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ABBREVIATIONS AND CHEMICAL FORMULAS 

Ac Acetyl 

Ar Aryl 

Bn Benzyl 

Boc N-tert-Butoxycarbonyl 

Bz Benzoyl 

BBr3 Boron tribromide 

Br2 Bromine 

(Boc)2O Di-tert-butyl dicarbonate 

n-Bu n-Butyl 

n-BuLi n-Butyl lithium 

t-Bu tert-Butyl 

CDC Cross Dehydrogenative Coupling 

CSA Camphorsulfonic acid 

CH3CN  Acetonitrile 

CH2Cl2  Dichloromethane 

EtOH Ethanol 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DEAD Diethyl azodicarboxylate 

DIBAL-H Diisobutyl aluminium hydride 

DMP Dess–Martin periodinane 

DMF Dimethyl formamide 

DMS Dimethyl sulfide 

DMSO Dimethyl sulphoxide 

DMAP N,N-dimethyl-4-aminopyridine 

dr Diastereomeric ratio 
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ee Enantiomeric excess 

Et Ethyl 

EtOAc Ethyl acetate 

g Grams 

h Hours 

HPLC High performance liquid chromatography 

HRMS High resolution mass spectroscopy 

I2  Iodine 

imid. Imidazole 

K2CO3  Potassium carbonate 

IR Infra-red 

IBX 2-Iodoxybenzoic acid 

LAH Lithium aluminum hydride 

LiHMDS Lithium hexamethyldisilazide 

M
+
 Molecular ion 

Me Methyl 

MOM Methoxymethyl 

mCPBA  meta-Chloroperoxybenzoic acid 

min Minutes 

mg Miligram 

mL Milliliter 

mp Melting point 

MS Mass spectrum 

Ms Mesyl 

NBS N-Bromosuccinimide 

NaOH  Sodium Hydroxide 

NaHCO3  Sodium bicarbonate 

NMR Nuclear Magnetic Resonance 

NMO N-Methyl morpholine N-oxide 



 

vi 
 

PCC Pyridinium chlorochromate 

Pd/C Palladium on activated charcoal 

PDC Pyridinium dichromate 

Ph Phenyl 

p-Ts p-Tosyl 

p-TSA p-Toluene sulfonic acid 

Py Pyridine 

PhI Iodobenzene 

PIDA (Diacetoxyiodo)benzene 

PIFA bis(trifluoroacetoxy)iodobenzene 

HTIB Hydroxy(tosyloxy)iodobenzene 

PPh3 Triphenylphosphine 

TBS tert-Butyldimethylsilyl 

TEMPO (2,2,6,6-tetramethyl-1-piperidinyl)oxyl 

THF Tetrahydrofuran 

TLC Thin layer chromatography 

TBAF Tetrabutylammonium fluoride 

TBDMSCl tert-Butyldimethylsilyl chloride 

TBDPSCl tert-Butyldiphenylsilyl chloride 

TFA Trifluoroacetic acid 

TfOH 

EDA 

TBACl 

TBAB 

Trifluoromethanesulfonic acid 

Electron Donor Acceptor  

Tetrabutyl ammonium chloride 

Tetrabutyl ammonium bromide 
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GENERAL REMARKS 

1. All reagents and starting materials from commercial suppliers were used as such without 

further purification. 

2. Solvents were distilled and dried using standard protocols. Reactions were carried out in 

anhydrous solvents under argon, nitrogen atmosphere in oven-dried glassware. 

3. Petroleum ether refers to the fraction collected in the boiling range 60-80 
0
C. 

4. Organic layers after every extraction were dried over anhydrous sodium sulphate. 

5. Air sensitive reagents and solutions were transferred via syringe or cannula and were 

introduced to the apparatus via rubber septa. 

6. Column Chromatography was performed over silica gel (100-200 mesh and 230-400 

mesh size). 

7. All evaporations were carried out under reduced pressure on Heidolph rotary evaporator 

below 50 °C unless otherwise specified. 

8. All reactions are monitored by thin layer chromatography (TLC) with 0.25 mm pre-

coated E-Merck silica gel plates (60F-254). Visualization was accomplished with either 

UV light, Iodine adsorbed on silica gel or by immersion in an ethanolic solution of 

phosphomolybdic acid (PMA), p-anisaldehyde or KMnO4 followed by heating with a 

heat gun for ~15 sec. 

9. 1
H and 

13
C NMR spectra were recorded on Brucker FT AC-200 MHz, Brucker Advance 

400 MHz, Brucker Advance 500 MHz and JEOL ECX 400 instruments using TMS as an 

internal standard. The following abbreviations were used: s=singlet, d=doublet, t=triplet, 

q=quartet, m multiplet, br. s.=broad singlet, dd=doublet of doublet, dt=doublet of triplet 

and ddd=doublet of doublet of doublet, app=apparent. 
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10. Chemical nomenclature (IUPAC) and structures were generated using Chem Draw 

Professional 20.0.0.41 software. 

11. High-resolution mass spectra (HRMS) were recorded on a Thermo Scientific Q-Exactive, 

Accela 1250 pump and EI Mass spectra were recorded on Finnigan MAT-1020 

spectrometer at 70 eV using a direct inlet system. 

12. UV-vis absorption spectra were measured with a UV-Vis spectrum were recorded with a 

Shimadzu 1800 spectrophotometer.  

13. All the melting points are uncorrected and were recorded using a scientific melting point 

apparatus (Buchi B-540) and the temperatures are in centigrade scale. 

14. The compounds, scheme and reference numbers given in each chapter refers to that 

chapter only. 
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1. Introduction 

Substituted piperidines are the most accessible structural motifs found among the biologically 

active N-heterocycles which occurred naturally as well as synthetically. It has become the 

most reputed and impressive core structure as it is present in 72 small drug molecules having 

piperidine as active site. Due to the impact of piperidines in pharmaceutical industry it has 

attracted the attention of chemists towards its synthesis.  

1.1 Statement of Problem 

 Due to the increasing importance of tofacitinib in medicinal and pharmaceutical fields, 

several synthetic approaches have been well reported in the literature. Among the reported 

methods, asymmetric synthesis of tofacitinib is rarely explored. Substituted aryl carbonyls 

and quinoxaline-2(1H)-ones with ether cores are very important in the bioactive natural 

products. Indolizines are one of the vital fused N-heterocyclic compounds mainly isolated 

from different plants and fungal sources and further they come into spotlight due to their 

unique physical and pharmacological properties. Therefore, new methods are for synthesis of 

these core structure need to develop.  

2. Objectives 

1) Short Enantioselective Total Synthesis of (+)-Tofacitinib and Process for the production 

of key intermediate of (+)- Tofacitinib 

2) Development of Metal-Free Regioselective Cross Dehydrogenative Coupling of Cyclic 

Ethers with Aryl Carbonyls and quinoxalin-2(1H)-ones. 
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3) Development of new synthetic methodologies for the C-H functionalization of 

indolizines. 

4) Ti-superoxide catalysed oxidative amidation of aldehydes and synthesis of congested 

indolizine amides. 

3. Methodology 

The thesis is divided into four chapters. Chapter 1: Short Enantioselective Total Synthesis of 

(+)-Tofacitinib and Process for the production of key intermediate of (+)- Tofacitinib. 

Chapter 2: Efforts to Access the Regioselective alkylation of aryl carbonyls and C-H 

functionalization of quinoxalin-2(1H)-ones. Chapter 3: Development of new synthetic 

methodologies for the C-H functionalization of indolizines. Chapter 4:Ti-superoxide 

catalysed oxidative amidation of aldehydes and synthesis of congested indolizine amides. 

 

Chapter 1: Short Enantioselective Total Synthesis of (+)-Tofacitinib and Process for the 

production of key intermediate of (+)- Tofacitinib. 

 

 

 

Section I: Short Enantioselective Total Synthesis of (+)-Tofacitinib  

 

In recent studies, 3, 4-disubstituted piperidines have shown a promising candidate as JAK 

inhibitors. Whereas in 2012, tofacitinib (1) became the first JAK inhibitor drug approved by 

the Food and Drug Administration (FDA) for the treatment of rheumatoid arthritis, also in 

2017 it was further approved for the treatment of active rheumatoid arthritis (RA), psoriatic 

arthritis, and ulcerative colitis. 
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Due to the increasing importance of tofacitinib in medicinal and pharmaceutical fields, 

several synthetic approaches have been well reported in the literature. Among the reported 

methods, asymmetric synthesis of tofacitinib is rarely explored. We have planned the 

synthesis of tofacitinib (1) from stereoselective inversion of 1-benzyl-4-methylpiperidin-3-yl 

methanesulfonate2b via nucleophilic substitution reaction with N-methyl dezapurine amine 3.  

Further, the key intermediate 2a synthesized from the N-protected piperidone 5 by using 

proline catalysed one pot α-aminoxylation and Wittig reaction, followed by reduction of 

allylic alcohol 4. 

 

Finally, the SN
2 nucleophilic addition of dezapurine amine with fragment 2b 

producesIntermediate 8 and then within 2 step gives Tofacitinib (1) 

Section II: Process for the Production of Key Intermediate of (+)- Tofacitinib via Overmann           

Rearrangement Reaction. 
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In the Literature very,few methods are available for the Synthesis of enantiomerically pure 

(+)-Tofacitinib. The present invention provides an efficient catalytic route for the key 

intermediate of (+)- Tofacitinib.It is the catalytic and enantioselective method for the 

synthesis of chiral pure (3R,4R)-1-benzyl-N,4-dimethylpiperidin-3-amine which is being 

developed for the first-time using Overmann rearrangement reaction. In recent studies, 3, 4-

disubstituted piperidines have shown a promising candidate as JAK inhibitors. 

 

The existing method to synthesize 3, 4-disubstituted piperidines involves multistep reaction 

sequences thereby limiting the overall yield and the enantioselectivity as well as 

regioselectivity of the process particularly unsuitable for the atom economic synthesis. The 

literature methods in the synthesis of (+)-Tofacitinib employ either chiral starting materials or 

expensive reagents involving longer reaction sequences, often resulting in poor product 

selectivity. Present work describes a flexible and novel method that employs metal free 

Overmann rearrangement reaction for the enantioselective production of key intermediate of 

(+)- Tofacitinib in 8 Steps with excellent yield. 

 

Chapter 2: Development of Metal-Free Regioselective Cross Dehydrogenative    

Coupling (CDC) of Cyclic Ethers with Aryl Carbonyls and Quinoxalin-

2(1H)-ones. 

Section I: Metal-Free Regioselective Cross Dehydrogenative Coupling of Cyclic Ethers and 

Aryl Carbonyls 

Functionalized cyclic ethers are important scaffolds found in a variety of natural products and 

pharmaceutical ingredients. Generally, tetrahydrofuran (THF), 1,4-dioxane and 

tetrahydropyrans (THP) are the examples of cyclic ethers. These compounds show a broad 

spectrum of biological activity, including antibacterial, anti-inflammatory, anti-cancer, and 

anti-diabetic. They have also been employed in the synthesis of agricultural pesticide. 
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A highly regioselective, efficient and metal free oxidative cross dehydrogenative coupling 

(CDC) of aryl carbonyls with cyclic ethers has been developed. This method offers easy 

access to substituted α-arylated cyclic ethers with high functional group tolerance in good to 

excellent yields. Regioselectivity of this CDC reaction was confirmed by DFT calculation 

studies.In order to understand the reasons that the para product is formed exclusively, 

calculations have been done with density functional theory (DFT).In addition, this reaction 

tolerates various functional groups under oxidative conditions and can be applied to obtain a 

wide range of substituted aromatic carbonyls. 

 

Section II: Visible Light Mediated, Metal and Oxidant Free Highly Efficient Cross 

Dehydrogenative Coupling (CDC) Reaction between Quinoxalin-2(1H)-ones 

and Ethers 

 

Carbon-carbon (C-C) bond formation has always been the most   useful and fundamental 

reactions in the development of organic chemistry and is considered a backbone of nearly 

every organic molecule. Hence C-C bond formation reactions consistently contributed in the 

advancement of organic chemistry. The application of C-C bond formation is found in fine 

chemicals, agrochemicals, medicinal and pharmaceutical ingredients therefore makes this 

transformation one of the very crucial class of reaction in organic chemistry. 
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In this approach, we have developed an efficient white light mediated, eosin y catalyzed C-C 

bond formation reaction between ethers and quinoxalin-2(1H)-ones to give 3C-alkylated 

quinoxalin-2(1H)-ones. This approach has a wide substrate scope with high functional group 

tolerance. Also, it is a base and oxidant free approach under mild reaction conditions over 

previously reported methods. Further applications of the present methodology are underway 

in our laboratory. 

 

Chapter 3:Development of New Synthetic Methods for the C-H Functionalization of 

Indolizines. 

Section I: Acetic Acid Catalyzed Regioselective C(sp2 )-H Bond Functionalization of 

Indolizines: Concomitant Involvement of Synthetic and Theoretical Studies 

 

N-heterocyclic compounds are found ubiquitously in many natural products and the core 

structure of active pharmaceutical ingredients. Indolizines are one of the vital fused N-

heterocyclic compounds mainly isolated from different plants and fungal sources and further 

they come into spotlight due to their unique physical and pharmacological properties. The 

natural and synthetic indolizine alkaloids are extensively used in SAR studies and this study 

reveals that the indolizine derivatives showed a broad-spectrum biological activity such as 

anticancer, antibiotics, antitubercular, antioxidant, antimicrobial, antimycobacterial, 

anticancer, anti-inflammatory and many more. 

An atom economical and environment benign protocol has been developed for the 

regioselective C-C coupling of indolizines and quinone monoimine. The acetic acid catalyzed 

cross-coupling reaction proceeds under metal-free conditions; provide wide range of 

synthetically important indolizine derivatives. The present protocol showed good functional 

group tolerance and broad substrate scope in good to excellent yields. Quantum Mechanical 

Investigation using DensityFunctional Theory (DFT) has played a crucial role to understand 

acetic acid is the key player in determining the actual pathway as catalyst and its ultrafast 

nature. Different Pathways involving inter and intramolecular proton transfer, with or without 
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acetic acid were investigated. Calculated results revealed that a proton shuttle mechanism is 

involved for the least energetic most favorable acetic acid catalyzed pathway. Further, the 

regioselectivity has also been explained theoretically. 

 

Section II: Visible Light Promoted, Photocatalyst Free C(sp2)-H Bond Functionalization of 

Indolizines via EDA complexes 

 

 

 

In the past decade, visible-light photocatalysis has become a hot area in synthetic organic 

chemistry for initiating various organic transformations under very mild reaction conditions 

and environmental friendliness. However, photoredox catalysis suffered from costly 

exogenous photosensitizers and complex organic dyes are usually required for the electron 

transfer (ET) processes. At present, with the increasing demand for the development of 

greener chemical processes, photodriven organic transformations in the absence of external 

photocatalysts have gained significant attention. 

In this approach we have described a catalyst and additive free photodriven cross 

dehydrogenative coupling (CDC) reaction initiated by electron donor-acceptor (EDA) 

complexes between electron rich indolizines and electron poor quinones has been 

demonstrated. This green transformation reveals the advantages of operational simplicity, 

mild reaction conditions and good functional group tolerances. 

 

Chapter 4: Synthesis of Congested Indolizine Amides from in situ Generated 

Azaoxyallyl Cations and Ti-superoxide Catalysed Oxidative Amidation of 

Aldehydes  

Section    I: Metal-free Regioselective C-3 Alkylation of Indolizines via in situ Generated 

Azaoxyallyl Cations 
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The amide bond constituting structural backbone of proteins and peptides, is abundantly 

found in natural products, pharmaceuticals, polymers and agrochemicals. In particular, 

primary amides (RCONH2) play an important role in organic synthesis as building blocks 

exhibiting a wide range of industrial applications and pharmacological interests 

In this approach we have synthesized hindered indolizine amides from in situ generated 

azaoxyallyl cation. We have synthesized broad range synthetically important C-3 

functionalized indolizines with good to excellent yield by using simple reaction conditions. 

 

Section II:Ti-Superoxide Catalyzed Oxidative Amidation of Aldehydes with Saccharin as 

Nitrogen Source:  Synthesis of Primary Amides 

 

 

Traditionally, amide synthesis has been achieved by the reaction of an amine with an 

activated carboxylic acid derivative, that often employs coupling reagents.Subsequently, 

several alternate strategies emerged for amide formation that include:  the Staudinger 

reaction, the Schmidt reaction, the Beckmann rearrangement, hydroamination of alkynes, 

dehydrogenative amidation of alcohols, hydroaminocarbonylation of alkenes, iodonium 

promoted nitroalkene amine coupling reaction and transamidation of primary amides. A new 

heterogeneous catalytic system (Ti-Superoxide/ saccharin/TBHP) has been developed that 

efficiently catalyzes oxidative amidation of aldehydes to produce various primary amides. 

The protocol employs saccharin as amine source and was found to tolerate a wide range of 

substrates with different functional groups. Moderate to excellent yields, catalyst reusability 
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and operational simplicity are the main highlights.  A possible mechanism and the role of the 

catalyst in oxidative amidation have also been discussed 

4. Summary 

 

1) We have achieved the total synthesis of (+)-tofacitinib (1) in 8 steps commenced from 

4-piperidinone in 22.4% overall yield with 96.8% ee. The key steps involved are L-

proline catalyzed α-aminohydroxylation followed by Wittig olefination and 

hydrogenation reactions. 

2) We have disclosed the metal free Overmann rearrangement reaction for the 

enantioselective production of key intermediate of (+)- Tofacitinib in 8 Steps with 

excellent yield 

3)  We have developed the first efficient and metal free CDC reaction of aromatic 

carbonyls with inactive cyclic ethers to give the desired p-alkylated aryl aldehydes 

and ketones in good to excellent yields with high regioselectivity. 

4) We have described an efficient white light mediated, eosin y catalyzed C-C bond 

formation reaction between ethers and quinoxalin-2(1H)-ones to give C-3 alkylated 

quinoxalin-2(1H)-ones. 

5) In conclusion we developed an operationally simple and environment friendly 

protocol for the  regioselective C-H functionalization of indolizines by using catalytic 

amount of acetic acid.This theoretical result was also confirmed by synthetic 

experiments. 

