBPB 

(1.50 mmol), K2S2O8 (0.50 mmol) at 115oC for 12 h. [b]Isolated yields. 

with formamide (a') providing their respective -amidated products (3a') and (6a') in 46% and 

30% yields.The lower yield (30%) of the product obtained in the case of o-chloro substituted 

flavone (6) is possibly due to steric hindrance. Switching the amide from N,N-

dimethylformamide (a') to N-methyl formamide (b'), N,N-diethylformamide (c') and N,N-

diisopropyl-formamide (d') all afforded their desired -amidated flavones in moderate yields 

(51-55%) when reacted with (1). Even the reactions of N-formylpiperidine (e') and N-methyl-

N-phenylformamide (f') with flavone (1) provided their respective amidated products (1e') and 

(1f') in 49% and 42% yields respectively (Scheme V.3.2). Again, the reaction of alkylbenzene 

viz. toluene (a'') in instead of cycloalkane (a) or N,N-dialkylformamide (a') with flavone (1) 

under the present reaction conditions provided only a trace amount of -benzylated flavone 

(1a'', 12%) (Scheme V.3.3) along with a multitude of other side products. 
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Scheme V.3.3. The reaction of flavone with alkylbenzene (toluene) 

Furthermore, to check whether this reaction is feasible with an active methylene 

compound such as ethyl acetoacetate, the reaction of flavone (1) with ethyl acetoacetate was 

carried out in the presence of the Fe(III)/TBPB/K2S2O8 combination. Spectroscopic analysis of 

the new isolated product (1A) showed the absence of the ethyl acetoacetate group. However, 

the product (1A, 22%) was found to have a singlet (–CH3) at 2.17 ppm in its 1H NMR and a 

peak at 11.9 ppm in its 13C NMR spectra confirming the presence of a methyl group at the -

site of the flavone (Scheme V.3.4). When the same reaction was carried out in the absence of 

ethyl acetoacetate, again the same -methylated product was isolated (1A) in 27% yield. This 

confirms that the methyl group is originating from the tert-butyl peroxybenzoate (TBPB) (A). 

It may be mentioned here that such -methylated flavones are present in drugs such as 

flavoxate (brand name: urispas) and dimefline as shown in Figure V.3.1. After a series of 

screening runs, the reaction of flavone (1) under Fe(III)/TBPB/K2S2O8 combinations in 

chlorobenzene afforded the optimum yield of -methylated flavone (1A, 53%). Homolytic 

cleavage of TBPB provides a methyl radical and acetone from the in situ generated tert-butoxy 

radical which is the source of the methyl group.[7b,10] To explore the generality of the strategy, 

the reaction of flavone containing both electron-donating and electron-withdrawing 

substituents present in its 2-aryl ring smoothly afforded -methylated products (3A, 43%), (4A, 

34%), (6A, 39%) and (7A, 33%) (Scheme V.3.4). 
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Scheme V.3.4. -Methylation of flavone with tert-butyl peroxybenzoate (TBPB)[a,b] 

 

 

[a]Reaction conditions: (1-7) (0.50 mmol), [Fe(acac)3] (20 mol%), DABCO (0.50 mmol), TBPB (1.50 mmol) 

K2S2O8 (0.50 mmol), in chlorobenzene (2.0 mL) at 115 oC for 12 h. [b]Isolated yields. 

To check the radical nature of this reaction when flavone (1) was reacted with 

cyclohexane (a) in the presence of a radical scavenger TEMPO (B), only a trace of the -

cycloalkylated product (1a, 8%) was formed. However, the formation of TEMPO-cyclohexyl 

adduct (1B, 56%) confirms the radical nature for this reaction (Scheme V.3.5.).  

 

Scheme V.3.5. Radical trapping experiment of flavone with cyclohexane  

Based on experiments performed and from earlier literature reports, a plausible 

mechanism is depicted for this -functionalization of flavone (1). This reaction is initiated by 

the thermal homolytic cleavage of the peroxide oxidant tert-butyl peroxybenzoate (TBPB) at 

115 oC to peroxybenzoate radical and tert-butoxy radical. Both these radicals can abstract a 

proton from cyclohexane (a) or N,N-dimethylformamide (a'). Radical addition of any of these 

species (R or Me) across the -CC double bond of flavone (1) afforded stable benzyl 

radical species (I). This radical species (I) further generates a cationic intermediate (II) via the 
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Scheme V.3.6.  A plausible mechanism for -functionalizations 

reduction of a Fe(III) catalyst to Fe(II). This Fe(II) species is converted to active Fe(III) catalyst 

via peroxide or persulphate mediated one-electron oxidation. In the final step, base (DABCO) 

abstracts the -proton to reinstall the -CC double bond affording the -functionalized 

flavones (1a) or (1a') (Scheme V.3.6). In the absence of any radical forming active coupling 

solvents such as cyclohexane (a) or N,N-dimethylformamide (a'), TBPB generates a methyl 

radical from tert-butoxy radical along with the formation of acetone. This methyl radical adds 

across the -CC double bond of flavone providing the -methylated flavone (1A) in a 

similar manner (Scheme V.3.6). 

In summary, we have for the first time demonstrated a Fe(III) catalyzed -cyclo-

alkylation, amidation and methylation of flavones using suitable oxidant/solvent combinations. 

A broad range of flavones, cycloalkanes and dialkyl-formamides are tolerated under the 

reaction conditions. The practical advantages of this strategy are the use of solvents such as 

cyclohexane, dimethylformamide as the reactive coupling partners with flavones. This method 
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offers a novel and convenient route for the synthesis of -functionalized flavones, which can 

be extended for the synthesis of drugs such as flavoxate and dimefline. 