6) We have described the photodriven cross dehydrogenative coupling reaction between 

indolizines with quinones via EDA complexes for the synthesis of Broad range of 

synthetically important indolizine derivatives in good to excellent yields from a 

simple starting material. 

7) We have described the simple, convenient and environment-friendly protocol for 

primary amide synthesis directly from aldehydes using Ti-superoxide as a mild and 

cheap catalyst and saccharin as amine source using TBHP as oxidant. 

 

5. Future directions 

 

1) We have targeted to complete the Metal-free Regioselective C-3 Alkylation of Indolizines 

via in situ generated azaoxyallyl Cations and communicated in due date. 

 

6. Publications 
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1.1.1 Introduction: 

The heterocycles with the nitrogen atom are the frequent structures studied in natural product 

synthesis and medicinal chemistry.1 Substituted piperidines are the unique class of 

pharmacophore having biological importance in pharmaceutical drug and natural product 

synthesis.2  The 23 branded drugs out of 200 have the piperidine ring in common. Also it is most 

common FDA approved pharma materials.3,4  Piperidines and their analogues display a huge 

biological activities including antimalarial, anticancer, antihypertensive, antibacterial, anti-

inflammatory, antiviral, properties.5 In recent studies, piperidine alkaloids showed a considerable 

amount of  glycosides inhibitor activity. Glycosidases are intricated in numerous metabolic ways 

for therapeutics of diseases, including AIDS and diabetics.6 

 

 

Fig 1: Distribution of Piperidines 

 

Various compounds that accommodate the substituted piperidine nucleus are currently engaged 

in recent applications as a drug for the treatment of various diseases. Donepezil drug 1 is advised 

to patients to treat Alzheimer’s disease. For schizophrenia patients Pipamperone 2 is a highly 
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advised drug.8 Another class of substituted piperidine moieties has shown a broad range of 

biological activities in which paroxetine (4) is an antidepressant,9a fentanyl (3) is an active pain 

reliever,9b and levocabastine 5 
10 is an antihistamine drug as shown in Figure 2.   

 

Figure 2: Biologically active piperidine molecules 

 

Clopidogrel11 
6 is a tetrahydrothienopyridines, as shown in Figure 2, is an antiplatelet agent that 

employs their movement after metabolic activation. In the literature, about 72 drugs that contain 

piperidine are found as the core structure. For the synthesis of piperidines and related structures, 

various reactions are known in the literature. Few general synthetic approaches for the synthesis 

of piperidine scaffold and their analogs for the last few decades are shown in Figure 3. A variety 
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of synthetic routes are known in the literature. Out of them few are ecofriendly such as minimum 

waste, scalability and few of them are some disadvantages such as harsh reaction conditions, low 

yield, and costly starting materials.12 

 

Figure 3. Biologically active piperidine synthesis 

 

The traditional methods have been utilized for the preparation of piperidines and their active 

biological analogs such as ring expansion reaction, aldol, aza Michael addition, reductive 

amination, Mannich reaction, heterocyclic rearrangement, alkene, and alkyne metathesis, various 

metal-catalyzed and acid-catalyzed approaches for the cyclization, and various multicomponent 

reactions (MCR) are known in the literature.13a-13f Despite these conditions, some other 

approaches are available to synthesize of substituted piperidine moieties such as ring-opening of 

strained cyclopropanes, Diels-Alder cyclization reaction with imines, intramolecular Michael 
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addition reaction, and aza-Prins cyclization.14 It is an ultimatum task for the researchers to find 

out a more efficient and straightforward way to synthesize piperidine analogs with a high 

magnitude of enantioselectivity. 

Section I 

Short Organocatalytic Enantioselective Total Synthesis of (+)-Tofacitinib 

1.1.2 Introduction and Pharmacology  

 

 

 

 

Figure 4. Structure of tofacitinib and key intermediates 

Substituted piperidines are the most accessible structural motifs found among the biologically 

active N-heterocycles, which occurred naturally and synthetically.15 It has become the most 

reputed and impressive core structure as it is present in 72 small drug molecules having 

piperidine as an active site.16 Due to the impact of piperidines in the pharmaceutical industry, it 

has attracted the attention of chemists towards its synthesis.17
 The Janus protein tyrosine kinase, 

also known as jakinibs, is a medication that inhibits the movement of one or more of the Janus 

kinase family of enzymes (JAK1, JAK2, and JAK3), thereby interrupting the JAK-STAT 

signaling pathway.18 Hence it has become an important task to develop JAK inhibitors that will 

prevent such uncontrolled inflammation.19 

In recent studies, 3, 4-disubstituted piperidines have shown a promising candidate as JAK 

inhibitors.20a Whereas in 2012, tofacitinib (1) became the first JAK inhibitor drug approved by 
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the Food and Drug Administration (FDA) for the treatment of rheumatoid arthritis, also in 2017 

it was further approved for the treatment of active rheumatoid arthritis (RA),20b psoriatic 

arthritis,20c and ulcerative colitis.20d 

It is a promising immunosuppressant, developed by Pfizer and approved for treatment during 

organ transplant rejection.21 Tofacitinib (CP-690,550) (10) with two chiral centers having the 

substituted piperidines and amino deazapurine core as shown in Figure 4. Also, it shows 

promising clinical activities against autoimmune related diseases such as psoriasis, inflammatory 

bowel disease, and Crohn’s disease.22 

1.1.3 Review of literature  

Maricán's approach
24

 

In 2013, Maricán et al. reported the preparation of key synthetic intermediate tert-butyl-(3S,4R)-

3-hydroxy-4-methyl piperidine-1-carboxylate from (S)-5-hydroxypiperidin-2-one in 6 steps. 

Preliminary, the key steps of this route are selenoxide elimination, Grignard methyl cuprate 

addition, with an overall yield of 18 %. 

Maricán et al. and coworkers describe the asymmetric total synthesis of (+)-10 in nine steps 

beginning from the chiral 2-hydroxy-piperidone 14. The alcohol group of 2-hydroxy-

piperidone 14 was protected by using TBDPSCl in DMF solvent and imidazole as a base to give 

compound 15 in 96% yield. Then the N-H group of O-TBPS protected compound 15 was 

protected by using Boc anhydride to form the compound 16 in 85% yield. The compound 16 was 

then subjected to the synthesis of α,β-unsaturated piperidone by adding phenyl selenide chloride, 

then subsequently pyrolytic syn elimination with H2O2 (30%), achieving unsaturated piperidone 

amide 17 in 60% yield over the two steps. Then the compound 17 was subjected to the 

methylcuprate addition on α,β-unsaturated double bond, also known as Gillman reaction using 
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Grignard reagent to give compound 18 in 62% yield with >94% de. Then the reduction of the 

amide group in compound 18 to piperidine was accomplished under alane reduction to give the 

compound 19 in 78% yield. Then the TBPDS group was deprotected using tetrabutyl ammonium 

fluoride in THF, giving the compound 20 in 75% yield. 

 

Scheme 1 :(i)TBDPSCl, imidazole, DMF, 96%; (ii) nBuLi, DABCO, Boc2O, −78 °C, THF, 85%; (iii) (a) 

HMDS BuLi, PhSeCl, −78 °C, THF; (iii) H2O2, 60% (iv) MeMgBr, CuBr.S(CH3)2, (CH3)3SiCl, Et2O, 

−78°C, 62%; (v) (a) AlH3, THF, 78%; (vi). TBAF/THF, 75%; (vii) DIAD-Ph3P, Dioxane, 100 °C, 2 h, 

68% (viii) ZnBr2, CH2Cl2, 95%; (ix) EDC/HOBt, CH2Cl2, Cyanoacetic acid. 

 

Then the compound 20 was subjected to the Mitsunobu reaction with separately prepared N-Me 

azepine derivative, giving the 68 % yield of 21 employing DIAD-Ph3P combination in 1,4-

dioxane as solvent. Finally, the N-Boc group in compound 21 was deprotected using a catalytic 

amount of ZnBr2 in DCM solvent, then the coupling of amine 22 with readily available 

cyanoacetic acid by using EDC/HOBt combination reaction to afford the (+)-10 in 80% yield 

and 9.5% overall yield beginning from enantiopure hydroxypiperidin-2-one (14).  

Ripin’s approach
25
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Initially, Ripin and co-workers from Pfizer have developed a synthetic route to prepare key 

intermediate 27 from 4-picoline, followed by late-stage resolution to achieve the enantiomeric 

purity in the overall five steps as shown in (Scheme 2). Synthesis begins with the carbamate 

group protection of 3-amino-4-methyl pyridine 23, the carbamate protected pyridine 24 was 

reduced by Rhodium catalyzed hydrogenation to give (4-methyl-piperidin-3-yl)-carbamic acid 

methyl ester 25with 5:1(cis/trans) ratio. 

 

Scheme 2: (i) (MeO2C)2O, KOtBu, THF, 0
o
C , 30 min, 89%; (ii) H2 (100 psi), 5% Rh/Al2O3, EtOH,100 

o
C, 

24h, quantitative; (iii) (a) PhCHO, NaBH(OAc)3,  DCM, 20 
o
C, 30 min, 70%; (b) LiAlH4, THF, 90%; (c) 

36% HCl, EtOH, 38% 

 

Then the amido piperidine compound 25 was then exposed to benzyl protection by using 

NaBH(OAc)3 in DCM and benzaldehyde called reductive amination reaction to yield the benzyl 

protected methyl ((3R,4R)-1-benzyl-4-methyl piperidine-3-yl)carbamate 26. Then the conversion 

of the N-carbamate functional group of compounds 26 to N-Me piperidine was accomplished by 

LAH reduction using anhydrous THF as a solvent to give cis-1-benzyl-N,4-dimethylpiperidin-3-

amine in 90% yield. Then treatment of cis-1-benzyl-N,4-dimethylpiperidin-3-amine with HCl 

affords hydrochloride salt 27. 

Uang’s approach
23d

 

In 2017, Uang et al. accomplished the formal asymmetric synthesis of tofacitinib via a 

stereoselective Michael addition of the corresponding enolate of chiral 1,3-dioxolanone to 
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methyl crotonate. The enantioselectivity was introduced by using chiral auxiliary, i.e., 

homochiral 1,3-dioxolanon synthesized from the derivative of camphor sulfonic acid and 

glycolic acid. 23d 

Uang’s approach described the formal asymmetric synthesis of (+)-10 from stereoselective 

Michael’s addition of the corresponding enolate of chiral 1,3-dioxolanone to methyl crotonate 

(Scheme 3). The key step in this approach involvs Michael addition of 

 

Scheme 3: (i) LDA, THF, −100 
o
C,  0 min,   100 to − 78 

o
C, 3 h; (ii) 3 equiv. BnNH2, 80 °C, neat, 12 h,89%; 

(iii) TFA:H2O (10:1), 60 °C, 9 h, 9 %; (iv) LDA, THF, −78 °C,  0 min, then THF, −40 °C, 4.5 h, 81%; (v) 

LAH, THF, 0 °C to reflux, 12 h, 74%; (vi) (a) CrO3, H2SO4, HOAc, acetone, H2O, 0 °C to rt (< 18 °C), 5 h; 

(b) then MeNH2(33% in EtOH), HOAc, NaBH(OAc)3, DCM, rt, 16 h, (vii)37, K2CO3, H2O, 120 °C, 16 h 

 

enolate generated from the chiral auxiliary protected α-hydroxy acid 28 to α,β-unsaturated 

crotonate ester 29 to give the compound 30. For the removal of chiral auxiliary from the 

compound 30 using benzylamine in neat reaction condition gives α-hydroxy amide intermediate 
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31in 89% yield. This was followed by the formation of lactone of compound 31, achieved by 

using acid-catalyzed lactonization employing TFA–H2O (10:1) to yield γ-lactone 32 in 93% 

yield. Then, γ-lactone 32 was treated for the ring expansion reaction using LDA as a base to 

yield imide 33 in 81% yield. The formed imide 33 was then transformed into 3,4-disubstituted 

piperidine 34in 74% yield using LAH reduction. Then the disubstituted piperidine 34 was 

subjected to the reductive amination reaction sequentially as to Jone’s oxidation come after 

reduction by using sodium triacetoxy borohydride to give the key precursor 35 which are useful 

for the total synthesis of (+)-tofacitinib10. In this approach, Uang and co-workers described the 

formal asymmetric total synthesis of (+)-10 with 26 % overall yield in 8 steps. 

1.1.4 Present Work  

1.1.4.1 Objective  

Several synthetic approaches have been well established in the literature 23a due to the increasing 

importance of tofacitinib in the medicinal and pharmaceutical fields. Among the reported 

methods, asymmetric synthesis of tofacitinib is rarely explored.23b-d The methods mentioned 

above require late-stage resolution techniques for the synthesis of enantiopure piperidine moiety, 

which results in yield loss. Furthermore, the use of chiral auxiliary and harsh reaction conditions 

make the above approaches impractical. The enantiopure piperidine moiety as a core structure in 

tofacitinib and our efforts to synthesize these moieties, we have outlined a retrosynthetic 

approach for the tofacitinib (10).  The synthesis of tofacitinib (10) could be accomplished from 

stereoselective inversion of 1-benzyl-4-methyl piperidine-3-yl methanesulfonate 11b via 

nucleophilic substitution reaction with N-methyl dezapurine amine 38. Further, the key 

intermediate 11a can be synthesized from the N-protected piperidone 40 by using proline 
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catalyzed one-pot α-aminoxylation and Wittig reaction, followed by reduction of allylic 

alcohol 39 as shown in Scheme 4 

 

 

Scheme 4. Retrosynthetic analysis of tofacitinib (CP-690,550) 

1.1.4.2 Results and Discussion 

This method describes a straightforward and organocatalytic approach for synthesizing 3,4-

disubstituted piperidine, which plays a key intermediate in the enantioselective total synthesis 

(+)-Tofacitinib. Our approach to synthesizing key intermediate 11a commences from N-benzyl 

protection of 4-piperidone 41 under basic conditions using K2CO3, BnBr in H2O, and 

chloroform, gives us the following: N-benzyl protected 4-piperidone 40 in 87% yield.27 The 

compound 40 was then subjected for the direct proline-catalyzed asymmetric α-aminoxylation 

reaction using L-proline as organocatalyst and nitrosobenzene as aminoxylating source in DMF 

under N2 atmosphere for 62 hrs. In this step, we have optimized the various parameters for the 

aminoxylation reaction and out of which best reaction condition is mentioned in this 
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transformation followed by one carbon Wittig reaction using methyl triphenylphosphonium 

iodide (CH3PPh3I) and t-BuOK as a base in THF for 12 hrs which gives intermediate 42 as 

shown in Scheme 5. 

 

Scheme 5. Synthesis of enantiopure hydroxypiperidine via proline catalysed α-aminoxylation; 

reaction conditions: (a) BnBr, K2CO3, H2O:CHCl3 (1:1), 12 h, rt 87%; (b) (i) L-proline, PhNO, 

DMF, 0 
o
C, 62 h; (ii) CH3PPh3I, t-BuOK, LiCl (1.1 eq.), THF, 50 

o
C; (c) CuSO4.5H2O (30 mol 

%), MeOH, 25 
o
C, 12 h; (d) 10% Pd/C, H2 (1 atm), AcOEt,5 h, rt, 93%  

 

After consumption of starting material, the O-N bond cleavage of intermediate 42 was achieved 

in situ by addition of CuSO4.5H2O in the reaction mixture. Further, the reaction kept for another 

12h to give the corresponding chiral allylic alcohol 39 in 47% yield over three steps with 97% 

ee.28 Furthermore, the formed allylic alcohol 39 was subjected for diastereoselective 

hydrogenation reaction using 1 atm pressure of hydrogen and 10 % Pd on carbon to form the 

compound 11a in 93% yield with 96.8% ee.  

 

Scheme 6. Synthesis of (+)-Tofacitinib: (a) MsCl, TEA, DCM, 0 
o
C,1 h, 97%; (b) 29, K2CO3, 
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DMF, 60 
o
C, 12 h, 81%; (c) 20 wt % Pd(OH)2, H2 (1 atm), TFA, MeOH, 45 

o
C 12 h then, 

ClCOCH2CN, DCM, TEA, 0 
o
C to rt, 2 h 

 

The previous literature reports confirmed the formation of compound 11a, and its optical rotation 

is in sound agreement with the reported value. Then the enantiopure piperidine alcohol 11a was 

utilized for the synthesis of tofacitinib 10. 

Further, compound 11a was utilized for mesylation reaction using MsCl and Et3N, followed by 

base mediated SN2 reaction with N-Methyl dezapurine 38 under the basic condition to give 

compound 43 in 81% yield as shown in Scheme 6. Then N-benzyl deprotection of compound 43 

was carried out under hydrogenation condition using 20 wt % Pd(OH)2 and 1 atm H2 pressure 

followed by in situ N-acylation using 2-cyanoacetyl chloride to give (+)-tofacitinib (10) in 75 % 

yield over two steps. The formation of tofacitinib (10) was confirmed by 1H, 13C NMR, and its 

values are in good agreement with previous reports.29 
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Figure 5. 1H, 13C NMR and mass spectrum of (S)-1-benzyl-4-methylenepiperidin-3-ol (39) 

The formation of allylic alcohol 39 was confirmed by 1H, 13C NMR, and HRMS spectrum, as 

shown in Figure 5. In the 1H (proton) NMR spectrum, the multiplets at 7.19-7.27 ppm 

correspond to five N-benzyl protected phenyl ring protons, and singlets at δ 3.54 are 2 protons of  
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N-benzyl CH2 group on the nitrogen atom. δ 4.86 and 4.71 singlets are the 2 hydrogen on the 

allylic double bond. δ  .82 sharp singlet corresponds to allylic OH group, and δ 2.45-2.58 

multiplets are the aliphatic hydrogen atom piperidine ring. In the 13C NMR spectrum, four 

phenyl ring carbons peaks shows at δ 147.04, 136.79, 129.30, and 128.33. The two peaks of the 

allylic double bond correspond to δ 127.46 and 108.06. The remaining 5 peaks at δ 70.17, 62.08, 

60.65, 53.96, and 31.07 correspond to the aliphatic protons in the piperidine ring. 