V.4. Experimental Section 

V.4.1. General Information. All the reagents were commercial grade and purified 

according to the established procedures. Organic extracts were dried over anhydrous sodium 

sulphate. Solvents were removed in a rotary evaporator under reduced pressure. Silica gel (60-

120 mesh size) was used for the column chromatography. Reactions were monitored by TLC 

on silica gel 60 F254 (0.25mm). NMR spectra were recorded in CDCl3 with tetramethylsilane 

as the internal standard for 1H NMR (400 and 600 MHz) CDCl3 solvent as the internal standard 

for 13C NMR (100 and 151 MHz). HRMS spectra were recorded using +ESI (TOF) mode. IR 

spectra were recorded in KBr or neat. All the reagents and solvents were procured either from 

Sigma Aldrich, Alfa aesar or Merck. Starting flavones were prepared by reacting 2-

hydroxyacetophenone derivatives with benzaldehyde derivatives following the literature 

procedure (M. Cabrera et.al. / Bioorg. Med. Chem. 2007, 15, 3356-3367). The catalyst 

iron(III)acetylacetonate (97% pure) was procured from Sigma Aldrich [CAS NO: 14024-18-1, 

Product code 101490459, Lot # MKBP3040V]. Further purity of the catalyst was checked ICP 

analysis. As per the ICP analysis, an amount of 0.028 mg/L of Pd is found to be coexisting with 

the catalyst having Fe 555.7 mg/L. No trace of any other metals could be detected.  

V.4.2. Crystallographic Description: 

Crystal data were collected with Bruker Smart Apex-II CCD diffractometer using 

graphite monochromated MoK -radiation ( = 0.71073 Å) at 298 K. Cell parameters were 

retrieved using SMART [a] software and refined with SAINT[a] on all observed reflections. Data 

reduction was performed with the SAINT software and corrected for Lorentz and polarization 

effects. Absorption corrections were applied with the program SADABS[b]. The structure was 

solved by direct methods implemented in SHELX-97[c] program and refined by full-matrix 

least-squares methods on F2. All non-hydrogen atomic positions were located in difference 

Fourier maps and refined anisotropically. The hydrogen atoms were placed in their 

geometrically generated positions. Colourless crystals were isolated in a rectangular shape 

from acetonitrile at room temperature.  

[a]  SMART V 4.043 Software for the CCD Detector System; Siemens Analytical 

Instruments Division: Madison, WI, 1995. 
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[b] SAINT V 4.035 Software for the CCD Detector System; Siemens Analytical 

Instruments Division: Madison, WI, 1995. 

[c] Sheldrick, G. M. SHELXL-97, Program for the Refinement of Crystal Structures; 

University of Göttingen: Göttingen (Germany), 1997. 

CCDC Number for Compound 1a: CCDC 1476816. This data can be obtained free of charge 

from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/datarequest/cif. 

Crystallographic Description of 1a: Crystal dimension (mm): 0.28 x 0.23 x 0.19. C21H20O2, 

Mr = 304.37. triclinic, space group 'p -1'; a = 9.1619(17) Å, b = 10.216(2) Å, c = 10.489(2) 

Å; = 67.76 (2),  = 83.945 (16) o,  = 68.57(2), V = 845 4 (3) Å3; Z = 2; ρcal= 1.196 g/cm3; 

(mm-1) = 0.075; F (000) = 324.0; Reflection collected / unique = 3817 / 1917; Refinement 

method = Full-matrix least-squares on F2; Final R indices ['I > 2\s(I)'] R1 = 0.0601, wR2 = 

0.1727, R indices (all data) R1 = 0.1232, wR2 = 0.2476; goodness of fit = 0.896. 

V.4.3. Synthesis of -functionalized flavones: 

V.4.3. General Procedure for the Synthesis of 3-Cyclohexyl-2-phenyl-4H-chromen-4-one-

(1a) from 2-Phenyl-4H-chromen-4-one (1): To an oven-dried 10.0 mL round bottom flask 

were added sequentially 2-phenyl-4H-chromen-4-one (1) (0.111 g, 0.5 mmol), DABCO (0.056 

g, 0.5 mmol), Fe(acac)3 (0.035 g, 0.01 mmol), K2S2O8 (0.135 g, 0.5 mmol), and TBPB (0.291g, 

1.5 mmol) in cyclohexane (2.0 mL). The reaction mixture was then stirred in an oil bath at 115 

oC. After completion of the reaction (12 h) the crude product was admixed with ethyl acetate 

(25.0 mL) and the organic layer was washed with saturated sodium bicarbonate solution (2.0 x 

10.0 mL), dried over anhydrous sodium sulphate (Na2SO4) and evaporated under reduced 

pressure. The resulting crude product was purified by silica gel column chromatography 

(hexane / ethyl acetate, 99.5:0.5) to give pure 3-cyclohexyl-2-phenyl-4H-chromen-4-one (1a); 

0.105 g, yield: (69%). The identity and purity of the product were confirmed by spectroscopic 

analysis. 

V.4.3. General Procedure for the Synthesis of N,N-Dimethyl-4-oxo-2-phenyl-4H-

chromene-3-carboxamide (1a′) from 2-Phenyl-4H-chromen-4-one (1): To an oven-dried 

10.0 mL round bottom flask were added sequentially 2-phenyl-4H-chromen-4-one (1) (0.111 

g, 0.5 mmol), DABCO (0.056 g, 0.5 mmol), Fe(acac)3 (0.035 g, 0.01 mmol), TBPB (0.291 g, 

1.5 mmol) and K2S2O8 (0.135 g, 0.5 mmol), in DMF (1.0 mL). The reaction mixture was further 

stirred in an oil bath at 115 oC. After completion of the reaction (12 h) the crude product was 
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admixed with ethyl acetate (25.0 mL) and the organic layer was washed with saturated sodium 

bicarbonate solution (2.0 x 10.0 mL), dried over anhydrous sodium sulphate (Na2SO4) and 

evaporated under reduced pressure. The resulting crude product was purified by silica gel 

column chromatography (hexane / ethyl acetate, 30:70) to give pure N,N-dimethyl-4-oxo-2-

phenyl-4H-chromene-3-carboxamide (1a′); yield: 0.085 g (58%). The identity and purity of the 

product were confirmed by spectroscopic analysis. 

V.4.3. General Procedure for the Synthesis of 3-Methyl-2-phenyl-4H-chromen-4-one (1A) 

from 2-Phenyl-4H-chromen-4-one (1): To an oven-dried 10.0 mL round bottom flask were 

added sequentially 2-phenyl-4H-chromen-4-one (1) (0.111 g, 0.5 mmol), DABCO (0.056 g, 

0.5 mmol), Fe(acac)3 (0.035 g, 0.01 mmol), K2S2O8 (0.135 g, 0.5 mmol), TBPB (0.291 g, 1.5 

mmol) in chlorobenzene (2.0 mL). The reaction mixture was then stirred in an oil bath at 115 

oC. After completion of the reaction (12 h) the crude product was admixed with ethyl acetate 

(25.0 mL) and the organic layer was washed with saturated sodium bicarbonate solution (2.0 x 

10.0 mL), dried over anhydrous sodium sulphate (Na2SO4) and evaporated under reduced 

pressure. The resulting crude product was purified by silica gel column chromatography 

(hexane / ethyl acetate, 99:1) to give pure 3-methyl-2-phenyl-4H-chromen-4-one (1A); yield: 

0.063 g (53%). The identity and purity of the product were confirmed by spectroscopic 

analysis. 

V.4.4. Mechanistic Investigation: 

V.4.4. Trapping of Radical Intermediates with Radical Scavenger TEMPO: An oven-dried 

10.0 mL round bottom flask was charged with 2-phenyl-4H-chromen-4-one (1) (0.111 g, 0.5 

mmol), DABCO (0.056 g, 0.5 mmol), Fe(acac)3 (0.035 g, 0.01 mmol), K2S2O8 (0.135 g, 0.5 

mmol), TEMPO (0.078 g, 0.5 mmol), TBPB (0.291g, 1.5 mmol) in cyclohexane (a) (2.5 mL). The 

flask was fitted to a reflux condenser and the reaction mixture was stirred in an oil bath at 115 oC 

for 12 h. After completion of the reaction, the crude product was admixed with ethyl acetate (25.0 

mL) and the organic layer was washed with saturated sodium bicarbonate solution (2.0 x 10.0 

mL), dried over anhydrous sodium sulphate (Na2SO4) and evaporated under reduced pressure. 

The resulting crude product was purified by silica gel column chromatography (hexane) to give 

cyclohexyl-TEMPO adduct 1-(cyclohexyloxy)-2,2,6,6-tetramethylpiperidine (1B) in (56%) yield 

and the desired product only in trace amount (8%) (1a). This experiment supports the in situ 
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generation of cyclohexyl radical from cyclohexane (a) induced by TBPB and also the radical 

nature of the reaction mechanism. 
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V.6. Spectral Data 

3-Cyclohexyl-2-phenyl-4H-chromen-4-one (1a): 

Solid, (105 mg, 69%), m. p.  oC. 1H NMR (CDCl3, 400 

MHz): δ 8.22 (d, 1H, J = 8.0 Hz), 7.62 (t, 1H, J = 8.0 Hz), 7.53 

(bs, 5H), 7.397.35 (m, 2H), 2.562.49 (m, 1H), 2.392.29 (m, 

2H), 1.961.69 (m, 3H), 1.58 (m, 2H), 1.331.25 (m, 1H), 

1.161.07 (m, 2H) ppm.13C NMR (CDCl3, 101 MHz): δ 178.7, 

162.2, 155.9, 134.2, 133.3, 130.2, 128.8, 128.6, 125.9, 125.6, 

124.8, 124.1, 117.9, 39.8, 29.9, 27.0, 25.9 ppm. IR (KBr, cm-1): 

3056, 2926, 2845, 1635, 1619, 1566, 1468, 1449, 1379, 1313, 

1224, 1144, 1096, 1007, 999, 902, 774, 756, 702; HRMS 

(ESI/Q-TOF) m/z: calcd for C21H21O2 (M + H)+ 305.1543, found 

305.1550. 

3-Cyclohexyl-2-(p-tolyl)-4H-chromen-4-one (2a): 

Gummy, (97 mg, 61%). 1H NMR (CDCl3, 600 MHz): δ 8.21 (d, 

1H, J = 8.1 Hz), 7.61 (t, 1H, J = 8.1 Hz), 7.44 (d, 2H, J = 7.8 

Hz), 7.397.35 (m, 2H), 7.32 (d, 2H, J = 7.8 Hz), 2.582.53 (m, 

1H), 2.46 (s, 3H), 2.392.32 (m, 2H), 1.76 (m, 3H), 

1.631.54 (m, 2H), 1.331.25 (m, 1H), 1.151.11 (m, 2H) ppm. 

13C NMR (CDCl3, 151 MHz): δ 178.7, 162.4, 155.9, 140.4, 

133.3, 131.3, 129.3, 128.7, 125.9, 125.5, 124.7, 124.1, 117.9, 

39.8, 29.9, 27.0, 25.9, 21.7 ppm. IR (KBr, cm-1): 2923, 2851, 

1732, 1638, 1617, 1572, 1509, 1466, 1451, 1375, 1225, 1185, 

1143, 1093, 1021, 1006, 905, 817, 758; HRMS (ESI/Q-TOF) 

m/z: calcd for C22H23O2 (M + H)+ 319.1699, found 319.1706. 