After concluding the structure of allylic alcohol 39 by 1H and 13C NMR spectrum we have also 

confirmed the compound 39 by mass spectrum, as shown in Figure 5. [M + H]+ calculated for 

the molecular formula C13H17NO: 204.1383;and  found at 204.1385. 
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Figure 6. 1H, 13C and mass spectrum of(3S,4R)-1-benzyl-4-methylpiperidin-3-ol (11a) 

 

The reduction of allylic alcohol 39 to the formation of our key intermediate 11a was confirmed 

by 1H, 13C NMR, and mass spectroscopy, as shown in (Figure 6). In the 1H spectrum of 11a, the 

quartet at δ 0.94-1.25 (3H) corresponds to the methyl group on the piperidine ring. Multiplets at 
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δ 7.17 to 7.24 (5H) are the aromatic protons. In the 13C NMR spectrum, peaks at δ 137.74, 

128.83, 127.85, and 126.69 are the carbon present on the aromatic ring  and the resonance of 

methyl carbon present on piperidine ring are at δ of 17.23 as shown in Figure 6.  
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Figure 7. 1H and 13C NMR of N-methyl-7H-pyrrolo[2,3-d] pyrimidin-4-amine (38) 
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The introduction of the methyl group on deazapurine amine compound was confirmed by the 1H 

and 13C NMR spectra, as shown in (Figure 7). In the proton NMR spectra of compound 38, 

singlet peaks in the region of δ 3.29 (3H) correspond to the methyl group on the nitrogen atom of 

deazapurine amine. Peaks at δ 8.12, 7.06, and 6.50 are the aromatic protons, and peaks at 7.37 

and 11.49 are the NH protons. In13C NMR spectra of compound 38 carbon peak resonate at δ 

156.64, 151.55, 149.90, 120.65, 102.58, and 98.48 are corresponding to aromatic carbons as 

shown in (Figure 7). 

12 11 10 9 8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

3.131.061.940.940.934.882.090.820.991.034.921.000.78

11
.5

5

8.
16

7.
42

7.
40

7.
32

7.
30

7.
28

7.
24

7.
08

6.
55

6.
53

4.
76

4.
62

4.
45

3.
54

3.
48

3.
42

3.
35

2.
99

2.
97

2.
90

2.
84

2.
73

2.
68

1.
71

1.
66

1.
60

1.
55

1.
16

0.
97

0.
94

 

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

Chemical Shift (ppm)

DMSO-d6

15
6.

67

15
1.

57
14

9.
91

13
8.

58

12
8.

84
12

8.
16

12
6.

88
12

0.
68

10
2.

61

98
.5

2

71
.9

4

62
.1

5
60

.8
1

53
.2

0

39
.5

1
38

.1
8

32
.3

5

27
.1

6

18
.2

1

 
 



  (+)-Tofacitinib 

 

Chapter I  19 
 

Figure 8.
1
H and 

13
C NMR of N-((3R,4R)-1-benzyl-4-methylpiperidin-3-yl)-N-methyl-7H-

pyrrolo[2,3-d]pyrimidin-4-amine (43) 

We have also confirmed the formation of 38 by using HRMS spectroscopy m/z [M 

+H]+calculated for the molecular formula C7H9N4: 149.0822; and found at 149.0821 

In the proton NMR spectrum of compound 43, as shown in Figure 8, quartet at δ 0.94 to 1.55 

(3H) corresponds to the methyl group on piperidine ring. Protons resonate at δ 8.16 (singlet 1H), 

7.24 to 7.28 (doublet 1H), and 6.56 to 6.55 (doublet 1H) are the aromatic protons present on 

compound 43 and remaining hydrogens in the range of δ 1.60 to 4.76 are the aliphatic hydrogens 

on piperidine ring. In 13C NMR spectra of the intermediate compound, 34 carbon peaks at δ 

18.21, 27.16, 32.35, 38.18, 53.20, 60.81, 62.15, and 71.94 are those aliphatic ring carbons that 

are present on the piperidine ring. The aromatic carbons resonate at δ 156.67, 151.57, 149.91, 

138.58, 128.84, 128.16, 126.88, 120.68, 102.61 and 98.52 are the aromatic ring carbons. 
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Figure 9.
1
H, 

13
C and mass spectra of (+)-Tofacitinib (10) 
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After 8 steps, we have achieved the enantioselective total synthesis of tofacitinib10 which was 

confirmed by the 1H, 13C NMR, and mass spectroscopy, as shown in (Figure 9). In1H NMR 

spectra of tofacitinib peaks resonate at δ 0.98 to 1.56 quartets (3H) for methyl group and peak at 

δ 11.70 corresponding to N-H proton. Protons resonate at δ 8.08 to 8.09 doublet (1H), 7.1  

singlet (1H), and 6.55 singlet (1H) are the aromatic hydrogens on tofacitinib molecule. The 

Remaining peaks in the range of 1.58 to 4.83 are the aliphatic protons present on the piperidine 

ring of tofacitinib. The aromatic carbons displayed in the range of δ 161.99, 161.81, 152.11, 

121.17, 116.62, 102.61, 102.12, and 150.87 in 13C NMR spectra of Tofacitinib.  Methyl carbon 

of aliphatic piperidine is ring present at δ 14.1  and aliphatic carbons are present in between the 

range of δ 25. 0 to 70.18, respectively. For final analysis of Tofacitinib, we have also taken the 

mass and shown in Figure 9. m/z [M +H]+ calculated for the molecular formula C16H21ON6 is  

313.1771 and  found in 313.1772. 

1.1.4.3 HPLC Data 
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VWD: Signal A, 

 254nm  

Results 

Retention Time Area Area %  

6.047 41994648 1.51  

8.873 2739107889 98.49  

     Total                      2781102537             

100.00 

 

Column              : Chiracel ADH (4.6X250 nm) 

Mobile Phase     : IPA:n-Hexane(10:90) 

Wavelength        : 254 nm 

Flow rate            : 1ml/min 

 

(S)-1-benzyl-4-methylenepiperidin-3-ol (39) 
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VWD: Signal A, 

 254nm  

Results 

Retention Time Area Area %  

19.613 195059352.26 98.39  

22.360 3171696.74    1.61  

     Total 198231049.00           100.00  

Column              : Chiracel ADH (4.6X250 nm) 

Mobile Phase     : IPA:n-Hexane (05:95) 

Wavelength        : 254 nm 

Flow rate            : 0.5 ml/min 

(3S,4R)-1-benzyl-4-methylpiperidin-3-ol (11a) 

1.1.5 Conclusion 

In conclusion, the (+)-tofacitinib (10) synthesized in 8 steps commenced from 4-piperidinone in 

22.4% overall yield with 96.8% ee. The key steps involved are L-proline catalyzed α-

aminohydroxylation followed by Wittig olefination and hydrogenation reactions. An 

enantioselective total synthesis of Tofacitinib (CP-690,550), a Janus tyrosine kinase (JAK3) 

specific inhibitor, has been achieved from the readily available 4-piperidone. Proline catalyzed 

hydroxylation is the key step for the synthesizing of enantiopure 1-benzyl-4-methylpiperidin-3-

ol. We have shown the simple organocatalyzed route for the enantioselective total synthesis of 
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(+)-Tofacitinib, and all the reagents are cheap and readily available are the key feature of our 

total synthesis. 

1.1.6 Experimental Section 

 1-Benzylpiperidin-4-one (40) 

K2CO3 (11.3 gm, 81.67 mmol) was added to a solution of 4-Piperidone monohydrate 

hydrochloride (5 gm, 32.67mmol) in CHCl3:H2O (3:1, 50 mL) at 27 °C and stirred for 20 min. 

Followed by the addition of BnBr (7.2 gm, 43.0 mmol) at the same temperature and then stirred 

for 4hr. After completion of the reaction (monitored by TLC), another 20 mL of H 2O was added, 

and the organic layer was separated washed with brine. Further, the organic layer dried over 

anhydrous Na2SO4 and concentrated under vacuum to give pale yellow liquid in 87% yield.  

(S)-1-Benzyl-4-methylenepiperidin-3-ol (39) 

To a solution of nitrosobenzene (2.1 g, 19.83 mmol) and L-proline (0.304 g, 2.64 mmol) in DMF 

(90 mL) was added 1-benzylpiperidin-4-one 40(5 g in 15 ml DMF) at 0 °C under N2 over 24 h 

by using dropping funnel. Then the reaction mixture was stirred at the same temperature for 62 h. 

After consumption of starting material, freshly prepared aqueous ammonium chloride solution 

was added to the reaction and extracted with ethyl acetate (5*40 ml) and washed with brine; 

then, the organic layer evaporated under reduced pressure, and the crude product was then 

dissolved in anhydrous THF under N2 atmosphere and used for subsequent sequential olefination 

reaction. To this reaction mixture dissolved in anhydrous THF, anhydrous LiCl (3.3 g, 79.35 

mmol) was added, followed by phosphorous ylide in THF CH2PPh3 (Separately prepared in 100 

ml of RB flask using tBuOK and CH3PPh3I in THF) using the cannula. Then this reaction 

mixture was stirred at 27 °C for 8 hrs. After stirring for 8 h, the reaction mixture was quenched 

with saturated NH4Cl and extracted with ethyl acetate (120 mL). The combined organic layers 
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were washed with brine, dried over anhydrous Na2SO4, and concentrated under reduced pressure 

to give a crude(S)-N-phenylhydroxylamine intermediate 42, which was used directly for the next 

step without further purification. To a well-stirred solution of crude intermediate 42in MeOH (40 

ml) was added CuSO4.5H2O (1.3 g, 30 mol %) at 25 °C. The reaction mixture was then allowed 

to stir for 12 h at this temperature. After the reaction (monitored by TLC), the solvent was 

evaporated under reduced pressure to afford the crude allylic alcohol. The crude product was 

then purified by column chromatography over silica gel using petroleum ether and ethyl acetate 

(8:2) as eluents to afford enantiopure alcohol 39 as light reddish oil. Yield: 47% (2.5 gm). 

[α]25
D: -5.8 (c 1, CHCl3). 

1
H NMR (500 MHz, CDCl3) δ  2.09 - 2.19 (m, 1H), 2.34 - 2.40 (m, 

1H), 2.42 - 2.47 (m, 1H), 2.47 - 2.55 (m, 2H), 2.56 - 2.62 (m, 1H), 3.54 (s, 2H), 3.82 (br. s., 1H), 

4.03 - 4.13 (m, 1H), 4.71 (s, 1H), 4.86 (s, 1H), 7.19 - 7.25 (m, 5H); 13
C NMR (126 MHz,CDCl3) 

δ  31.1, 54.0, 60.7, 62.1, 70.2, 108.1, 127.5, 128.3, 129.3, 136.8, 147.0 ; HRMS m/z [M + H]+ 

calculated for C13H17NO: 204.1383; found: 204.1385. 

(3S,4R)-1-Benzyl-4-methylpiperidin-3-ol (11a) 

A mixture of 39 (500 mg, 2.46 mmol) and 10% Pd/C (15 mg) in AcOEt (25 mL) was stirred 

under an H2 atmosphere (1 atm) for 5 h. After this time, the reaction was filtered through a Celite 

pad and washed with AcOEt (3 x 10 mL). The combined organic phase was concentrated under 

vacuum to afford the crude product, purified by column chromatography on silica gel using 

petroleum ether: ethyl acetate (7:3) as eluent to give hydroxy piperidine 11a in pure form as a 

light yellow oil. Yield: 9 % (469 mg), [α]25
D = +34.9 (c, 0.8 CHCl3).  

1
H NMR (400 MHz, CDCl3)δ 0.95 (d, J = 6.0 Hz, 3H), 1.19 - 1.35 (m, 2H), 1.59 - 1.71 (m, 1H), 

1.83 (t, J = 9.6 Hz, 1H), 1.89 - 2.03 (m, 2H), 2.64 (d, J =11.4 Hz, 1H), 2.85 (dd, J = 10.5, 3.2 Hz, 

1H), 3.25 (td, J = 8.7, 4.1 Hz, 1H), 3.44 (q, J =13.1 Hz, 2H), 7.16 - 7.28 (m, 5H); 13
C NMR (101 
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MHz, CDCl3) δ 17.2, 31.3, 37.4, 52.4, 59.4, 62.6, 72.7, 126.7, 127.8, 128.8, 137.7; HRMS m/z 

[M + H]+calculated for  C13H20ON: 206.1539; found: 206.1540. 

N-Methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (38) 

To a solution of 6-Chloro-7-dezapurine in EtOH were added a solution of Me-NH2 in 33% EtOH 

in a 50 mL seal tube. Then this reaction mixture was stirred at 100 °C for 2 hrs. After completing 

the reaction (monitored by TLC), EtOH was evaporated in a vacuum, then 20 mL of THF was 

added to crude amine solution and extracted with 3*20 ml of ethyl acetate and washed with brine 

solution. Then the organics were evaporated under reduced pressure to afford amine 38 in 

quantitative yield as white amorphous solid. 

1
H NMR (400 MHz, DMSO-d6) δ 2.95 (d, J = 4.3 Hz, 3H), 6.49 (br. s., 1H), 7.05 (br. s., 1H), 

7.37 (br. s., 1H), 8.11 (s, 1H), 11.49 (br. s., 1H). 13
C NMR (101 MHz, DMSO-d6) δ 27.1, 98.5, 

102.6, 120.7, 149.9, 151.5, 156.6; HRMSm/z [M +H]+calculated for C7H9N4: 149.0822; found: 

149.0821 

1-Benzyl-4-methylpiperidin-3-yl methanesulfonate (11b) 

Mesyl chloride (125 mg, 1.07 mmol) was added dropwise to an ice-cooled solution of hydroxy 

piperidine 11a (200 mg, 0.97 mmol) and TEA (150 mg, 1.455 mmol) in DCM (4 mL) over 30 

minutes. Stir the reaction mixture for another 2 hours. after completion of reaction monitored by 

TLC, add aqueous NaHCO3 solution and extract with DCM (3*10 ml) and evaporated under 

reduced pressure to give the crude product mesylate as yellowish oil and was further used in next 

step without purification. 

 N-((3R,4R)-1-Benzyl-4-methylpiperidin-3-yl)-N-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-

amine (43) 
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In a sealed tube 1-benzyl-4-methylpiperidin-3-yl methanesulfonate 11b (200 mg, 0.7 mmol) 

dissolved in 3 ml, DMF and then K2CO3 (290 mg, 2.1 mmol) was added at room temperature and 

stirred for 5 min followed by N-methyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine 38 (105 mg, 0.7 

mmol) was added, and the temperature was raised to 60 °C & reaction mixture stirred for 

overnight. After completion of the reaction, water was added to the reaction mixture, extracted 

with 3*20 ml of ethyl acetate, and washed with brine solution. Then the crude organics were 

evaporated under reduced pressure then purified by column chromatography over silica gel using 

petroleum ether and ethyl acetate (8:2) as eluents to afford corresponding amine 43 in 81 % 

yield. Yield (190 mg) as white solid; [α]D
25

= + 26.5 (c 1, MeOH). 

1
H NMR (200 MHz, DMSO-d6)δ 0.95 (d, J = 5.1 Hz, 3H), 1.14 - 1.23 (m, 1H), 1.47 - 1.71 (m, 

2H), 1.77 - 2.03 (m, 1H), 2.71 (d, J = 10.3 Hz, 1H), 2.82 - 3.07 (m, 5H), 3.29 - 3.70 (m, 2H), 

4.39 - 4.86 (m, 1H), 6.54 (d, J = 2.9 Hz, 1H), 7.08 (br. s., 1H), 7.26 - 7.44 (m, 5H), 8.16 (s, 1H), 

11.55 (br. s., 1H); 13
C NMR (101 MHz, DMSO-d6)δ 18.2, 27.2, 32.3, 38.2, 53.2, 60.8, 62.1, 

71.9, 98.5, 102.6, 120.7, 126.9, 128.2, 128.8, 138.6, 149.9, 151.6, 156.7. 

Tofacitinib (10) 

To a solution of 20 wt % Pd(OH)2 (50 mol %, 20 mg ) in MeOH 10 ml was added TFA (0.2 ml) 

followed by addition of compound 43 at room temperature. The formed reaction mixture was 

stirred at 45 °C for 12 hrs under H2 balloon pressure (1atm). After completion of the reaction 

(monitored by TLC), the reaction mixture was filtered on a celite pad and washed with aqueous 

NaHCO3 (10 ml * 2) and EtOAc (10 ml * 2). Then the organic layer was evaporated under 

reduced pressure to give crude benzyl deprotected amine. Then this amine was directly used for 

the next sequential reaction. The amine was dissolved in DCM (10 ml) under N 2 atmosphere 

followed by sequential addition of TEA (0.4 ml) and cyanoacetyl chloride {17 mg (13.0 µl), 0.16 
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mmol} respectively. The reaction mixture was further stirred for 2 hours at room temperature. 

After completion of the reaction (monitored by TLC), the reaction mixture was washed with 

aqueous NaHCO3 (10 ml * 2) and extracted with DCM (10 ml * 3). Then the organics were 

evaporated under reduced pressure to give crude product 1 as white semisolid. The crude product 

was purified on neutral alumina using 2:8 (EtOAc: Hexane) and offered tofacitinib (10) as an 

off-white solid.  Yield: 75%, (32.9 mg); [α]25
D = +9.6 (c 0.7, MeOH) {lit. value [α]25

D = +10.4 (c 

0.68, MeOH).1 

1
H NMR (400 MHz, DMSO-d6) δ  0.99 (d, J =7.3 Hz, 3H), 1.50 - 1.65 (m, 1H), 1.66 - 1.90 (m, 

1H), 2.36 (d, J =5.5 Hz, 1H), 3.24 (br. s., 3H), 3.59 - 3.74 (m, 3H), 3.91 (dd, J =12.8, 3.7 Hz, 

1H), 4.06 - 4.20 (m, 2H), 4.83 (br. s., 1H), 6.55 (br. s., 1H), 7.13 (br. s., 1H), 8.02 - 8.17 (m, 1H), 

11.70 (br. s., 1H); 13
C NMR (101 MHz, DMSO-d6) δ 14.1, 25. ,  1.4,  4.4, 42.2, 42.8, 45.6, 

53.2, 70.2, 102.1, 102.6, 116.6, 121.2, 150.9, 152.1, 157.3, 161.8, 162.0. HRMSm/z [M 

+H]+calculated for C16H21ON6: 313.1771; found: 313.1772. 
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Section II 

Process for the production of key intermediates of (+)-Tofacitinib via 

Overmann rearrangement reaction 

1.2.1 Introduction 

In the world’s total population nearly 1% of people are affected by chronic autoimmune 

disorders steered by immune system dysregulation, such as rheumatoid arthritis. In the present 

situation, conventional antirheumatic drugs (DMARDs) are disease-modifying drugs indicated 

for the medicaments for autoimmune disorders and rheumatic arthritis, including inflammatory 

myositis, systemic sclerosis, systemic lupus erythematosus, spondyloarthritis, and inflammatory 

bowel disease.30,31 Due to the active medicinal resistance and unfavorable effects of the 

DMARD, and MXTs, searching for new molecular structures with less risk is in progress. Janus 

kinase inhibitors, also called jakinibs or JAK inhibitors, are a type of medication that suppresses 

the activity of one or more enzymes of the Janus kinase enzyme families (TYK2, 

JAK1, JAK3, JAK2,) thereby inhibiting the signaling pathway in JAK-STAT.  32 Tofacitinib 10 

(Fig. 1) is designed by Pfizer and approved by  Food and Drug 

 

Figure 10: Structure of (+)-Tofacitinib (10) and N-benzyl-3-methylamino-4-

methylpiperidine (44) 
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Administration (FDA) is a JAK 3 inhibitor and revolved as effective against plenty of disorders 

such as ulcerative colitis, rheumatoid arthritis (RA), and prevention of organ transplant rejection 

as well.33 

1.2.2 Review of Literature 

Due to the bioactivity of (+)-tofacitnib 10 against various disorders, a variety of synthetic 

approaches have been displayed in the literature reports.10 Among the current approaches in the 

literature, stereoselective synthesis of key intermediate 44 for tofacitinib synthesis is rarely 

found.  