3-Cyclohexyl-2-(4-methoxyphenyl)-4H-chromen-4-one (3a): 

Gummy, (95 mg, 57%). 1H NMR (CDCl3, 400 MHz): δ 8.20 (d, 

1H, J = 8.0 Hz), 7.61 (t, 1H, J = 8.0 Hz), 7.50 (d, 2H, J = 8.0 
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Hz), 7.397.34 (m, 2H), 7.03 (d, 2H, J = 8.0 Hz), 3.90 (s, 3H), 

2.57 (t, 1H, J = 8.0 Hz), 2.412.31 (m, 2H), 1.641.54 (m, 3H), 

1.77 (m, 2H), 1.251.09 (m, 3H) ppm. 13C NMR (CDCl3, 

101 MHZ): δ 178.7, 162.2, 155.9, 134.1, 133.4, 130.3, 130.2, 

128.8, 128.6, 125.9, 124.8, 117.9, 113.9, 55.6, 39.8, 29.9, 27.0, 

25.9 ppm. IR (KBr, cm-1): 2923, 2851, 1638, 1618, 1568, 1509, 

1466, 1378, 1314, 1251, 1225, 1175, 1143, 1109, 1095, 1029, 

1006, 904, 833, 760; HRMS (ESI/Q-TOF) m/z: calcd for 

C22H23O3 (M + H)+ 335.1648, found 335.1653. 

3-Cyclohexyl-2-(3,4-dimethoxyphenyl)-4H-chromen-4-one (4a): 

Gummy, (93 mg, 51%). 1H NMR (CDCl3, 400 MHz): δ 8.20 (d, 

1H, J = 8.0 Hz), 7.62 (t, 1H, J = 8.0 Hz), 7.417.34 (m, 2H), 7.16 

(d, 1H, J = 8.0 Hz), 7.07 (s, 1H), 6.99 (d, 1H, J = 8.0 Hz), 3.97 

(s, 3H), 3.94 (s, 3H), 2.642.58 (m, 1H), 2.422.33 (m, 2H), 

1.78 (m, 2H), 1.611.55 (m, 2H), 1.341.23 (m, 2H), 

1.161.12 (m, 2H) ppm. 13C NMR (CDCl3, 101 MHZ): δ 178.7, 

162.0, 155.8, 150.5, 148.8, 133.3, 126.5, 125.9, 125.3, 124.7, 

124.0, 121.9, 117.8, 111.7, 110.9, 56.2, 56.1, 39.9, 29.9, 27.1, 

25.9 ppm. IR (KBr, cm-1): 2923, 2850, 1636, 1617, 1564, 1512, 

1466, 1416, 1374, 1330, 1262, 1236, 1169, 1097, 1025, 895, 

861, 811, 761; HRMS (ESI/Q-TOF) m/z: calcd for C23H25O4 (M 

+ H)+ 365.1754, found 365.1749. 

2-(4-Bromophenyl)-3-cyclohexyl-4H-chromen-4-one (5a): 

Gummy, (86 mg, 69%). 1H NMR (CDCl3, 400 MHz): δ 8.21 (d, 

1H, J = 8.0 Hz), 7.687.61 (m, 3H), 7.437.36 (m, 4H), 

2.502.44 (m, 1H), 2.382.28 (m, 2H), 1.77 (m, 2H), 

1.591.52 (m, 2H), 1.371.25 (m, 2H), 1.211.07 (m, 2H) ppm. 

13C NMR (CDCl3, 151 MHz): δ 178.5, 160.9, 155.9, 133.5, 

131.9, 130.7, 130.4, 126.1, 125.9, 124.9, 124.7, 124.1, 117.9, 

39.9, 29.9, 26.9, 25.9 ppm. IR (KBr, cm-1): 2923, 2849, 1640, 

1617, 1571, 1487, 1467, 1397, 1225, 1183, 1144, 1108, 1094, 
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1069, 1011, 905, 823, 759; HRMS (ESI/Q-TOF) m/z: calcd for 

C21H20BrO2 (M + H)+ 383.0647, found 383.0647. 

2-(2-Chlorophenyl)-3-cyclohexyl-4H-chromen-4-one (6a): 

Gummy, (69 mg, 41%). 1H NMR (CDCl3, 400 MHz): δ 8.23 (d, 

1H, J = 8.0 Hz), 7.63 (t, 1H, J = 8.0 Hz), 7.55 (d, 1H, J = 8.0 

Hz), 7.497.47 (m, 1H), 7.417.37 (m, 3H), 7.36 (bs, 1H) 

2.202.10 (m, 3H), 1.701.49 (m, 5H), 1.301.20 (m, 1H), 

1.101.00 (m, 2H) ppm. 13C NMR (CDCl3, 151 MHz): δ 178.5, 

159.6, 156.1, 133.7, 133.5, 133.3, 131.4, 130.5, 130.2, 126.98, 

126.93, 126.1, 124.9, 124.3, 117.9, 40.1, 29.8, 27.0, 25.9 ppm. 

IR (KBr, cm-1): 2923, 2851, 1641, 1572, 1463, 1450, 1379, 1223, 

1144, 1111, 1055, 1033, 1006, 906, 759; HRMS (ESI/Q-TOF) 

m/z: calcd for C21H20ClO2 (M + H)+ 339.1153, found 339.1156. 