 

Figure 11: Common tofacitinib disconnections 

 

The common retrosynthetic disconnections of tofacitinib can assume by two major fragments , in 

which the first fragment 11 was described in chapter one. We have shown the literature data and 

synthetic route for fragment 11 in the previous section. Now in this section, we have covered all 

the literature reports for the synthesis of common tofacitinib intermediate, as well as we have 

shown the few synthetic approaches via Overmann rearrangement reaction.  

Ripin’s first approach
34
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Ripin et al. developed the synthetic route for synthesizing a key intermediate 44 in 9 steps to get 

(±)-10, and the synthesis starts with the 4-picoline 45 (Scheme 7). For the synthesis of 

tetrahydropyridine 46, the moiety 4-picoline is treated with benzyl chloride to get the quaternary 

ammonium salt of picoline. Then the formed salt intermediate is directly reduced by using 

sodium borohydride in ethanol to give the compound 46 in 73% yield. The formed olefin 46 is 

then treated with a hydroboration reaction using BH3.THF in combination with BF3.OEt2 

followed by H2O2 mediated oxidation, and finally, the piperidine alcohol intermediate was 

isolated as tosylate salt 47 by using TsOH in acetone.  

 

Scheme 7: (i) (a) acetone, BnCl, 16 h, 55 
o
C, 69% (b) EtOH, NaBH4,10 h, 15 

o
C, 73%; (ii) (a) BF3.OEt2, 

BH3.THF, 20 
o
C, THF, 14.5 h (b) 17.5% aq. H2O2, 68 h; 19-22 

o
C, (c) acetone, TsOH, -2 to 5 

o
C, 1.5 h, 

88% over three steps; (iii) SO2.Py, DMSO, TEA, 22 
o
C, 1 h, 93%; (iv) (a) 8 M MeNH2 in EtOH, AcOH, 

Toluene: EtOH, 18-24 
o
C, 55 min; (b) NaBH4, THF,  AcOH, 2 

o
C, 13 h, 92%; (v) 32% HCl, Toluene: 

EtOH, 62% 

 

The piperidine tosylate salt 47 is then oxidized using Parikh–Doering oxidation to yield 

ketone 48 in 93% yield. Further, the ketone 48 is treated for reductive amination with 

methylamine in ethanol followed by reduction of imine using NaBH4 in acetic acid to give crude 

intermediate 49 in 92% yield, and it was then hydrolyzed with HCl to give diastereomerically 

pure HCl. salt of 44a. 

Ruggeri approach
35 

In 2007 Ruggeri and co-workers described the rhodium-catalyzed first enantioselective 

preparation of intermediate 44b in only five steps. In this approach, Rh catalyzed hydrogenation 
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is the key step. The ferrocene substituted phosphine ligand with the Rh metal system is highly 

selective for the cis conformation of compound 44b, as shown in Scheme 8. 

 

Scheme 8: (i) Toluene, BnBr, 110 
o
C, 20 h, 96%; (ii) D, H2 (200 psi), THF:EtOH,  70

o
C, 48h, 68% 

ee and 84% cis; (iii) Toluene, BnCl, 80 
o
C, 16 h, 78% ; (iv) NaBH4, EtOH, 16 h, rt, 72%; (v) D, H2 

(200 psi), THF:EtOH, 70
o
C, 48h, 66% ee and 90% cis. 

Patil’sapproach
36

 

Patil and co-workers from India have synthesized the common intermediate of tofacitinib from 

the 3-amino-4-methyl pyridine 56. The main advantage of this approach is that they have not 

isolated any intermediates and completed their final molecule 49 in only 2 steps with an overall 

yield 26 %, as shown in (Scheme 9). In first step of the synthesis, the amine group of picoline is 

acylated using AcCl with a 95% yield of 57.  Then the N-acylated pyridine 57 was treated with 

BnCl for the formation of to form quaternary pyridine salt 58 in toluene solvent at 110 °C then 

the quaternary salt was subsequently reduced to compound 59 by using sodium borohydride in 

ethanol with 91% yield. The formed enamide 59 was then treated with HCl for hydrolysis to 

obtain the ketone 48 in a 95% yield. Further, the reductive amination of ketone was done using 
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titanium isopropoxide mediated to get (±)-44c in 96% yield, and the resolution of (±)-44c is 

achieved by using L-DTTA to give compound 60 in37 % yield and 98.6 % ee. 

 

Scheme 9 : (i) AcCl, acetone, 8 h, rt, 95%; (ii) BnCl, Toluene, 5 h, 110 
o
C, 95%; (iii) NaBH4, EtOH, 5 

h, 50 
o
C, 91%; (iv) 35% HCl, 70 

o
C, 95 %; 4 h, (v) (a) Ti(OiPr)4, 33% MeNH2 in MeOH, 15 

o
C, 1 h; 

(b) MeOH, NaBH4, rt, 3 h, 96%; (vi) di-p-toluolyl-L-tartaric acid, 1 h, MeOH/H2O, 40% 

Jiang's approach
37 

Jiang and coworkers have reported the enantioselective total synthesis of all the four 

stereoisomers having common piperidine intermediate from readily available Garner’s aldehyde 

as shown in Scheme 10, and in this approach, they have applied the few steps in the previously 

reported methods. The compound 61 was reduced to tertiary alcohol using excess methyl 

magnesium chloride in THF to give 62 in 85% yield, followed by E2 elimination of alcohol to 

obtain corresponding enantiopure compound 63 in 54% yield.  

 

Scheme 10: i) MeMgCl (6 equiv.), THF, 0 
o
C, 85%; ii) (a) MsCl (5.0 equiv.), Et3N (10 equiv.), 

DCM, 54%; (b) p-TSA, MeOH, 80%; iii) MsCl, Et3N, DCM, 97%; iv) (a) allyamine, reflux; (b) 
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BnBr, K2CO3, ACN, 60%; v) Grubbs 2
nd

 generation catalyst (5 mol%), DCM, reflux, 92%; vi) H2, 

PtO2 (10 mol %), MeOH, 95% (1.5:1.0 trans:cis ratio), vii) LiAlH4, THF, reflux 

 

The formed enantiopure alkene 63 was subjected to p-TSA-catalyzed ring-opening of 

oxazolidine followed by mesylation of alcohol using MsCl to give compound 64. The 

mesylate 64 was subjected for SN
2 reaction with allylamine, as a nucleophile, followed by in situ 

NH group is protection using benzyl bromide to give compound 65 in 60% yield. Then the 

prepared alkene moiety 65 was subjected for ring-closing metathesis using 2nd generation 

Grubbs catalyst to achieve the piperidine moiety 66 in 92% yield. Then subsequently, H2/PtO2 

mediated hydrogenation gives the mixture of compounds 67 and 68, separated 

chromatographically. Then this mixture of two isomers is reduced to common intermediate 44 by 

using LAH in tetrahydrofuran solvent. 

Hao's approach
38

 

Hao and coworkers developed an alternative route for synthesizing Cbz protected 

compound 78 starting from the L-malic acid 69 as chiral auxiliary, as shown in Scheme 11. The 

synthesis of 78 was achieved in 16 steps, and the author claimed that this route has several 

advantages, such as mild reaction conditions, cheap starting materials, and the overal l yield of 

compound 78 is 26 % with ee > 98 %. This approach synthesizes Cbz protected piperidine 

intermediate 78, beginning with L-malic acid as a chiral pool starting material. In the first step, 

malic acid is converted into ester using thionyl chloride in methanol, then methylation at the 

alpha position, and BH3.DMS mediated acidification to give compound 70 in 85% yield. The key 

step in this method is the cyclization of compound 73 catalyzed by Raney Nickel to attain the 

piperidine 74 in 91% yield. After the Cbz protection using CbzCl in TEA, DCM condition, 

followed by deprotection of TBS group by using TBAF and then mesylation of accessible OH 
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using MsCl to give 75 in 99% yield. Then OMS group is removed by using SN
2 substitution of 

azide with inversion of configuration 

 

Scheme 11: (a) (i) SOCl2, MeOH,98%; (ii) LHMDS, MeI, THF, 97%;  (iii) CH3SBH3, NaBH4, 

THF, 85% (b) (i) TBSCl, l m, DMF, 99%; (ii) DIBAL-H, DCM, 93%; (iii) MeNO2, KOt-Bu, 

THF, t-BuOH, 94% (c) (i) MsCl, TEA, DCM (ii) NaBH4, EtOH, 85% over 2 steps (d) (i) HF-Pyr, 

THF, 81% (ii) MsCl, TEA, DCM, 96%  (e) (i) Ra-Ni, EtOH (ii)  CbzCl, TEA, DCM, 91% over 2 

steps (f) (i) 1 M TBAF in THF, 94% (ii) MsCl, TEA, DCM, 99% (g) (i) NaN3, DMF, 80%  (ii) 

PPh3, 28% NH4OH, 84% over 2 steps  (h) p-anisaldehyde, NaBH(OAc)3, DCM, 92%  (i) (i) 

HCHO, NaBH(OAc)3, DCM, 99% (ii) CAN, ACN:H2O, 93%, 98% ee 
 

 

followed by reduction of azide into amine by using PPh3 in ammonium hydroxide to attain 

piperidine amine 76 in 84% yield over 2 steps. In the final step, reductive amination was done to 

protect the free amine group using p-anisaldehyde and NaBH(OAc)3 as reducing agents. Further, 

another reductive amination sequence was carried out using HCHO to form tertiary amine. The 

PMB group is removed by using CAN to give Cbz protected piperidine intermediate 78 in 93% 

yield with 98% ee, and the overall yield of the method is 26% 

Stavber and Cluzeau, s approach
39 
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Stavber and Cluzeau, in the year 2014 (from Lek Pharmaceuticals) have disclosed the various 

routes for the synthesis of intermediate 83 starting from the alkene 79. The synthesis begins with 

bromonium ion formation of alkene 79 followed by the opening of this bromonium ion with 

sodium hydroxide to form the epoxide, and subsequently, the epoxide opening is done with 

 

Scheme 12: (1) (a) NBS, TFA, iPrOH: H2O, 50 
o
C, 20 h (b) NaOH, 30 

o
C, 12 h (c) 40% 

MeNH2, 60 
o
C, overnight, 76% (2) H2SO4, 80 

o
C, 16 h, 79%, 1.9:1 endo: exo. (3) H2 (20 atm), 

5% Rh/C, AcOH, 40 
o
C, 81% (1.9:1, cis:trans) 

 

methylamine to give compound 80 in 76% yield. Then acid-mediated hydrolysis of 

compound 80 gives the two isomers 81 and 82 Endo: Exo ratio 1.9:1. In this approach, the author 

has tested the reduction step with different conditions but using Rh/C catalyst gives the best 

cis/trans ratio of 83. 

Hao, s 2
nd

 route27
40

 

In 2011, Hao et al. proposed another route for synthesizing Boc-protected piperidine 

intermediate 92 from easily and cheaply available starting materials, as shown in Scheme13. In 

the first step of this approach, the replacement of the Bn group by the Boc protection of nitrogen 

followed by reductive amination of ketone in the same reaction condition gives compound 86 in 

quantitative yield by using H2 in Pd/C condition. This is the key step for this approach as chiral 

auxiliary is introduced in same step. The author screened the various metal catalyst for the 
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asymmetric reduction of 86. Out of all screened reaction conditions, Cobalt catalyzed and (S)-

Tol BINAP as the chiral catalyst in the system with the excess amount of NaBH(OAc)3 is most 

suitable to achieve compound 87. Then methyl group is introduced on amine by reductive 

amination reaction in the presence of formaldehyde and NaBH(OAc)3  as a reducing agent to  

 
 

 

Scheme 13: (1) (a) H2 (1 atm), 10% Pd/C, (Boc)2O, TEA, 4 h, quantative (b) toluene, reflux, 

overnight, 91% (2) (a) CoCl2.6H2O (1 mol%), (S)-TolBINAP, DCM: DMF, r.t, 1 h (b) 

NaBH(OAc)3, r.t, overnight, 69% (de 71%). (3) (a) HCOH, DCM, r.t, 1.5 h (b) NaBH(OAc)3, r.t, 

overnight, quant. (4) LiALH4, THF, 30 min, 93%  (5) CH3COSH, PPh3, DIAD, THF, reflux, 

overnight, 88%  (6) H2, Ra-Ni, EtOH, r.t, 4 h, 98%  (7) HCOONH4, 5% Pd/C, MeOH, reflux, 5 h, 

quant. 
 

 

give compound 88 in quantitative yield. Then the ester group of intermediate 88 is converted to 

alcohol by using LAH and subsequently by applying Mitsonobou reaction on compound 89 in 

the presence of thioacetic acid, and DIAD gives compound 90 in 88% yield. Removal of 

thioacetate group is achieved by using hydrogenation catalyzed by Raney-Nickel. In the final 
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synthesis step the chiral auxiliary was removed using ammonium formate to give Boc protected 

piperidine in quantitative yield with a 49% overall yield. The enantiomeric ratio of this method is 

not described in this approach but stated that it was high in amount and not mentioned anywhere 

in the paper. 

Pfizer’s approach
41,42

 

 

Scheme 14: (a) MeOCOCl, TEA, DCM, overnight, 20 
o
C, 59%  (b) electrochemical oxidation, 

KOAc, AcOH  (c) Ac2O, 140 
o
C, 2 h, then r.t, overnight, 86%  (d) 40% MeNH2 in MeOH, MeOH, 

r.t, overnight, 27%  (e) 2 M MeNH2 in MeOH, NaBH4, AcOH, EtOH, 19% (f) (MeO2C)2O, KOtBu, 

THF, 0 
o
C, 30 min. 89%  (g) H2 (100 psi), 5% Rh/Al2O3, EtOH, 100 

o
C, 24 h, quant. (h) (1) PhCHO, 

NaBH(OAc)3, DCM, 20 
o
C, 30 min., 70% (ii) LAH, THF, 90%  (iii) 36% HCl, EtOH, 38% 

 

Alternative methods were developed by Pfizer for the synthesis of Bn and carboxylate-protected 

piperidine, as shown in (Scheme 14). The first route starts with 3-amino 4-methyl picoline 56 

with carbamate protection of amine to give compound 50 in 89% yield. Then sequentially 

hydrogenation of protected amine 50 by using Rh catalyst gives piperidine 99 in quantitative 

yield with 5:1 cis/trans ratio. N-benzylation of piperidine amine is achieved by using reductive 
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amination reaction followed by acidification with HCl gives the Bn protected piperidine 100 in 

salt form with 38% yield. In this patent, the author does not describe the cis/trans ratio of the 

final compound. Also, in the same report, Pfizer reported a very similar method with a few minor 

changes in the approach, as shown in Scheme 14. In this approach, the synthesis begins with 4-

methyl piperidine 93 with carboxylate protection in the initial step. Then the sequential 

electrochemical oxidation of compound 94 by sing potassium acetate in an acetic acid medium 

gives an intermediate 95. The crude diacetate obtained from the previous step is transformed to 

ketone 96 using acetic anhydride mediated cleavage of diacetate. The methylamine moiety is 

inserted by using reductive amination reaction condition gives the carboxylate protected 

piperidine in 19% yield followed by preparation of salt by using HCl to give compound 44a as 

salt. 

1.2.3 Present Work 

1.2.3.1 Objectives 

After taking a literature survey for the synthesis of a key intermediate of (+)-tofacitinib, it can be 

seen that the previous methods employ costly starting material, complex metal catalysts, and 

expensive reagents are required, and also some reports have poor selectivities. To overcome the 

difficulties mentioned above and the selectivity issues in the synthesis of piperidine amine 

moiety, we describe the present section on metal-free Overmann rearrangement reaction to 

prepare key intermediate of (+)-tofacitinib from readily available starting materials in 8 steps. 

 

Fig. 10: Retrosynthetic analysis 
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The possible retrosynthetic analysis of key intermediate of tofacitinib is shown in Figure 10, and 

it can be synthesized from the commercially available starting material 4-picoline 102. The 

piperidine amine 44c can be obtained from allylic imidate moiety 100 via Overmann 

rearrangement and reduction strategy. The allylic imidate core can be obtained from chiral diol 

from imidation and hydrolysis sequence reactions. Piperidine diol 101 could be synthesized from 

4-picoline moiety 102 via quaternization, reduction, and oxidation strategy.  

1.2.3.2 Results and Discussion 

The sequential pathway for synthesizing key molecule piperidine amine is shown in Scheme 15. 

The synthesis starts with the readily available and cheap starting material 4-picoline. Our 

synthetic approach begins with quaternization of 4-methyl pyridine by using benzyl bromide in  

 

Scheme 15. Reaction Conditions: (i) BnBr, Acetone, 25 
o
C ,3 h, 98%  (ii) NaBH4, 

MeOH, 0-25 
o
C , 1 h, 97%  (iii) K3Fe(CN)6, MeSO2NH2,  K2CO3 , K2OSO4.2H2O, 

(DHQ)2PHAL, t-BuOH:H2O (1:1), 27 
o
C, 5 h, 90%  (iv) PTSA, toluene,  reflux, 85%  

(v) CCl3CN, DCM, DBU, 0 to 25 
o
C,  24 h. (vi) Toluene, 110 

o
C,  18 h, 81%  (vii) a) 

NaOH, H2O, Me2CHOH,  75 
o
C 1 h  (b) CH2O THF, then 10% Pd/C, H2 (1 atm), 

AcOEt,12 h, 27 
o
C  8 
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Fig. 11: 
1
H and 

13
C NMR of1-benzyl-4-methyl-1,2,3,6-tetrahydropyridine (79) 

 

acetone to give the quaternary salt of pyridine, then reduces this salt by using sodium 

borohydride in methanol to produce olefin 79 in 97% yield. Its 1H and 13C NMR analysis 

confirmed the formation of olefin 79 (fig.11). The characteristic peak of olefinic hydrogen 

showed at δ 5.41 (t, 1H) and hydrogens of benzyl protected ring showed in the range of δ 7.28-

7.42. For protons of aliphatic ring displayed in the range of δ 1.7 -3.62. Further 13C NMR 
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spectrum of 6 having aliphatic carbons showed in the range of δ 2 -62, and remaining 

aromatic/olefinic carbon showed in the range of δ 119-138. 

Then the olefin is further subjected to the Sharpless asymmetric dihydroxylation reaction to form 

chiral diol 101 by using hydroquinidine 1,4-phthalazinediyl diether in tertiary butanol and water 

as solvent at room temperature to give diol 101 in 90% yield. Diol formation was confirmed by 

its 1H and 13C NMR analysis (Fig. 12). In the 1H NMR spectrum, the aromatic hydrogens 

showed at δ 7.22-7. 2, and the remaining aliphatic protons are shown in the range of δ 1.20-3.51. 

At the same time, its 13C NMR spectrum shows aromatic carbons in the range of δ 127-137 and 

remaining aliphatic carbons in the range of 36-72. 
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Fig. 12: 
1
H and 

13
C NMR of (3R,4S)-1-benzyl-4-methylpiperidine-3,4-diol (101) 
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Then the chiral diol 101 was utilized for the next step, i.e., hydrolysis reaction by using para 

toluene sulphonic acid in toluene to achieve allylic alcohol 102 in 85 % yield. Its 1H and 13C 

NMR analysis confirmed the formation of allylic alcohol moiety 102. After allylic alcohol is in 

hand, we proceed further for formation imidate by using trichloroacetonitrile in DCM and DBU 

as a base to give allylic imidate moiety 100 in comparative yield. The formation of imidate 

moiety was confirmed by taking its 1H and 13C NMR analysis (Fig. 13). In the 1H NMR 

spectrum of allylic imidate, aromatic hydrogens showed at δ 7.26-7.39, and remaining aliphatic 

protons showed in the range of δ 2.26-5.83. In the carbon NMR spectrum, the aromatic carbons 

showed in the range of δ 12 -162 and remaining carbons at δ 26-91. 
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Fig. 13: 

1
H and 

13
C NMR of (S)-1-benzyl-4-methyl-1,2,3,6-tetrahydropyridin-3-yl 2,2,2-

trichloroacetimidate (100) 

After allylic imidate in hand, we proceeded to this compound for our key reaction, i.e., metal-

free Overmann rearrangement reaction to achieve compound 103 by using toluene as solvent and 

refluxed for 18 hours to give compound 103 in 81% yield as shown in Scheme 15. The 

formation of allylic amide was further confirmed by its 1H, 13C NMR, and HRMS analysis, as  
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Fig. 14: 
1
H, 

13
C NMR and Mass spectra of (R)-N-(1-benzyl-4-methyl-1,2,3,6-tetrahydropyridin-3-

yl)-2,2,2-trichloroacetamide (103) 

 

shown in Fig. 14. In 1H NMR, the aromatic protons of the phenyl ring are shown in the range of 

δ 7.25-7.32, and the remaining nonaromatic hydrogens showed at δ 1.25-4.39. In 13C NMR, the 

characteristic amide functional group is shown at δ 160. Whereas the appearance of aromatic 

carbons in the range of δ 127-142 and nonaromatic carbons at δ  1-93. The formed allylic 

acetamide was further confirmed by taking its mass. Then the allylic trichloroacetamide moiety 

was subjected for the hydrolysis reaction by using aqueous sodium hydroxide in isopropanol 

solvent at room temperature to give allylic amine intermediate. Then, the crude amine (without 
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purifying) is treated for the subsequent reaction, i.e., reductive amination reaction, giving the key 

intermediate of tofacitinib. Firstly the imine is formed when formaldehyde is added to the 

reaction followed by reduction using hydrogenation condition to give our key precursor of 

tofacitinib piperidine amine 44c in 87% yield. The formation of 44c was further confirmed by 

taking its 1H and 13C NMR analysis, as shown in Fig.15. In the 1H NMR spectrum, the 

characteristic peak of methyl on piperidine ring and nitrogen atom is shown at δ 0.9 -0.95 and 

2.96-2.97. The benzyl-protected ring's protons showed δ 7.21-7.37 and aliphatic hydrogens of 

piperidine at δ 1.55-3.30. In the 13C NMR spectrum, the aromatic carbons displayed at δ 126-

138, and the remaining carbons of the piperidine ring showed at δ 18-71. The 1H, 13C NMR 

optical rotation and Mass data of obtained piperidine amine 11 is well-matched with the previous 

literature. Further use of this enantiopure piperidine amine 11 is undergoing in our laboratory. 
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Fig. 15: 
1
H and

 13
C NMR of (3R)-1-benzyl-N,4-dimethylpiperidin-3-amine (44c) 

 

1.2.4 Conclusion 

In conclusion, we have developed the enantioselective synthesis of (3R)-1-benzyl-N,4-

dimethylpiperidin-3-amine in 8 steps with nearly 98% ee and 32% overall yield. The 

compound 44c is a crucial key intermediate of tofacitinib, and in this report, we have shown the 

straightforward and cheap route for their synthesis. The metal-free Overmann rearrangement is a 

key step for the present synthesis and other essential transformations employed in this route, 

such as Sharpless asymmetric dihydroxylation hydrolysis reaction. Further utilization of this key 

intermediate of tofacitinib is underway in our laboratory. 

1.2.5  Experimental Section  
 

1-Benzyl-4-methyl-1,2,3,6-tetrahydropyridine (79) 

Add benzyl bromide (53.76 mmol) to a solution of 4-picoline (5 gm, 53.76 mmol) in acetone (50 

mL) at 25 oC. Keep the mixture for 3 hours at 50-70 °C. Wash the formed precipitate with 

diethyl ether (3 x 15 mL). Dry the precipitate in vacuo to get 13.8 gm, 98% of quaternary 

pyridinium salt as white solid. Then this quaternary pyridinium salt was directly used for 
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subsequent reaction. Dissolve pyridinium salt (13.8 g, 52.47 mmol) in MeOH. Then the salt is 

reduced by slow addition of NaBH4 (6 g, 157.41 mmol) over 1 hour at 0 °C. Leave the reaction 

mixture to stir for another 1 hour at room temperature. Then the reaction mixture is quenched by 

adding aqueous NaHCO3 solution, extracted with ethyl acetate, and washed with brine. Dry the 

combined organic layers over Na2SO4 and concentrate the organic layer under reduced pressure 

to afford 79 light yellow oil. 

Yield: 97% (9.5 g), fainy yellow oil. 1
H NMR (500 MHz ,CDCl3) δ  7.44 - 7.39 (m, 2 H), 7.36 (t, 

J = 7.5 Hz, 2 H), 7.32 - 7.28 (m, 1 H), 5.41 (td, J = 1.5, 3.1 Hz, 1 H), 3.62 (s, 2 H), 2.99 (br. s., 2 

H), 2.69 - 2.50 (m, 2 H), 2.21 - 2.03 (m, 2 H), 1.73 (s, 3 H). 13
C NMR (126 MHz,CDCl3) δ 138.4, 

132.7, 129.3, 128.2, 127.1, 119.3, 62.9, 53.0, 50.0, 30.9, 23.0.  

(3R,4S)-1-Benzyl-4-methylpiperidine-3,4-diol (101) 

Dissolve K3Fe(CN)6 (15.7 gm, 47.87 mmol), K2CO3 (6.6 gm, 47.87 mmol) and ligand 

(DHQ)2PHAL (Hydroquinine 1,4-phthalazinediyl diether) (0.05 mmol) in tBuOH/H2O (v/v = 1:1, 

50 ml) at room temperature. Then add K2OsO4.2H2O (0.005 mmol) and then add CH3SO2NH2 

(1.6 gm, 15.95 mmol) to the reaction mixture at 0 oC. Stir the reaction mixture for 5 minutes. 

Add olefin 79 (3 gm, 15.95 mmol) to the mixture. Stir the reaction mixture vigorously at room 

temperature for 5 hours until TLC shows no olefin. Then quench the reaction by adding sodium 

sulfite to the mixture. Stir the reaction mixture for 30 min. Extract the aqueous phase with ethyl 

acetate (25 ml x 3). Wash the combined organic layers with brine solution. Dry the combined 

organic layers over anhydrous sodium sulfate. Evaporate the solvent under reduced pressure to 

obtain the crude product. Purify the crude product by flash column chromatography (pet. 

ether/EtOAc, 8:2) to afford the product 101 as white solid. 
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Yield: 90% (3.17 g), white solid. 1
H NMR (400 MHz ,CDCl3) δ   7.39 - 7.13 (m, 5 H), 3.60 - 

3.45 (m, 2 H), 3.45 - 3.31 (m, 1 H), 3.16 - 2.88 (m, 1 H), 2.51 (br. s., 4 H), 2.27 (br. s., 1 H), 1.85 

- 1.66 (m, 1 H), 1.60 (ddd, J = 3.9, 6.4, 13.5 Hz, 1 H), 1.22 - 1.12 (m, 3 H). 13
C NMR (101 

MHz ,CDCl3) δ   138.0, 129.2, 128.4, 127.3, 72.8, 72.7, 69.8, 62.4, 55.8, 49.9, 43.5, 36.3.  

HRMS (ESI) m/z [M+H]+ calcd for C13H20NO2: 222.1741  found: 222.1738. 

(S)-1-Benzyl-4-methyl-1,2,3,6-tetrahydropyridin-3-ol (102) 

3 gm (3R,4S)-1-benzyl-4-methyl piperidine-3,4-diol 101 (13.57 mmol) in 30 mL toluene was 

stirred by adding 3.85 gm of para-toluenesulfonic acid monohydrate (20.36 mmol) at 100-110 °C 

for 8-12 hours. Then the reaction mixture was allowed to cool at room temperature and poured 

into cold water 50 mL contains 5 mL of aqueous ammonia. Extraction of the product with ethyl 

acetate (50 mL x 3) followed drying on sodium sulfate and concentration of organic layer under 

reduced pressure to afford the crude product. The crude product was purified using silica gel 

with ethyl acetate/pet. ether to obtain 2.06 gm of compound 102 in 85% yield as gummy 

semisolid. 

Yield: 85% (2.06 g), gummy semisolid.1
H NMR (500 MHz ,CDCl3) δ   7.35 - 7.25 (m, 5H), 

4.96 (s, 1H), 4.81 (s, 1 H), 4.25 - 4.13 (m, 1H), 3.92 (br. s., 2H), 3.64 (s, 2 H), 2.77 - 2.65 (m, 

1H), 2.65 - 2.50 (m, 3 H), 2.50 - 2.42 (m, 1H), 2.29 - 2.19 (m, 1H), 1.28 (br. s., 1H).13
C NMR 

(126 MHz ,CDCl3) δ  147.1, 136.9, 129.8, 129.4, 128.7, 128.4, 128.3, 128.1, 127.5, 108.1, 70.2, 

62.1, 60.7, 54.0, 31.1. HRMS (ESI) m/z [M+H]+ calcd for C13H18NO: 204.1220 found: 204.1227.  

(S)-1-Benzyl-4-methyl-1,2,3,6-tetrahydropyridin-3-yl 2,2,2-trichloroacetimidate (100) 

2 gm of allylic alcohol 102 (9.85 mmol) was dissolved in 20 mL of dry DCM under a nitrogen 

atmosphere. Then 1.8 gm of DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene) 11.82 mmol was added 

in the reaction vessel at 0 oC. After 5-minute, Trichloroacetonitrile (2.1 gm, 14.77 mmol) was 
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added, the reaction was allowed to stir at room temperature until the TLC showed no allylic 

alcohol. After complete conversion, water 20 mL was added to the reaction mixture and 

extracted with DCM. Crude product purified by using silica gel column chromatography with 

ethyl acetate /pet ether to obtain 3.30 gm, 97% of compound 100. 

(R)-N-(1-Benzyl-4-methyl-1,2,3,6-tetrahydropyridin-3-yl)-2,2,2-trichloroacetamide (103) 

In an oven-dried 100 mL, round bottom flask, 2 gm of (S)-1-benzyl-4-methyl-1,2,3,6-

tetrahydropyran-3-yl 2,2,2-trichloroacetimidate 100 (5.78 mmol) was dissolved in dry toluene, 

and then K2CO3 (1.6 gm, 11.56 mmol) was added at room temperature. Allow the reaction 

mixture to stir at 90-110 oC for 12-18 hours until the complete conversion of 9. After completion 

of reaction monitored by TLC, remove the solvent under reduced pressure, and water 10 mL was 

added in the reaction mixture. Extraction with ethyl acetate (50 mL x 3), drying on sodium 

sulfate, and concentration of organic layer under reduced pressure to afford the crude product. 

The crude product is purified using silica gel with ethyl acetate and pet ether to obtain 1.62 gm, 

compound 103 in 81% yield as faint yellow semisolid. 

Yield: 81% (1.62 g), yellow semisolid.  1
H NMR (400 MHz ,CDCl3) δ  7.62 (br. s., 1 H), 7.39 - 

7.20 (m, 6 H), 4.37 (td, J = 3.5, 7.6 Hz, 1 H), 3.65 (d, J = 13.3 Hz, 1 H), 3.47 (s, 1 H), 2.92 - 2.80 

(m, 1 H), 2.74 (ddd, J = 1.6, 4.0, 11.3 Hz, 1 H), 2.51 - 2.37 (m, 2 H), 2.31 - 2.18 (m, 3 H), 1.25 (s, 

3 H). 13
C NMR (101 MHz ,CDCl3) δ  160.7, 142.6, 138.0, 128.9, 128.6, 127.6, 93.0, 62.2, 57.8, 

54.6, 53.1, 31.1. HRMS (ESI) m/z [M+H]+ calcd for C15H18OCl3N2: 347.0479  found: 347.0482. 

 (3R)-1-Benzyl-N,4-dimethylpiperidin-3-amine (44c) 

Dissolve (R)-N-(1-benzyl-4-methyl-1,2,3,6-tetrahydropyridin-3-yl)-2,2,2-trichloroacetamide (1 

gm, 2.89 mmol) in Me2CHOH (20 mL) and add 5.0 M aqueous sodium hydroxide solution (5.0 

mL). Stir the reaction mixture for 1-2 hours at 25-75 oC.; after completion of reaction monitored 
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by TLC, the solvent is concentrated in the vacuum. 10 mL water is added to the reaction mixture 

and extracted with CH2CL2 (3×15 mL). Dry the organic phase over sodium sulfate and 

concentrate under reduced pressure. Then the crude product is used for the next step without 

further purification. To a solution of crude amine obtained in the above step (430 mg, 2.10 

mmol) dissolved in THF (10 mL) and then CH2O (formaldehyde solution 37%) was added in the 

reaction vessel and stir the reaction for 1-2 hours at 25-50 oC. After 1 hour, cool the reaction 

mixture to room temperature and then add ethyl acetate (5 mL), followed by adding 10% Pd/C 

(50 mg). Charge the mixture with H2 (1 atm) and stir the reaction mixture at room temperature 

for 12 hours. After the completion of the reaction, it was filtered through a Celite pad and 

washed with EtOAc (3 x 15 mL). The combined organic phase was concentrated under vacuum 

to afford the crude product, purified by column chromatography on silica gel using CH 2Cl2: 

MeOH as eluent to give (3R)-1-benzyl-N,4-dimethylpiperidin-3-amine 44c in pure form as a 

light yellow oil (398 mg, 87% yield). 98.4 % ee and 32% overall yield. 