2-(3-Bromophenyl)-3-cyclohexyl-4H-chromen-4-one (7a): 

Gummy, (153 mg, 80%). 1H NMR (CDCl3, 400 MHz): δ 8.19 

(d, 1H, J = 7.6 Hz), 7.69 (s, 1H), 7.657.59 (m, 2H), 7.46 (d, 1H, 

J = 7.6 Hz), 7.397.33 (m, 3H), 2.50 (m, 1H), 2.382.28 

(m, 2H), 1.77 (m, 2H), 1.631.53 (m, 3H), 1.331.24 (m, 

1H), 1.171.07 (m, 2H) ppm. 13C NMR (CDCl3, 101 MHZ): δ 

178.3, 160.2, 155.7, 135.8, 133.4, 133.2, 131.7, 130.1, 127.4, 

125.93, 125.86, 124.9, 123.9, 122.6, 117.8, 39.8, 29.8, 26.9, 25.8 

ppm. IR (KBr, cm-1): 2923, 2849, 1640, 1619, 1569, 1558, 1465, 

1450, 1375, 1313, 1224, 1185, 1143, 1109, 1005, 962, 887, 788, 

759; HRMS (ESI/Q-TOF) m/z: calcd for C21H20BrO2 (M + H)+ 

383.0647, found 383.0656. 

3-Cyclohexyl-2-(furan-2-yl)-4H-chromen-4-one (8a): 

Gummy, (77 mg, 52%). 1H NMR (CDCl3, 400 MHz): δ 8.16 (d, 

1H, J = 8.0 Hz), 7.667.59 (m, 2H), 7.41 (d, 1H, J = 8.8 Hz), 

7.34 (t, 1H, J = 7.8 Hz), 6.986.94 (m, 1H), 6.61 (bs, 1H) 

3.10 (m, 1H), 2.39 (m, 2H), 1.84 (m, 3H), 
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1.721.61 (m, 2H), 1.421.24 (m, 3H) ppm. 13C NMR (CDCl3, 

101 MHZ): δ 178.7, 155.4, 151.5, 147.2, 144.7, 133.4, 125.9, 

125.3, 124.8, 123.9, 117.7, 114.6, 111.9, 38.7, 29.7, 27.2, 26.1 

ppm. IR (KBr, cm-1): 2925, 2853, 1724, 1639, 1621, 1580, 1466, 

1451, 1401, 1370, 1145, 1089, 1068, 1025, 759, 711; HRMS 

(ESI/Q-TOF) m/z: calcd for C19H19O3 (M + H)+ 295.1135, found 

295.1341. 

3-Cyclohexyl-6-methyl-2-phenyl-4H-chromen-4-one (9a): 

Gummy, (62 mg, 39%). 1H NMR (CDCl3, 400 MHz): δ 7.99 (s, 

1H), 7.557.50 (m, 5H), 7.43 (d, 1H J = 8.0 Hz), 7.29 (bs, 1H), 

2.552.48 (m, 1H), 2.45 (s, 3H), 2.352.28 (m, 2H), 1.76 

(m, 2H), 1.591.54 (m, 2H), 1.331.28 (m, 2H), 1.161.06 (m, 

2H) ppm. 13C NMR (CDCl3, 101 MHZ): δ 178.7, 162.0, 154.1, 

134.6, 134.5, 134.2, 130.1, 128.7, 128.6, 125.3, 125.2, 123.7, 

117.6, 39.8, 29.8, 26.9, 25.9, 21.2 ppm. IR (KBr, cm-1): 2625, 

2851, 1633, 1617, 1603, 1571, 1493, 1485, 1445, 1430, 1367, 

1279, 1262, 1227, 1207, 1145, 1131, 1094, 1025, 962, 821, 802, 

787, 756; HRMS (ESI/Q-TOF) m/z: calcd for C22H23O2 (M + 

H)+ 319.1699, found 319.1704. 

3-Cyclopentyl-2-phenyl-4H-chromen-4-one (1b): 

Gummy, (86 mg, 59%). 1H NMR (CDCl3, 400 MHz): δ 8.23 (d, 

1H, J = 8.0 Hz), 7.657.61 (m, 1H), 7.557.52 (m, 5H), 

7.407.37 (m, 2H), 2.562.46 (m, 1H), 2.392.29 (m, 1H), 

1.76 (m, 2H), 1.621.55 (m, 2H), 1.331.24 (m, 2H), 

1.161.06 (m, 1H) ppm. 13C NMR (CDCl3, 101 MHZ): δ 178.7, 

162.2, 155.9, 134.2, 133.4, 130.2, 129.1, 128.8, 128.7, 126.0, 

125.7, 124.8, 117.9, 39.9, 30.8, 29.9, 27.0, 25.9 ppm. IR (KBr, 

cm-1): 2922, 2849, 1638, 1619, 1568, 1466, 1445, 1379, 1312, 

1225, 1143, 1023, 1006, 760; HRMS (ESI/Q-TOF) m/z: calcd 

for C20H19O2 (M + H)+ 291.1386, found 291.1390. 
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3-Cyclooctyl-2-phenyl-4H-chromen-4-one (1c): 

Gummy, (88 mg, 53%). 1H NMR (CDCl3, 400 MHz): δ 8.22 (d, 

1H, J = 8.0 Hz), 7.63 (t, 1H, J = 7.8 Hz), 7.577.55 (m, 5H), 

7.417.35 (m, 2H), 2.79 (m, 1H), 2.322.27 (m, 2H), 

1.761.68 (m, 2H), 1.621.56 (m, 3H), 1.471.42 (m, 3H), 

1.391.34 (m, 1H), 1.331.26 (m, 3H) ppm. 13C NMR (CDCl3, 

101 MHZ): δ 178.5, 161.1, 156.0, 134.1, 133.4, 130.2, 128.8, 

128.59, 128.55, 125.9, 124.7, 124.2, 117.9, 38.0, 32.2, 26.8, 

26.7, 26.5 ppm. IR (KBr, cm-1): 2921, 2849, 1639, 1621, 1570, 

1463, 1383, 1224, 1180, 1102, 1019, 894, 769; HRMS (ESI/Q-

TOF) m/z: calcd for C23H25O2 (M + H)+ 333.1856, found 

333.1850. 