Yield: 87% (398 mg), light yellow oil. 1
H NMR (400 MHz , DMSO d6) δ 7.37 - 7.21 (m, 6 H), 

4.57 (br. s., 1 H), 3.52 - 3.37 (m, 4 H), 2.97 (d, J = 4.6 Hz, 3 H), 2.84 (ddd, J = 1.7, 4.4, 10.4 Hz, 

1 H), 2.73 - 2.64 (m, 1 H), 2.51 (td, J = 1.8, 3.6 Hz, 1 H), 1.85 (dt, J = 2.5, 11.4 Hz, 1 H), 1.72 - 

1.46 (m, 2 H), 0.94 (d, J = 5.9 Hz, 3 H).13
C NMR (101 MHz ,DMSO d6) δ 138.6, 128.8, 128.1, 

126.8, 71.9, 62.1, 60.8, 53.2, 38.1, 32.3, 27.1, 18.1. [α]25
D: -19.8 (c 1, MeOH).HRMS (ESI) m/z 

[M+H]+ calcd for C14H23N2: 219.1860  found: 219.1841. 
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2.1.1 Introduction  

The C-C bond formation via C-H bond activation of sp
3
, sp

2
 hybridized carbons as cross-

coupling participants have received renewed attention over the last few decades.
6a-b 

However, sp
3
 

C-H bond activation is a challenging task due to their inertness, gained from high bond energy 

and high Pka value. Hence, CDC reactions have attracted the attention of organic chemists to 

prepare C-C bonds under metal and metal-free conditions in academic and industrial research.
6c-f

 

 

Figure 1. Biologically active cyclic ethers 

 

From the last decades, CDC reactions have grabbed the attention of organic chemists for the 

formation of new C-C bonds. The coupling between C(sp
2
)-H bonds has been extensively carried 

out using the CDC approach due to the easy accessibility of the starting material and makes this 

transformation an important tool for the formation of C-C bonds. In most of the C-C bond 

formation reactions, pre-functionalization of starting material is needed. The important aspect of 

the CDC reaction is that the pre-functionalization of starting material is averted. 
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Section I 

Metal-Free Regioselective Cross Dehydrogenative Coupling of Cyclic Ethers 

and Aryl Carbonyls 

Functional functionalized cyclic ethers are necessary scaffolds found in various natural products 

and pharmaceutical ingredients.
1
 Generally, tetrahydrofuran (THF), 1,4-dioxane, and 

tetrahydropyrans (THP) are examples of cyclic ethers. These compounds show a broad spectrum 

of biological activity, including antibacterial,
2a

 anti-inflammatory,
2b

 anti-cancer,
2c-e

 and anti-

diabetic.
2f-g 

They have also been employed in synthesizing agricultural pesticide 1(Figure 1).
3
 

Lignins are the class of natural compounds that exclusively contain substituted THF as a core 

unit.
5
 Examples of lignins includes Sesamin 2 and Galbacin 3 (Figure 1): these exhibit anti-

cancer,
4a

 anti-oxidant,
4b

 anti-inflammatory,
4c

 and anti-obesity 
4d 

activities. Strebluslignanol F 4, a 

natural product that contains 1, 4-dioxane is a core unit and shows potent anti-hepatitis B virus 

activity.
5a

 On the other hand, omaragliptin 5 is an oral anti-diabetic drug with substituted THP as 

the core moiety.
5b 

2.1.2 Review of Literature 

After a careful survey of the literature, we realized that both metal and metal-free approaches had 

been used for the oxidative cross dehydrogenative coupling of cyclic ethers with arenes and 

heteroarenes. Some of these important methods include the use of transition metals such as Cu 

(I) catalyzed cross-coupling between substituted 1,1’-diarylethenes and cyclic ethers, 
7
 Cu (II) 

catalyzed addition of α-oxyalkyl radical to isoquinolinium salts 
8
 and Fe (II) catalyzed α-

arylation of cyclic and acyclic ethers with azoles.
9
  

Doyle’s Approach (2016)
10
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In 2016 Doyle and co-workers had achieved α-arylation of cyclic ethers through Ni (II) catalyzed 

photo-redox coupling between an aryl halide and cyclic ethers, as shown in Scheme 1. In this 

approach, the author reported the nickel catalyzed oxidative addition of aryl chlorides followed 

by reductive elimination to form the aryl ethers in the catalytic amount of photocatalyst.
 

 

Scheme 1: Arylation of ethers by Ni catalyst 

Shirakawa’s Approach (2017)
15

 

Various electron-deficient heterocyclic arenes were subjected for α-arylation of cyclic and 

acyclic ethers under oxidative metal-free conditions using a variety of oxidants such as DTBP, 

TBHP, BPO, and K2S2O8. These heterocycles contain substituted pyridines,
11

 thiophenes,
12

 

indoles,
13

 quinines,
14

 azoles,
15

 and chromanes.
16

 Although these methods efficiently yields the 

CDC product, but they are limited to activated heterocyclic systems. Recently, Shirakawa et al. 

reported base promoted oxidative dehydrogenative coupling between a substituted benzene 

derivative and cyclic ethers and amides in the presence of DTBP oxidant and NatBuO base 

(Scheme 2).
17

  

 

Scheme 2.  Alkylation of ethers on aryl carbonyls 
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Despite some advantages, the reaction suffers from limitations such as, poor yields and 

regioselectivity when electron withdrawing substituents were present on the aryl rings. 

Lei’s Approach (2014)
23

 

In 2014 the Lei and a co-worker reported the synthesis of allylic ethers from various substituted 

styrenes with ether derivatives. The CuI was the ideal catalyst for this transformation, and DTBP 

as an oxidant in an inert condition of N2 reaction proceeded well to give the allylic ethers in good 

to excellent yields (Scheme 3). 

 

Scheme 3. Oxidative alkenylation of cyclic ethers 

2.1.3 Present Work 

2.1.3.1 Objective  

 Inspired by the metal-free approach,
18

 our motive has been to develop a synthetic method for the 

α-functionalization of cyclic ethers with better yields and regioselectivity (Scheme 4). Thus, we 

have described the metal-free CDC reaction via Csp
3
-Csp

2
 coupling between various cyclic 

ethers and aromatic carbonyls to generate a wide range of α-arylated cyclic ethers. The key 
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features of this reaction are short reaction time, good to excellent yields, and high 

regioselectivity.  

 

Scheme 4. CDC coupling of aryl carbonyls with ethers 

 

2.1.4 Result and Discussion  

We have started our investigation by taking acetophenone as a model substrate and 1,4-dioxane 

as a coupling partner and solvent. The results are summarised in Table 1. Initially, when 

acetophenone 6a (1 equiv) and 1,4-dioxane (30 equiv., also acts as the solvent) are reacted at 120 

°C in the presence of oxidant K2S2O8 (3 equiv), tetra butyl ammonium bromide (A) (2 equiv) as 

an additive and NaOAc (2 equiv), to our delight we got the expected product 7a in 51% yield 

within 4 h of reaction time (Table1, entry 1). Increase in reaction time from 4 h to 12 h, the yield 

of 7a reduces to 45% due to the decomposition of the obtained product (Table1, entry 2). With 

increased equivalence of tetra butyl ammonium bromide (A) from 2 to 3 and refluxing at 120 
o
C, 

we obtained a 57% yield of the desired product (Table1, entry 3). When tetrabutyl ammonium 

chloride (B) was used instead of tetra butyl ammonium bromide (A) as an additive, and the 

mixture refluxed for 4 h, we got the expected product in 81% yield, which was a significant 

improvement (Table1, entry 4) in comparison to the first 3 entries (Table1, entry 1 to 3). We also 

observed that the reaction did not proceed in the absence of additive as well as base (Table1, 

entries 5 & 6) and resulted in the recovery of the starting material. By increasing the additive 
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tetra butyl ammonium chloride (B) from 3 to 4 equiv, we observed an increase in yields only by 

4% (Table1, entry 7). 

Table 1. Optimization of Reaction Conditions
a
 

 

Entry Oxidant (3 

equiv.) 

Addtive 

(equiv.) 

Base (equiv.) Time 

(h) 

Yield 

(%)
a
 

1 K2S2O8 A (2) NaOAc (2) 4 51 

2 K2S2O8 A (2) NaOAc (2) 12 45 

3 K2S2O8 A (3) NaOAc (2) 4 57 

4
b
 K2S2O8 B (3) NaOAc (2) 4 81 

5 K2S2O8 B (3) - 4 N.R. 

6 K2S2O8 - NaOAc (2) 12 N.R. 

7 K2S2O8 B (4) NaOAc (2) 4 85 

8 K2S2O8 B (3) NaOAc (4) 4 79 

9 Na2S2O8 B (3) NaOAc (2) 12 31 

10 (NH4)2S2O8 B (3) NaOAc (2) 12 N.R. 

11
c
 K2S2O8 B (3) NaOAc (2) 12 N.R. 

12
d
 K2S2O8 C (3) NaOAc (2) 4 67 

13 K2S2O8 B (3) K2CO3 (2) 4 N.R. 

14 K2S2O8 B (3) NaOEt (2) 4 70 

15 K2S2O8 B (3) Cs2CO3 (2) 4 N.R. 

16 K2S2O8 B (3) NaOtBu (2) 4 N.R. 

17 K2S2O8 - Bu4NOH 4 N.R. 
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18 K2S2O8 D (2) NaOAc (2) 12 55 

19 K2S2O8 D (2) - 12 N.R. 

20 Oxone B (3) NaOAc (2) 4 17 

21 TBHP B (3) NaOAc (2) 4 N.R. 

22 DTBP B (3) NaOAc (2) 4 Trace 

23 BPO B (3) NaOAc (2) 4 N.R. 

 

[a]
 
Reaction condition: 6a (0.83 mmol), K2S2O8 (2.5 mmol), TBACl (2.5 mmol 50% aq. 

solution), NaOAc (1.66 mmol), 1,4-Dioxane (3 ml) and Temp. 120 
o
C. [b] TBACl in 50% 

aq. solution. [c] Temp. 80 
o
C. [d] Bu4NF.3H2O.  N.R. = No Reaction. 

 

Keeping the tetra butyl ammonium chloride (B) (3 equiv), K2S2O8 (3 equiv) constant and 

increasing the stoichiometry of NaOAc (2 to 4 equiv) lead to 79 % yield for the CDC product 

(Table 1, entry 8). The oxidant Na2S2O8 offers only 31% yield of the desired product (Table 1, 

entry 9). No conversion was observed using (NH4)2S2O8 (Table 1, entry 10). However, no 

significant improvement was observed with use of the different combinations of additives and 

bases. Instead, most of the attempts were not fruitful (Table 1, entries 11-23). However, 

changing the bases didn’t lead to an enhancement in the yields. We examined the effect of 

atmospheric oxygen by conducting the reaction under an inert atmosphere, which did not affect 

the yield. In addition to this, the impact of the solvent was also studied. Therefore, we achieved 

the best regioselectivity and the highest yield of the isolated product using K2S2O8 (3 equiv.), 

tetra butyl ammonium chloride (B) (3 equiv.), and NaOAc (2 equiv.) for the reaction at 120 
o
C 

for 4 h (Table1, entry 4).). 

 With these optimized reaction conditions in hand (Table 1, entry 4), we studied the substrate 

scope of this unique transformation, and limitations of the CDC reaction were studied by  
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Table 2. CDC Reaction between Aromatic Ketones and Cyclic Ethers 

 

Reaction condition: 6a (0.83 mmol), K2S2O8 (2.5 mmol), TBACl (2.5 mmol 50% aq. 

solution), NaOAc (1.66 mmol), 1,4-Dioxane (3 ml) and Temp. 120 
o
C. 
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evaluating a variety of aryl carbonyls to investigate the generality of this reaction. As shown in 

Table 2, the CDC reaction proceeds without any difficulty for a wide range of substrates bearing 

various substituents at different positions on the aryl ketones, providing the coupling products in 

moderate to good yields. When the electron-withdrawing and electron-donating groups were 

present at the meta position to the acetyl group and the reaction was done under optimised 

conditions, the desired products were obtained in excellent yields (7b, 7c, 7f). The unsubstituted 

acetophenone was subjected to the standard reaction conditions with THP as coupling ether, and 

gave the desired product 7e in 66% yield. 1-Acetonaphthone also gave the expected α-arylated 

products of different cyclic ethers with excellent yields (7d, 7g, 7o). On the other hand, 

substituted cyclic ketones such as indanone and tetralone resulted in moderate yields of the 

products (7l-7n). It is noteworthy that thioxanthone successively delivered CDC 

product 7k under oxidation condition without any diverse effect on sulfur. When acetophenone 

was subjected to standardized reaction conditions using 1,3-benzodioxole as a solvent, it offered 

a corresponding product 7r in 58 % yield. Also, acyclic ethers were subjected as a coupling 

partner, leading to the formation of undesired polymerization. Unfortunately, this approach failed 

to give expected CDC products when the reaction was carried out on N-substituted aryl 

carbonyls and heterocyclic aryl ketones (7s-7x). The formation of 7a-7r was confirmed by 

measuring their corresponding 
1
H, 

13
C and HRMS spectral data. 

Example 1: 

The structure of 1-(4-(1,4-dioxan-2-yl)phenyl)ethan-1-one 7a was confirmed from its 
1
H and 

13
C 

NMR spectrum. In
 1

H NMR spectrum, which showed singlet for methyl group hydrogen at δ 

2.59 (s, 3 H), multiples for aromatic hydrogens at δ 7.99 - 7.87 (m, J = 8.4 Hz, 2H) and 7.54 - 

7.39 (m, J = 8.0 Hz, 2H). The hydrogens present in the ether moiety are showed in the range of 
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4.68 (dd, J = 2.3, 9.9 Hz, 1H), 3.98 - 3.94 (m, 1H), 3.92 (dd, J = 2.3, 11.1 Hz, 1H), 3.89 - 3.86 

(m, 1H), 3.83 - 3.79 (m, 1H), 3.74 (dd, J = 3.1, 11.4 Hz, 1H) and 3.41 (t, J = 10.9 Hz. In 
13

C 

NMR spectrum of compound 7a the characteristic peak of carbonyl group was showed in at δ 

197 (Figure 2). 
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Figure 2. 
1
H and 

13
C NMR of 1-(4-(1,4-dioxan-2-yl)phenyl)ethan-1-one (7a) 
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Table 3. CDC Reaction between Aromatic Aldehydes and Cyclic Ethers
a
 

 

a
Reaction condition: 8a (0.73 mmol), K2S2O8 (2.20 mmol), TBACl (2.20 mmol 50% aq. 

solution), NaOAc (1.47 mmol), 1,4-Dioxane (3 ml) at 120 
o
C. 

 

Next, we examined the efficiency of substituted aldehydes as coupling partners under the 

optimized experimental conditions. Notably, it was observed that the rate of the CDC reaction 

between benzaldehydes and cyclic ethers was faster than for the aryl ketones (Table 3). Various 

substrates having electron-withdrawing substituents, such as Cl, Br, and F groups on the 

aromatic ring of the aldehydes were efficiently reacted to produce the substituted para-alkylated 

benzalehydes with excellent yields (Table 3, entries 9b, 9e, and 9g). Surprisingly, hydroxyl-

substituted benzaldehydes also offer good yields of alkylated aryl carbonyls under oxidative 

conditions (9h and 9i).  Benzaldehydes with different electron-donating substituents also led to 
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the corresponding product with good to excellent yields (9c, 9d & 9f). A reaction performed with 

2,5-dimethoxy benzaldehyde on a 6 mmol scale provided 9d in 79% yield. Cyano, nitro, and 

carboxylate substituted aryl derivatives were unable to give the desired product with our 

optimized reaction conditions (9k-m). 

Example 2: 
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Fig. 3: 
1
H and 

13
C NMR of 4-(1,4-dioxan-2-yl)-3-methoxybenzaldehyde (9a) 
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The formed para alkylated aldehydes 4-(1,4-dioxan-2-yl)-3-methoxybenzaldehyde 9a is further 

confirmed by the 
1
H, 

13
C, and HRMS analysis (Fig.3). In the 

1
H NMR spectrum of compound 

9a, the characteristic peak of aldehyde hydrogen showed at δ 9.97 (s, 1H) and aromatic 

hydrogens appeared in the region of 7.67 (d, J = 7.6 Hz, 1H), 7.46 - 7.52 (m, 1H) and 7.33 - 7.39 

(m, 1H). Methyl peak of methoxy group showed in the region of δ 3.90 (s, 3H) and remaining 

hydrogens present on ether moiety appear in the region of 5.03 (dd, J = 9.7, 2.5 Hz, 1H), 4.02 

(dd, J = 11.4, 2.7 Hz, 1H) and 3.92 - 4.00 (m, 2H). Further, the formed product is clarified by 

using 13C NMR analysis, and the characteristic peak aldehyde carbonyl is shown in the region of 

δ 191.63, and HRMS analysis of 9a is matched with the formed product. 

 

Scheme 5. Some unexpected results of CDC reaction 
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When benzil, α, α‘-dimethyl acetal was subjected to the reaction under standard reaction 

conditions, it gave unexpected products. In THF, the acetal group remained unaffected, whereas, 

in 1,4-dioxane, it got deprotected to ketone (Scheme 5). It has observed the uncommon 

phenomenon in the presence of bromine on ortho or para position to the aryl carbonyls, and it 

delivers unexpected debrominated products, i.e., 16 and 9e, as shown in Scheme 5. 

 

Scheme 6: Synthetic transformations of the products 

Example 3: 

Formed product of synthetic transformation 2-(4-(1,4-dioxan-2-yl)-2,5-dimethoxyphenyl)-1H-

benzo[d]imidazole (17) was confirmed by
 1

H, 
13

C NMR and Mass analysis. 

To show the utility of the reaction, the para-alkylated aryl carbonyl derivatives were further 

functionalized under various reaction conditions, as shown in Scheme 6. The compound 9d was 

subjected to the hydrogenation reaction using Pd/C; the aldehyde group of 9d got reduced to 

methyl to give the toluene derivative 18 in quantitative yield. Subsequently, the same compound 

9d was converted into its 1,2-benzimidazole derivative 19 under the known protocol.
19
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Fig. 4: 
1
H and 

13
C NMR of 2-(4-(1,4-dioxan-2-yl)-2,5-dimethoxyphenyl)-1H-

benzo[d]imidazole (17) 
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To understand the mechanism of this CDC reaction, we carried out control experiments (Scheme 

7), where two equivalents of TEMPO (2,2,6,6-tetramethyl piperidine-N-0xide) were added into 

the reaction system under optimized reaction conditions. It was observed that the THF radical 

coupled with TEMPO to from a TEMPO-THF adduct 20, instead of the expected product 7a. It 

indicates that the reaction might be proceeding via the radical pathway. In the second control 

experiment, when the reaction was performed with p-substituted aryl ketone, we did not obtain 

the expected ortho alkylated product 20. It indicates that the     

 

Scheme 7. Control experiments 

 

reaction regioselectively goes only to the para position. Based on the above control experiments 

and the reported literature,
21, 22

 the possible catalytic cycle was then initially proposed in Scheme 

8, as the α-oxyalkyl radical 23 was generated via hydrogen atom abstraction from 1,4-dioxane by 

persulfate.
21a-c

 Then, this α-oxyalkyl radical 23 reacted with acetophenone 6a to generate the aryl 

radical species 24. It was followed by single-electron oxidation to form the aryl cation species 
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25.
22

 The aryl cationic species further underwent aromatization to form the desired product 7a. In 

order to understand the reasons that the para product is formed exclusively, calculations have 

been done with density functional theory (DFT). We propose that two molecules of 

acetophenone can form a chelate with the bare Na
+
, with the counter anion present in its vicinity 

in the ortho or para positions of the acetophenone. 

 

Scheme 8: Expected reaction mechanism of dehydrogenative coupling 

 

2.1.5. Conclusion 

In conclusion, we have developed the first efficient and metal free CDC reaction of aromatic 

carbonyls with inactive cyclic ethers to give the desired p-alkylated aryl aldehydes and ketones 

in good to excellent yields with high regioselectivity. In addition, this reaction tolerates various 

functional groups under oxidative conditions and can be applied to obtain a wide range of 

substituted aromatic carbonyls. The utility of the products of CDC were shown by converting 

them to benzimidazole heterocycles. 
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2.1.6. Experimental Section 

Experimental Procedure for the Synthesis of 1-(4-(1,4-dioxan-2-yl) phenyl) ethan-1-one 

(7a): 

To a 25 mL round-bottom flask acetophenone 6a (0.833 mmol, 100 mg), K2S2O8 (2.5 mmol, 676 

mg), tetrabutylammonium chloride (TBACl, 2.5 mmol, 1.4 ml) and NaOAc (1.66 mmol, 136 

mg) was taken in 1,4-dioxane (3 ml). The round-bottom flask was equipped with a condenser, 

and the resulting reaction mixture was refluxed to 120 °C for 4 h, and TLC monitored the 

progress of the reaction. The reaction mixture was dried under vacuum on completion of the 

reaction. Then the crude reaction mixture was diluted with ethyl acetate (10 mL) and washed 

with brine. Eluted with EtOAc (25 mL * 2). The organics were evaporated, and the crude residue 

was preadsorbed on silica gel and purified by column chromatography (100-200 mesh silica 

Using 80/20 petroleum ether/ethyl acetate as the eluent to afford the corresponding 

compound 7a in 81% yield.  

Experimental Procedure for the Synthesis of 4-(1,4-dioxan-2-yl)-3-methoxybenzaldehyde 

(9a): 

To a 25 mL round-bottom flask 3-methoxybenzaldehyde 8a (0.73 mmol), K2S2O8 (2.20 mmol, 

594 mg), tetrabutylammonium chloride (TBACl, 2.20 mmol, 1.2 ml) and NaOAc (1.47 mmol, 

121 mg) was taken in 1,4-dioxane (3 ml). The round-bottom flask was equipped with a 

condenser, and the resulting reaction mixture was refluxed to 120 °C for 1.5 h, and TLC 

monitored the progress of the reaction. It was dried the reaction mixture under vacuum on 

completion of the reaction. Then the crude reaction mixture was diluted with ethyl acetate (10 

mL) and washed with brine. Eluted with EtOAc (20 mL * 2). The organics were evaporated, and 

the crude residue was preadsorbed on silica gel and purified by column chromatography (100-
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200 mesh silica Using 85/15 petroleum ether/ethyl acetate as the eluent to afford the 

corresponding compound 9a in 79% yield. 

Experimental Procedure for synthesis of 2-(2,5-dimethoxy-4-methylphenyl)-1,4-dioxane 

(18): Degassed methanol (4.0 ml) was added to the mixture of Pd/C (10 wt %) and 9d (0.3 

mmol,76 mg). After stirring under 1 atm hydrogen pressure for 12 h at room temperature, the 

reaction mixture was filtered and evaporated under reduced pressure. The crude product was then 

purified by flash column chromatography (eluent: 90/10 pet. ether/ethyl acetate) to give 16 (67 

mg) hydrogenated product as a clear oil. 

Experimental Procedure for synthesis of 2-(4-(1,4-dioxan-2-yl)-2,5-dimethoxyphenyl)-1H-

benzo[d]imidazole (19): 

To a 25 mL round-bottom flask 4-(1,4-dioxan-2-yl)-2,5-dimethoxybenzaldehyde (0.396 

mmol,100 mg), o-phenylenediamine (0.396 mmol,42 mg), 30% H2O2 in water (94 mg, 0.82 ml) 

and HCl 37% in water (50.5 mg, 0.15 mL) was taken in acetonitrile (3 ml). After stirring for 1 h 

at rt, the reaction mixture was evaporated under reduced pressure. Then the crude reaction 

mixture was diluted with ethyl acetate (10 mL) and washed with brine. Eluted with EtOAc (15 

mL * 2). The organics were evaporated, and the crude residue was preadsorbed on silica gel and 

purified by column chromatography (100-200 mesh silica Using 70/30 petroleum ether/ethyl 

acetate as the eluent to afford the corresponding compound 17 in 78% yield as a white solid. 

1-(4-(1,4-Dioxan-2-yl)phenyl)ethan-1-one (7a): white solid. Yield: 81% (139 mg); M.P.: 91-93 

o
C. 

1
H NMR (500 MHz , CDCl3): δ  7.99 - 7.87 (m, J = 8.4 Hz, 2H), 7.54 - 7.39 (m, J = 8.0 Hz, 

2H), 4.68 (dd, J = 2.3, 9.9 Hz, 1H), 3.98 - 3.94 (m, 1H), 3.92 (dd, J = 2.3, 11.1 Hz, 1H), 3.89 - 

3.86 (m, 1H), 3.83 - 3.79 (m, 1H), 3.74 (dd, J = 3.1, 11.4 Hz, 1H), 3.41 (t, J = 10.9 Hz, 1H), 2.59 
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(s, 3H)). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 197.6, 143.4, 136.7, 128.4, 126.2, 77.3, 72.1, 66.9, 

66.2, 26.5; HRMS (ESI) m/z calculated for C12H15O3 [(M+H)
+
] 207.1016, found 207.1019.   

1-(3-Bromo-4-(1,4-dioxan-2-yl)phenyl)ethan-1-one (7b): white solid. Yield: 80% (114 mg); 

M.P.: 87-89 
o
C.  

1
H NMR (500 MHz , CDCl3): δ 8.02 (d, J = 1.5 Hz, 1H), 7.83 (dd, J = 1.5, 8.0 

Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 4.92 (dd, J = 2.5, 9.7 Hz, 1H), 4.01 (dd, J = 2.5, 11.6 Hz, 1H), 

3.91 (s, 1H), 3.90 - 3.88 (m, 1H), 3.77 - 3.74 (m, 1H), 3.69 - 3.63 (m, 1H), 3.15 (dd, J = 9.7, 11.6 

Hz, 1H), 2.51 (s, 3H)). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 196.3, 142.6, 137.8, 132.4, 128.2, 

127.4, 122.0, 77.0, 70.5, 67.1, 66.3, 26.6; HRMS (ESI) m/z calculated for C12H14O3Br [(M+H)
+
] 

285.0121, found 285.0127. 

1-(4-(1,4-Dioxan-2-yl)-3-fluorophenyl)ethan-1-one (7c): white solid. Yield: 84% (136 mg); 

M.P.: 116-118 
o
C.  

1
H NMR (500 MHz, CDCl3): δ 7.72 - 7.78 (m, 1H), 7.57 - 7.66 (m, 2H), 4.97 

(dd, J = 9.9, 2.3 Hz, 1H), 3.91 - 4.00 (m, 3H), 3.80 - 3.84 (m, 1H), 3.70 - 3.77 (m, 1H), 3.36 (dd, 

J = 11.4, 9.9 Hz, 1H), 2.59 (s, 3H). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ  196.4 , 160.4-158.4 (d, 

JF-C = 247.96 Hz), 138.4-138.3 (d, JF-C = 6.68 Hz), 130.8-130.7 (d, JF-C = 14.31 Hz), 128.04-

128.01 (d, JF-C = 3.81 Hz), 124.4, 114.8-114.6 (d, JF-C = 22.89 Hz ), 71.9 , 70.9, 67.2 , 66.3,  26.6 

;  HRMS (ESI) m/z calculated for C12H14O3F  [(M+H)
+
] 225.0921, found 225.0928. 

1-(4-(1,4-Dioxan-2-yl)naphthalen-1-yl)ethan-1-one (7d): gummy liquid. Yield: 75% (113 mg). 

1
H  NMR (200 MHz , CDCl3): δ  8.87 - 8.64 (m, 1H), 8.15 - 8.05 (m, 1H), 7.93 (d, J = 7.6 Hz, 

1H), 7.75 (d, J = 7.6 Hz, 1H), 7.66 - 7.51 (m, 2H), 5.43 (dd, J = 2.4, 9.7 Hz, 1H), 4.18 - 4.04 (m, 

3H), 3.95 - 3.76 (m, 2H), 3.50 (dd, J = 10.0, 11.9 Hz, 1H), 2.75 (s, 3H). 
13

C{
1
H} NMR (126 

MHz, CDCl3): δ 201.7, 138.7, 135.5, 130.4, 129.9, 127.7, 127.3, 126.6, 126.5, 122.5, 122.1, 

74.7, 71.9, 67.2, 66.4, 29.8; HRMS (ESI) m/z calculated for C16H17O3 [(M+H)
+
] 257.1172, found 

257.1171. 
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1-(4-(Tetrahydro-2H-pyran-2-yl)phenyl)ethan-1one (7e)): whitish semisolid. Yield: 66% (112 

mg). 
1
H NMR (200 MHz, CDCl3): δ 7.97 - 7.86 (m, J = 8.3 Hz, 2H), 7.49 - 7.38 (m, J = 8.2 Hz, 

2H), 4.39 (d, J = 10.6 Hz, 1H), 4.17 (dd, J = 2.9, 10.9 Hz, 1H), 3.71 - 3.56 (m, 1H), 2.60 (s, 3H), 

1.86 (d, J = 12.3 Hz, 1H), 1.75 - 1.47 (m, 5H).  
13

C{
1
H} NMR (101 MHz, CDCl3): δ 197.9, 

148.7, 136.1, 128.4, 125.8, 79.5, 68.9, 34.1, 26.6, 25.7, 23.9; HRMS (ESI) m/z calculated for 

C13H17O2 [(M+H)
+
] 205.1223, found 205.1222. 

 1-(3-Bromo-4-(tetrahydro-2H-pyran-2-yl)phenyl)ethan-1-one (7f): Clear oil. Yield: 79% 

(113 mg).  
1
H NMR (500 MHz , CDCl3): δ  8.08 (s, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 

8.0 Hz, 1H), 4.65 (d, J = 10.7 Hz, 1H), 4.16 (d, J = 11.1 Hz, 1H), 3.65 (t, J = 10.7 Hz, 1H), 2.57 

(s, 3H), 2.03 (d, J = 13.4 Hz, 1H), 1.93 (br. s., 1H), 1.74 - 1.65 (m, 2H), 1.60 (d, J = 8.4 Hz, 1H), 

1.31 - 1.24 (m, 1H).
13

C{
1
H} NMR (126 MHz, CDCl3): δ 196.4, 147.7, 137.1, 132.3, 127.5, 

127.4, 121.5, 78.9, 69.0, 32.6, 26.5, 25.7, 23.7; HRMS (ESI) m/z calculated for C13H16O2Br 

[(M+H)
+
] 283.0328, found 283.0333. 

 1-(4-(Tetrahydro-2H-pyran-2-yl)naphthalen-1-yl)ethan-1-one (7g): Gummy oil. Yield: 82% 

(123 mg). 
1
H NMR (400 MHz , CDCl3): δ  8.78 (d, J = 7.9 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 

7.93 (d, J = 7.9 Hz, 1H), 7.71 (d, J = 7.3 Hz, 1H), 7.62 - 7.51 (m, 2H), 5.09 (d, J = 11.0 Hz, 1H), 

4.31 - 4.22 (m, 1H), 3.85 - 3.73 (m, 1H), 2.74 (s, 3H), 2.11 - 1.99 (m, 2H), 1.86 - 1.78 (m, 2H), 

1.72 - 1.64 (m, 2H). 
13

C{
1
H} NMR (101 MHz, CDCl3): δ 201.6, 143.8, 134.5, 130.2, 130.0, 

128.0, 126.9, 126.3, 125.9, 122.9, 121.0, 76.6, 69.0, 33.2, 29.7, 25.6, 23.8; HRMS (ESI) m/z 

calculated for C17H19O2 [(M+H)
+
] 255.1380, found 255.1378 

 (4-(1,4-Dioxan-2-yl)phenyl)(Phenyl)methanone(7h): White solid. Yield: 72% (106 mg); M.P.: 

70-72 
o
C. 

1
H NMR (200 MHz, CDCl3): δ 7.84 - 7.77 (m, 4H), 7.65 - 7.55 (m, 1H), 7.54 - 7.44 

(m, 4H), 4.73 (dd, J = 2.7, 10.2 Hz, 1H), 4.01 - 3.93 (m, 2H), 3.92 - 3.85 (m, 1H), 3.85 - 3.69 (m, 
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2H), 3.48 (dd, J = 10.2, 11.5 Hz, 1H)). 
13

C{
1
H} NMR (101 MHz, CDCl3): δ 195.6, 142.5, 137.3, 

137.0, 132.0, 129.9, 129.7, 128.0, 126.3, 125.6, 125.1, 77.1, 72.0, 66.7, 66.0; HRMS (ESI) m/z 

calculated for C17H17O3 [(M+H)
+
] 269.1172, found 269.1174.    

 (4-(1,4-Dioxan-2-yl)phenyl)(4-bromophenyl)methanone (7i): White solid. Yield: 67% (89 

mg); M.P.: 88-90 
o
C.  

1
H NMR (200 MHz , CDCl3): δ  7.81 - 7.74 (m, J = 8.3 Hz, 2H), 7.71 - 

7.60 (m, 4H), 7.54 - 7.43 (m, J = 8.1 Hz, 2H), 4.73 (dd, J = 2.6, 10.0 Hz, 1H), 4.01 - 3.92 (m, 

2H), 3.89 (d, J = 2.7 Hz, 1H), 3.84 - 3.69 (m, 2H), 3.46 (dd, J = 10.2, 11.6 Hz, 1H). 
13

C{
1
H} 

NMR (50 MHz, CDCl3): δ 194.5, 142.4, 136.1, 135.6, 131.0, 130.8, 129.4, 127.6, 126.9, 126.6, 

125.5, 76.7, 71.6, 66.3, 65.7; HRMS (ESI) m/z calculated for C17H16O3Br [(M+H)
+
] 347.0277, 

found 347.0285. 

 (4-(1,4-Dioxan-2-yl)phenyl)(4-chlorophenyl)methanone (7j): White solid. Yield: 61% (85 

mg); M.P.: 90-92 
o
C.  

1
H NMR (500 MHz, CDCl3): δ  7.75 (d, J = 8.4 Hz, 2H), 7.77 (d, J = 8.0 

Hz, 2H), 7.48 (dd, J = 9.9, 8.4 Hz, 4H), 4.73 (dd, J = 10.3, 2.7 Hz, 1H), 3.97 - 4.00 (m, 1H), 3.90 

- 3.95 (m, 2H), 3.82 - 3.86 (m, 1H), 3.76 (td, J = 11.3, 3.2 Hz, 1H), 3.47 (dd, J = 11.4, 10.3 Hz, 

1H). 
13

C{
1
H} NMR (101 MHz, CDCl3): δ 194.7, 142.7, 138.6, 136.5, 135.5, 131.1, 129.8, 128.3, 

125.8, 77.1, 71.9, 66.7, 66.0; HRMS (ESI) m/z calculated for C17H16O3Cl [(M+H)
+
] 303.0782, 

found 303.0789. 

 3-(1,4-Dioxan-2-yl)-9H-thioxanthen-9-one (7k): White solid. Yield: 74% (104 mg); M.P.: 

163-165 
o
C. 

1
H NMR (400 MHz, CDCl3): δ  8.54 - 8.66 (m, 2H), 7.56 - 7.66 (m, 3H), 7.46 - 7.53 

(m, 1H), 7.42 (dd, J = 8.2, 1.8 Hz, 1H), 4.76 (dd, J = 10.1, 2.7 Hz, 1H), 3.91 - 4.05 (m, 3H), 3.85 

(dd, J = 11.4, 2.7 Hz, 1H), 3.76 (td, J = 11.3, 3.4 Hz, 1H), 3.46 (dd, J = 11.9, 10.1 Hz, 1H). 

13
C{

1
H} NMR (101 MHz, CDCl3): δ179.7, 142.9, 137.6, 137.2, 132.3, 130.0, 129.8, 129.2, 
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128.8, 126.4, 126.0, 124.1, 123.2, 72.1, 67.0, 66.3; HRMS (ESI) m/z calculated for C17H15O3S 

[(M+H)
+
] 299.0736, found 299.0733. 

 5-(1,4-Dioxan-2-yl)-2,3-dihydro-1H-inden-1-one (7l): White solid. Yield: 67% (110 mg); 

M.P.: 128-130 
o
C.  

1
H NMR (400 MHz, CDCl3): δ  7.50 - 7.70 (m, 2H), 7.39 (d, J = 6.7 Hz, 1H), 

5.68 (d, J = 9.2 Hz, 1H), 3.92 - 4.08 (m, 3H), 3.82 (d, J = 11.0 Hz, 1H), 3.72 (td, J = 11.0, 3.7 

Hz, 1H), 3.22 (t, J = 10.4 Hz, 1H), 3.05 - 3.17 (m, 2H), 2.58 - 2.83 (m, 2H). 
13

C{
1
H} NMR (101 

MHz, CDCl3): δ 207.0, 155.7, 138.5, 134.6, 132.6, 125.9, 124.6, 73.2, 71.7, 67.0, 66.3, 36.6, 

25.6; HRMS (ESI) m/z calculated for C13H15O3 [(M+H)
+
] 219.1016, found 219.1018.    

 4-Bromo-5-(tetrahydrofuran-2-yl)-2,3-dihydro-1H-inden-1-one (7m): off white solid. Yield: 

70% (93 mg); M.P.: 116-118 
o
C.  

1
H NMR (200 MHz, CDCl3): δ 7.62 (d, J = 8.2 Hz, 1H), 7.39 

(d, J = 8.1 Hz, 1H), 5.64 (t, J = 6.9 Hz, 1H), 4.06 (q, J = 7.1 Hz, 1H), 3.79 - 3.97 (m, 1H), 2.92 - 

3.06 (m, 2H), 2.43 - 2.69 (m, 3H), 1.72 - 2.06 (m, 2H), 1.34 - 1.55 (m, 1H). 
13

C{
1
H} NMR (126 

MHz, CDCl3): δ 206.5, 155.1, 144.2, 137.1, 134.5, 125.2, 120.1, 76.4, 69.1, 36.4, 34.0, 26.9, 

25.8; HRMS (ESI) m/z calculated for C13H14O2Br [(M+H)
+
] 281.0172, found 281.0170.      