N,N-Dimethyl-4-oxo-2-phenyl-4H-chromene-3-carboxamide (1a'): 

Gummy, (85 mg, 58%). 1H NMR (CDCl3, 400 MHz): δ 8.26 (d, 

1H, J = 8.0 Hz), 7.83 (d, 1H, J = 7.6 Hz), 7.72 (t, 1H, J = 7.8 

Hz), 7.557.42 (m, 6H), 3.06 (s, 3H), 2.84 (s, 3H) ppm. 13C 

NMR (CDCl3, 101 MHZ): δ 175.6, 165.6, 160.8, 156.1, 134.4, 

131.9, 131.7, 129.0, 128.2, 126.2, 125.7, 123.2, 119.8, 118.2, 

38.0, 35.0 ppm. IR (KBr, cm-1): 2925, 2846, 1637, 1565, 1494, 

1465, 1446, 1400, 1376, 1111, 1076, 1025, 909, 871, 764; 

HRMS (ESI/Q-TOF) m/z: calcd for C18H16NO3 (M + H)+ 

294.1131, found 294.1133. 

2-(4-Methoxyphenyl)-N,N-dimethyl-4-oxo-4H-chromene-3-carboxamide (3a'): 

Gummy, (74 mg, 46%). 1H NMR (CDCl3, 400 MHz): δ 8.24 (d, 

1H, J = 7.8 Hz), 7.81 (d, 1H, J = 8.8), 7.71 (t, 1H, J = 7.0 Hz), 

7.537.41 (m, 3H), 6.99 (d, 2H, J = 9.2 Hz), 3.88 (s, 3H), 3.09 

(s, 3H), 2.85 (s, 3H) ppm. 13C NMR (CDCl3, 101 MHZ): δ 175.6, 

166.1, 162.3, 156.1, 134.2, 130.5, 129.9, 126.2, 125.5, 124.2, 

123.2, 118.1, 114.6, 114.5, 55.7, 38.0, 35.1 ppm. IR (KBr, cm-

1): 2925, 2850, 1636, 1617, 1511, 1466, 1375, 1307, 1259, 1181, 
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1109, 1076, 1025, 969, 912, 873, 840, 764; HRMS (ESI/Q-TOF) 

m/z: calcd for C19H18NO4 (M + H)+ 324.1237, found 324.1243. 

2-(2-Chlorophenyl)-N,N-dimethyl-4-oxo-4H-chromene-3-carboxamide (6a'): 

Gummy, (49 mg, 30%). 1H NMR (CDCl3, 400 MHz): δ 8.28 (d, 

1H, J = 8.0 Hz), 7.757.67 (m, 2H), 7.537.44 (m, 4H), 7.38 (t, 

1H, J = 7.5 Hz), 2.91 (s, 3H), 2.91 (s, 3H) ppm. 13C NMR 

(CDCl3, 151 MHz): δ 175.2, 164.3, 160.4, 156.3, 134.6, 133.0, 

132.2, 131.8, 130.9, 130.1, 128.5, 127.1, 126.3, 125.8, 123.5, 

118.4, 38.2, 34.9 ppm. IR (KBr, cm-1): 2925, 2853, 1718, 1644, 

1573, 1463, 1441, 1401, 1376, 1261, 1216, 1110, 1082, 1057, 

915, 875, 762; HRMS (ESI/Q-TOF) m/z: calcd for C18H15ClNO3 

(M + H)+ 328.0741, found 328.0736. 

N-Methyl-4-oxo-2-phenyl-4H-chromene-3-carboxamide (1b'): 

Gummy, (77 mg, 55%). 1H NMR (CDCl3, 400 MHz): δ 8.25 (d, 

1H, J = 8.0 Hz), 8.08 (bs, 1H), 7.767.68 (m, 3H), 7.547.45 (m, 

5H), 2.92 (d, 3H, J = 8.0 Hz) ppm. 13C NMR (CDCl3, 151 MHz): 

δ 177.6, 168.5, 164.4, 155.6, 134.7, 133.7, 131.3, 128.7, 128.5, 

126.3, 126.0, 123.5, 118.2, 116.6, 26.6 ppm. IR (KBr, cm-1): 

3278, 2925, 2853, 1636, 1570, 1493, 1467, 1446, 1393, 1261, 

1171, 1130, 761; HRMS (ESI/Q-TOF) m/z: calcd for C17H14NO3 

(M + H)+ 280.0974, found 280.0977. 

N,N-Diethyl-4-oxo-2-phenyl-4H-chromene-3-carboxamide (1c'): 

Gummy, (85 mg, 53%). 1H NMR (CDCl3, 400 MHz): δ 8.25 (d, 

1H, J = 8.0 Hz), 7.91 (d, 1H, J = 8.6 Hz), 7.72 (t, 1H, J = 7.8 

Hz), 7.557.42 (m, 6H), 3.753.69 (m, 1H), 3.363.31 (m, 1H), 

3.22 (m, 1H), 3.123.04 (m, 1H), 1.33 (t, 3H, J = 7.2 Hz), 

0.86 (t, 3H, J = 7.2 Hz) ppm. 13C NMR (CDCl3, 151 MHz): δ 

175.9, 164.7, 160.3, 156.2, 134.3, 132.1, 131.6, 128.8, 128.5, 

126.3, 125.6, 123.3, 120.3, 118.2, 43.3, 39.3, 13.9, 12.4 ppm. IR 

(KBr, cm-1): 2975, 2932, 1718, 2907, 2163, 1565, 1465, 1446, 

1378, 1270, 1220, 1180, 1151, 1111, 1028, 902, 852, 763; 
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HRMS (ESI/Q-TOF) m/z: calcd for C20H20NO3 (M + H)+ 

322.1444, found 322.1450. 

N,N-Diisopropyl-4-oxo-2-phenyl-4H-chromene-3-carboxamide (1d'): 

Gummy. (89 mg, 51%). 1H NMR (CDCl3, 600 MHz): δ 8.23 (d, 

1H, J = 7.8 Hz), 7.95 (d, 2H, J = 7.8 Hz), 7.71 (t, 1H, J = 7.8 

Hz), 7.547.42 (m, 5H), 3.803.76 (m, 1H), 3.383.34 (m, 1H), 

1.61 (d, 3H, J = 6.6 Hz), 1.40 (d, 3H, J = 6.6 Hz), 1.12 (d, 3H, J 

= 6.6 Hz), 0.55 (d, 3H, J = 6.6 Hz) ppm. 13C NMR (CDCl3, 151 

MHz): δ 175.9, 164.2, 159.6, 156.2, 134.2, 132.1, 131.5, 128.7, 

128.6, 126.2, 125.5, 123.4, 121.6, 118.2, 51.7, 46.3, 21.2, 20.6, 

20.2, 19.8 ppm. IR (KBr, cm-1): 2969, 2928, 1644, 1564, 1494, 

1465, 1446, 1371, 1332, 1214, 1178, 1140, 1110, 1086, 1040, 

907, 833, 791, 762; HRMS (ESI/Q-TOF) m/z: calcd for 

C22H24NO3 (M + H)+ 350.1757, found 350.1761. 

2-Phenyl-3-(piperidine-1-carbonyl)-4H-chromen-4-one (1e'): 

Gummy. (82 mg, 69%). 1H NMR (CDCl3, 400 MHz): δ 8.25 (d, 

1H, J = 8.0 Hz), 7.907.87 (m, 2H), 7.72 (t, 1H, J = 9.0 Hz), 

7.547.50 (m, 4H), 7.44 (t, 1H, J = 7.0 Hz), 3.903.84 (m, 1H) 

3.533.47 (m, 1H), 3.233.20 (m, 2H), 1.521.47 (m, 3H), 

1.381.34 (m, 1H), 0.88m, 2H) ppm. 13C NMR (CDCl3, 

101 MHz): δ 175.7, 163.7, 160.4, 156.2, 134.3, 132.1, 131.7, 

128.9, 128.5, 126.3, 125.6, 123.3, 119.9, 118.2, 47.9, 42.7, 26.1, 

25.3, 24.6 ppm. IR (KBr, cm-1): 2925, 2853, 1644, 1621, 1563, 

1466, 1457, 1446, 1377, 1256, 1228, 1123, 1097, 1028, 1007, 

860, 786, 758; HRMS (ESI/Q-TOF) m/z: calcd for C21H20NO3 

(M + H)+ 334.1444, found 334.1440. 

N-Methyl-4-oxo-N,2-diphenyl-4H-chromene-3-carboxamide (1f'): 

Gummy. (75 mg, 42%). 1H NMR (CDCl3, 600 MHz): δ 8.26 (d, 

1H, J = 8.0 Hz), 7.67 (m, 4H), 7.54 (m, 5H), 7.46 (d, 

2H, J = 8.0 Hz), 7.427.35 (m, 2H), 2.17 (s, 3H) ppm. 13C NMR 

(CDCl3, 151 MHz): δ 179.1, 161.3, 156.7, 154.4, 134.9, 133.7, 
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133.6, 130.4, 130.3, 129.2, 128.7, 128.6, 126.1, 125.3, 124.9, 

118.1, 117.84, 117.76, 29.9 ppm. IR (KBr, cm-1): 2923, 2850, 

1723, 1639, 1572, 1468, 1449, 1372, 1285, 1233, 1132, 1110, 

1015, 760. 

3-Methyl-2-phenyl-4H-chromen-4-one (1A): 

Gummy, (63 mg, 53%). 1H NMR (CDCl3, 400 MHz): δ 8.26 (d, 

1H, J = 8.0 Hz), 7.677.64 (m, 3H), 7.547.52 (m, 3H), 7.46 (d, 

1H, J = 8.4 Hz), 7.40 (t, 1H, J = 7.5 Hz), 2.17 (s, 3H) ppm. 13C 

NMR (CDCl3, 101 MHz): δ 179.1, 161.2, 156.3, 133.5, 130.4, 

129.1, 128.6, 126.3, 126.1, 124.9, 122.7, 118.1, 117.7, 11.9 ppm. 

IR (KBr, cm-1): 2923, 2850, 1739, 1639, 1571, 1494, 1467, 1450, 

1389, 1372, 1232, 1132, 1109, 1079, 1015, 857, 761; HRMS 

(ESI/Q-TOF) m/z: calcd for C16H13O2 (M + H)+ 237.0917, found 

237.0923. 

2-(4-Methoxyphenyl)-3-methyl-4H-chromen-4-one (3A): 

Gummy, (57 mg, 43%). 1H NMR (CDCl3, 400 MHz): δ 8.25 (d, 

1H, J = 8.0 Hz), 7.677.61 (m, 3H), 7.45 (d, 1H, J = 8.0 Hz), 

7.39 (t, 1H, J = 8.0 Hz), 7.04 (d, 2H, J = 12.0 Hz), 3.90 (s, 3H), 

2.19 (s, 3H) ppm. 13C NMR (CDCl3, 151 MHz): δ 179.2, 161.2, 

156.3, 133.4, 130.8, 126.1, 126.0, 124.8, 122.7, 117.9, 117.1, 

114.6, 114.0, 55.6, 12.1 ppm. IR (KBr, cm-1): 2920, 2850, 1640, 

1622, 1610, 1577, 1515, 1469, 1391, 1369, 1310, 1263. 1181, 

1116, 1020, 836, 753; HRMS (ESI/Q-TOF) m/z: calcd for 

C17H15O3 (M + H)+ 267.1022, found 267.1020. 

2-(3,4-Dimethoxyphenyl)-3-methyl-4H-chromen-4-one (4A): 

Gummy, (50 mg, 34%). 1H NMR (CDCl3, 400 MHz): δ 8.26 (d, 

1H, J = 8.0 Hz), 7.66 (t, 1H, J = 8.0 Hz), 7.47 (t, 1H, J = 8.0 Hz), 

7.40 (t, 1H, J = 8.0 Hz), 7.24 (s, 1H), 7.18 (s, 1H), 7.00 (d, 1H, 

J = 8.0 Hz), 3.97 (s, 3H), 3.96 (s, 3H), 2.20 (s, 3H) ppm. 13C 

NMR (CDCl3, 151 MHz): δ 179.1, 161.2, 156.2, 150.8, 148.9, 

133.5, 126.13, 126.09, 124.9, 122.7, 118.0, 117.2, 111.9, 110.9, 
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56.3, 56.2, 12.2 ppm. IR (KBr, cm-1): 2923, 2848, 1638, 1606, 

1572, 1519, 1477, 1469, 1444, 1392, 1369, 1343, 1281, 1266, 

1247, 1226, 1172, 1147, 1128, 1108, 1022, 993, 894, 870, 850, 

823, 752; HRMS (ESI/Q-TOF) m/z: calcd for C18H17O4 (M + 

H)+ 297.1128, found 297.1130. 

2-(2-Chlorophenyl)-3-methyl-4H-chromen-4-one (6A): 

Gummy, (53 mg, 39%). 1H NMR (CDCl3, 400 MHz): δ 8.28 (d, 

1H, J = 8.0 Hz), 7.697.62 (m, 1H), 7.54 (t, 1H, J = 8.0 Hz), 

7.497.46 (m, 1H), 7.487.39 (m, 4H), 1.94 (s, 3H) ppm. 13C 

NMR (CDCl3, 151 MHz): δ 178.8, 159.3, 156.5, 133.7, 131.5, 

130.9, 130.3, 127.1, 126.1, 125.1, 122.9, 119.7, 118.2, 116.4, 

114.4, 11.5 ppm. IR (KBr, cm-1): 2924, 2848, 1643, 1575, 1467, 

1440, 1390, 1373, 1230, 1138, 1110, 1066, 1014, 857, 759; 

HRMS (ESI/Q-TOF) m/z: calcd for C16H12ClO2 (M + H)+ 

271.0527, found 271.052. 

2-(3-Bromophenyl)-3-methyl-4H-chromen-4-one (7A): 

Gummy, (52 mg, 33%). 1H NMR (CDCl3, 600 MHz): δ 8.26 (d, 

1H, J = 6.0 Hz), 7.81 (s, 1H) 7.697.65 (m, 2H), 7.58 (d, 1H, J 

= 6.0 Hz), 7.47 (d, 1H, J = 6.0 Hz), 7.427.39 (m, 2H), 2.16 (s, 

3H) ppm. 13C NMR (CDCl3, 151 MHz): δ 178.9, 159.5, 156.3, 

135.5, 133.8, 133.4, 132.0, 130.2, 127.9, 126.1, 125.1, 122.7, 

122.6, 118.2, 118.1, 11.9 ppm. IR (KBr, cm-1): 2923, 2848, 1646, 

1607, 1574, 1559, 1467, 1384, 1368, 1252, 1231, 1132, 1112, 

1073, 1021, 790, 778, 754, 717; HRMS (ESI/Q-TOF) m/z: calcd 

for C16H12BrO2 (M + H)+ 315.0021, found 315.0016. 

1-(Cyclohexyloxy)-2,2,6,6-tetramethylpiperidine (1B): 

Gummy, (67 mg, 56%). 1H NMR (CDCl3, 400 MHz): δ 3.59 (bs, 

1H), 2.06 (bs, 2H), 1.76 (bs, 2H), 1.621.45 (m, 6H), 1.291.12 

(m, 18H) ppm. 13C NMR (CDCl3, 101 MHz): δ 81.9, 59.8, 40.4, 

34.6, 33.1, 26.1, 25.3, 17.5 ppm. IR (KBr, cm-1): 2932, 2855, 

1453, 1374, 1359, 1257, 1242, 1208, 1181, 1132, 1058, 1044, 
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1020, 993, 966, 913, 890, 786, 711; HRMS (ESI/Q-TOF) m/z: 

calcd for C15H27NO (M + H)+ 240.2328, found 240.2333. 

3-Benzyl-2-phenyl-4H-chromen-4-one (1a''): 

Gummy, (19 mg, 12%). 1H NMR (CDCl3, 400 MHz): δ 8.27 (d, 

1H, J = 8.0 Hz), 7.93 (m, 1H), 7.67 (m, 3H), 

7.567.52 (m, 4H), 7.47 (t, 2H, J = 8.0 Hz), 7.40 (t, 1H, J = 8.0 

Hz), 7.23m, 2H), 2.18 (s, 2H) ppm. HRMS (ESI/Q-TOF) 

m/z: calcd for C22H17O2 (M + H)+ 313.1229, found 313.1238. 
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V.7. Spectra 

3-Cyclohexyl-2-phenyl-4H-chromen-4-one (1a): 1H NMR (CDCl3, 400 MHz) 

 

3-Cyclohexyl-2-phenyl-4H-chromen-4-one (1a): 13C NMR (CDCl3, 101 MHz) 
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N,N-Dimethyl-4-oxo-2-phenyl-4H-chromene-3-carboxamide (1a'): 1H NMR (CDCl3, 400 

MHz) 

 

N,N-Dimethyl-4-oxo-2-phenyl-4H-chromene-3-carboxamide (1a'): 13C NMR (CDCl3, 

101 MHz) 
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3-Methyl-2-phenyl-4H-chromen-4-one (1A): 1H NMR (CDCl3, 400 MHz) 

 

3-Methyl-2-phenyl-4H-chromen-4-one (1A): 13C NMR (CDCl3, 101 MHz) 
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