6-(Tetrahydrofuran-2-yl)-3,4-dihydronaphthalen-1(2H)-one (7n): Clear oil. Yield: 62% (91 

mg).  
1
H NMR (400 MHz, CDCl3): δ  7.93 (d, J = 8.5 Hz, 1H), 7.13 - 7.24 (m, 2H), 4.85 (d, J = 

6.7 Hz, 1H), 4.04 (d, J = 7.9 Hz, 1H), 3.89 (d, J = 7.3 Hz, 1H), 2.85 - 2.97 (m, 2H), 2.52 - 2.64 

(m, 2H), 2.21 - 2.36 (m, 1H), 2.01 - 2.13 (m, 2H), 1.91 - 2.00 (m, 2H), 1.65 - 1.79 (m, 1H). 

13
C{

1
H} NMR (101 MHz, CDCl3): δ 197.9, 149.1, 144.4, 131.3, 127.0, 125.2, 123.6, 79.9, 68.6, 

38.8, 34.3, 29.5, 29.4, 25.7, 23.0; HRMS (ESI) m/z calculated for C14H17O2 [(M+H)
+
] 217.1223, 

found 217.1222. 

 1-(4-(Tetrahydrofuran-2-yl)naphthalen-1-yl)ethan-1-one (7o): White solid. Yield: 87% (123 

mg); M.P.: 65-67 
o
C.  

1
H NMR (400 MHz, CDCl3): δ  8.80 (d, J = 8.5 Hz, 1H), 7.94 (d, J = 7.3 
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Hz, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.70 (d, J = 7.3 Hz, 1H), 7.52 - 7.65 (m, 2H), 5.61 - 5.76 (m, 

1H), 4.20 - 4.37 (m, 1H), 4.06 (q, J = 7.7 Hz, 1H), 2.75 (s, 3H), 2.54 - 2.70 (m, 1H), 1.96 - 2.13 

(m, 2H), 1.87 (dt, J = 12.5, 6.6 Hz, 1H). 
13

C{
1
H} NMR (101 MHz, CDCl3): δ 201.8, 144.9, 

134.7, 130.6, 130.4, 128.5, 127.4, 126.8, 126.3, 123.4, 120.2, 77.7, 68.9, 34.0, 30.0, 25.9; HRMS 

(ESI) m/z calculated for C16H17O2 [(M+H)
+
] 241.1223, found 241.1226. 

1-(3-Methoxy-4-(tetrahydrofuran-2-yl)phenyl)ethan-1-one (7p): Clear oil. Yield: 78% (114 

mg).  
1
H NMR (400 MHz , CDCl3): δ  7.48 - 7.43 (m, 2H), 7.38 (s, 1H), 5.09 (t, J = 7.0 Hz, 1H), 

4.10 - 4.00 (m, 1H), 3.90 - 3.85 (m, 1H), 3.84 - 3.80 (m, 3H), 2.52 (s, 3H), 2.36 (dd, J = 6.7, 12.8 

Hz, 1H), 1.88 (qd, J = 6.9, 14.2 Hz, 2H), 1.62 - 1.55 (m, 1H). 
13

C{
1
H} NMR (101 MHz, CDCl3): 

δ 197.8, 156.2, 138.4, 137.0, 125.3, 121.6, 108.6, 75.8, 68.6, 55.4, 33.0, 26.5, 25.8; HRMS (ESI) 

m/z calculated for C13H17O3 [(M+H)
+
] 221.1172, found 221.1177. 

1-(3-Bromo-4-(tetrahydrofuran-2-yl)phenyl)ethan-1-one (7q): Clear oil. Yield: 84% (113 

mg). 
1
H NMR (400 MHz, CDCl3): δ  8.08 (d, J = 1.5 Hz, 1H), 7.86 (dd, J = 8.0, 1.5 Hz, 1H), 

7.59 (d, J = 8.0 Hz, 1H), 5.15 (t, J = 7.1 Hz, 1H), 4.17 (td, J = 7.6, 6.1 Hz, 1H), 3.97 (q, J = 7.2 

Hz, 1H), 2.51 - 2.64 (m, 4H), 1.98 (td, J = 14.0, 7.1 Hz, 2H), 1.65 (dd, J = 12.6, 7.6 Hz, 1H). 

13
C{

1
H} NMR (126 MHz, CDCl3): δ 196.4, 148.5, 137.2, 132.4, 127.3, 126.6, 121.5, 79.7, 69.2, 

33.2, 26.5, 25.7; HRMS (ESI) m/z calculated for C12H14O2Br [(M+H)
+
] 269.0172, found 

269.0178. 

1-(4-(Benzo[d][1,3]dioxol-2-yl)phenyl)ethan-1-one (7r): white solid. Yield: 58% (116 mg); 

M.P.: 70-72 
o
C.  

1
H NMR (500 MHz, CDCl3): δ 8.04 (s, 1H), 8.02 (s, 1H), 7.70 (s, 1H), 7.68 (s, 

1H), 7.01 (s, 1H), 6.89 (s, 4H), 2.63 (s, 3H). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 197.5, 147.2, 

140.9, 138.4, 128.6, 126.6, 121.9, 108.8, 108.7, 26.7; HRMS (ESI) m/z calculated for C15H13O3 

[(M+H)
+
] 241.0859, found 241.0864. 
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4-(1,4-Dioxan-2-yl)-3-methoxybenzaldehyde (9a): Clear oil. Yield: 79% (128 mg).  
1
H NMR 

(500 MHz, CDCl3): δ  9.97 (s, 1H), 7.67 (d, J = 7.6 Hz, 1H), 7.46 - 7.52 (m, 1H), 7.33 - 7.39 (m, 

1H), 5.03 (dd, J = 9.7, 2.5 Hz, 1H), 4.02 (dd, J = 11.4, 2.7 Hz, 1H), 3.92 - 4.00 (m, 2H), 3.90 (s, 

3H), 3.79 - 3.84 (m, 1H), 3.69 - 3.76 (m, 1H), 3.26 (dd, J = 11.3, 9.7 Hz, 1H). 
13

C{
1
H} NMR 

(126 MHz, CDCl3): δ 191.6, 156.2, 136.7, 133.8, 127.0, 124.4, 107.9, 72.6, 70.7, 67.1, 66.2, 

55.3; HRMS (ESI) m/z calculated for C12H15O4 [(M+H)
+
] 223.0965, found 223.0964. 

 3-Chloro-4-(1,4-dioxan-2-yl)benzaldehyde (9b): Pale yellow solid. Yield: 85% (137 mg); 

M.P.: 72-74 
o
C.  

1
H NMR (400 MHz, CDCl3): 9.96 (s, 1H), 8.04 - 7.75 (m, 3H), 5.18 - 5.00 (m, 

1H), 4.08 (d, J = 11.6 Hz, 1H), 4.04 - 3.93 (m, 2H), 3.84 (d, J = 12.2 Hz, 1H), 3.75 (dd, J = 4.0, 

10.1 Hz, 1H), 3.36 - 3.17 (m, 1H). 
13

C{
1
H} NMR (101 MHz, CDCl3): δ 190.1, 142.1, 136.5, 

132.4, 129.6, 128.1, 127.9, 74.5, 70.1, 66.8, 66.0; HRMS (ESI) m/z calculated for C11H12O3Cl 

[(M+H)
+
] 227.0469, found 227.0467.  

4-(1,4-Dioxan-2-yl)-2-methoxybenzaldehyde (9c): Clear oil. Yield: 92% (150 mg).  
1
H NMR 

(500 MHz , CDCl3): δ  10.43 (s, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.04 (s, 1H), 6.95 (d, J = 8.0 Hz, 

1H), 4.66 (dd, J = 2.7, 10.3 Hz, 1H), 3.98 - 3.93 (m, 4H), 3.91 (t, J = 3.4 Hz, 1H), 3.89 - 3.87 (m, 

1H), 3.83 - 3.79 (m, 1H), 3.76 - 3.72 (m, 1H), 3.41 (dd, J = 10.3, 11.4 Hz, 1H). 
13

C{
1
H} NMR 

(126 MHz, CDCl3): δ 189.1, 161.7, 146.5, 128.3, 124.0, 117.9, 108.8, 77.1, 71.8, 66.6, 66.0, 

55.4; HRMS (ESI) m/z calculated for C12H15O4 [(M+H)
+
] 223.0965, found 223.0963. 

4-(1,4-Dioxan-2-yl)-2,5-dimethoxybenzaldehyde (9d): Yellow solid. Yield: 82% (124 mg); 

M.P.: 118-120 
o
C.  

1
H NMR (500 MHz, CDCl3): δ  10.43 (s, 1H), 7.27 (s, 1H), 7.19 (s, 1H), 4.98 

(dd, J = 9.5, 2.3 Hz, 1H), 4.04 (dd, J = 11.3, 2.5 Hz, 1H), 3.96 - 3.99 (m, 1H), 3.92 - 3.96 (m, 

4H), 3.82 (s, 3H), 3.79 - 3.81 (m, 1H), 3.69 - 3.76 (m, 1H), 3.22 (dd, J = 11.1, 9.9 Hz, 1H). 

13
C{

1
H} NMR (126 MHz, CDCl3): δ 189.2, 156.9, 149.9, 135.5, 123.8, 110.8, 108.1, 73.1, 70.9, 



   CDC coupling of ethers 

 

Chapter II  83 
 

67.3, 66.4, 56.2, 55.7; HRMS (ESI) m/z calculated for C13H17O5 [(M+H)
+
] 253.1071, found 

253.1069. 

 3-Fluoro-4-(tetrahydrofuran-2-yl) benzaldehyde (9e): Clear oil. Yield: 86% (135 mg) & 67% 

(105 mg). 
1
H NMR (200 MHz, CDCl3): 9.96 (s, 1H), 7.72 - 7.61 (m, 2H), 7.52 (d, J = 9.9 Hz, 

1H), 5.16 (t, J = 7.1 Hz, 1H), 4.12 (q, J = 6.8 Hz, 1H), 4.03 - 3.87 (m, 1H), 2.59 - 2.39 (m, 1H), 

2.09 - 1.93 (m, 2H), 1.75 (dd, J = 7.6, 12.1 Hz, 1H).  
13

C{
1
H} NMR (50 MHz, CDCl3): δ  190.7 , 

162.3-157.3 (d, J = 248.82 Hz), 138.4-138.1 (d, J = 14.27 Hz), 137.0-136.9 (d, J = 6.22 Hz,), 

127.4-127.3 (d, J = 4.39 Hz), 126.3-126.2 (d, J = 2.93 Hz,), 115.0-114.6 (d, J = 22.32 Hz), 74.9-

74.8 (d, J = 1.83 Hz), 68.8 , 33.4 , 25.9;  HRMS (ESI) m/z calculated for C11H12O2F [(M+H)
+
] 

195.0816, found 195.0815. 

 3,5-Dimethoxy-4-(tetrahydrofuran-2-yl)benzaldehyde (9f): Clear oil. Yield: 70% (99 mg). 

1
HNMR (500 MHz , CDCl3): 10.43 (s, 1H), 7.27 (s, 1H), 7.19 (s, 1H), 4.98 (dd, J = 2.3, 9.5 Hz, 

1H), 4.04 (dd, J = 2.5, 11.3 Hz, 1H), 3.99 - 3.97 (m, 1H), 3.96 - 3.91 (m, 4H), 3.82 (s, 3H), 3.81 - 

3.79 (m, 1H), 3.75 - 3.70 (m, 1H), 3.22 (dd, J = 9.9, 11.1 Hz, 1H). 
13

C{
1
H} NMR (101 MHz, 

CDCl3): δ 191.4, 158.8, 136.2, 124.5, 104.9, 71.8, 68.7, 55.6, 29.9, 27.4; HRMS (ESI) m/z 

calculated for C13H17O4 [(M+H)
+
] 237.1121, found 237.1119. 

3-Chloro-4-(tetrahydrofuran-2-yl)benzaldehyde (9g): Clear oil. Yield: 89% (134 mg).  
1
H 

NMR (400 MHz, CDCl3): δ  9.86 (s, 1H), 7.75 (d, J = 1.5 Hz, 1H), 7.60 - 7.70 (m, 2H), 5.14 (t, J 

= 7.1 Hz, 1H), 4.03 - 4.17 (m, 1H), 3.90 (q, J = 7.3 Hz, 1H), 2.50 (dd, J = 12.5, 6.4 Hz, 1H), 1.83 

- 2.02 (m, 2H), 1.51 - 1.65 (m, 1H). 
13

C{
1
H} NMR (101 MHz, CDCl3): δ 190.3, 148.2, 135.9, 

132.0, 129.6, 127.9, 126.6, 77.4, 68.8, 32.7, 25; HRMS (ESI) m/z calculated for C11H12O2Cl 

[(M+H)
+
] 211.0520, found 211.0519 
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3-Hydroxy-4-(tetrahydrofuran-2-yl)benzaldehyde (9h): Yellow oil. Yield: 71% (111 mg).  
1
H 

NMR (200 MHz, CDCl3): δ  9.98 (s, 1H), 9.80 (s, 1H), 7.20 - 7.46 (m, 2H), 7.10 (dd, J = 7.5, 1.8 

Hz, 1H), 5.89 (dd, J = 9.6, 6.2 Hz, 1H), 4.09 - 4.35 (m, 1H), 3.77 - 4.04 (m, 1H), 2.49 - 2.70 (m, 

1H), 1.96 - 2.23 (m, 2H), 1.63 - 1.84 (m, 1H). 
13

C{
1
H} NMR (50 MHz, CDCl3): δ 193.3, 157.2, 

134.0, 128.5, 127.8, 124.7, 123.5, 80.2, 68.6, 32.9, 25.6; HRMS (ESI) m/z calculated for 

C11H11O3 [(M-H)
+
] 191.0703, found 191.0702 

2-Hydroxy-4-(tetrahydrofuran-2-yl)benzaldehyde (9i): Clear oil. Yield: 62% (98 mg). 
1
H 

NMR (200 MHz, CDCl3): δ 11.07 (s, 1H), 9.86 (s, 1H), 7.52 (d, J = 8.5 Hz, 1H), 6.89 - 7.07 (m, 

2H), 4.92 (t, J = 7.1 Hz, 1H), 3.90 - 4.16 (m, 2H), 2.37 (dd, J = 11.9, 6.3 Hz, 1H), 1.93 - 2.07 (m, 

2H), 1.70 - 1.87 (m, 1H). 
13

C{
1
H} NMR (50 MHz, CDCl3): δ 195.3, 161.1, 153.7, 133.1, 119.0, 

116.4, 113.5, 79.3, 68.4, 33.9, 25.2; HRMS (ESI) m/z calculated for C11H12O3 [(M+H)
+
] 

193.0859, found : 193.0858. 

4-(1,4-Dioxan-2-yl)-1-naphthaldehyde (9j): Clear oil. Yield: 80% (131 mg).  
1
H NMR (200 

MHz, CDCl3): δ  10.29 (s, 1H), 9.17 - 9.35 (m, 1H), 8.01 - 8.10 (m, 1H), 7.93 (d, J = 7.5 Hz, 

1H), 7.82 (d, J = 7.5 Hz, 1H), 7.50 - 7.68 (m, 2H), 5.37 (dd, J = 9.9, 2.3 Hz, 1H), 3.98 - 4.11 (m, 

3H), 3.73 - 3.84 (m, 2H), 3.41 (dd, J = 11.9, 9.9 Hz, 1H). 
13

C{
1
H} NMR (50 MHz, CDCl3): δ 

192.7, 141.0, 135.7, 130.4, 130.0, 129.7, 128.0, 126.6, 125.1, 122.3, 122.2, 74.4, 71.5, 66.8, 

66.0; HRMS (ESI) m/z calculated for C15H14O3Na [(M+Na)
+
] 265.0835, found 265.0832. 

2,2-Dimethoxy-2-phenyl-1-(4-(tetrahydrofuran-2-yl)phenyl)ethan-1-one (14): White 

semisolid. Yield: 90% (114 mg).  
1
H NMR (400 MHz, CDCl3): δ  8.04 (d, J = 7.9 Hz, 2H), 7.61 

(d, J = 7.3 Hz, 2H), 7.20 - 7.46 (m, 5H), 4.74 - 4.98 (m, 1H), 4.00 - 4.12 (m, 1H), 3.81 - 3.98 (m, 

1H), 3.21 (s, 6H), 2.21 - 2.40 (m, 1H), 1.90 - 2.07 (m, 2H), 1.72 (dt, J = 12.4, 7.9 Hz, 1H).  

13
C{

1
H} NMR (50 MHz, CDCl3): δ 194.6, 148.8, 136.9, 133.0, 130.2, 128.8, 128.4, 126.9, 
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125.2, 103.5, 80.1, 68.8, 50.0, 34.4, 25.9; HRMS (ESI) m/z calculated for C20H22O4Na 

[(M+Na)
+
] 349.1410, found 349.1406. 

1-(4-(1,4-Dioxan-2-yl)phenyl)-2-phenylethane-1,2-dione (15): Yellow oil. Yield: 61% (70 

mg). 
1
H NMR (500 MHz, CDCl3): δ 7.97 (d, J = 7.6 Hz, 4H), 7.61 - 7.73 (m, 1H), 7.43 - 7.58 

(m, 4H), 4.61 - 4.81 (m, 1H), 3.86 - 4.00 (m, 3H), 3.82 (d, J = 10.7 Hz, 1H), 3.73 (td, J = 11.3, 

2.9 Hz, 1H), 3.40 (t, J = 10.9 Hz, 1H).   
13

C{
1
H} NMR (50 MHz, CDCl3): δ 194.4, 194.0, 145.5, 

134.9, 132.9, 132.5, 130.0, 129.9, 129.0, 126.6, 77.2, 72.1, 66.9, 66.3; HRMS (ESI) m/z 

calculated for C18H16O4Na [(M+Na)
+
] 319.0941, found 319.0936.  

1-(4-(Tetrahydrofuran-2-yl)phenyl)ethan-1-one(16): Clear oil  Yield 77% (121 mg) & 53% 

(83 mg). 
1
H NMR (400 MHz , CDCl3): 7.93 (d, J = 8.5 Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H), 4.95 (t, 

J = 7.3 Hz, 1H), 4.14 - 4.07 (m, 1H), 3.97 (q, J = 7.3 Hz, 1H), 2.60 (s, 3H), 2.37 (dd, J = 6.4, 

12.5 Hz, 1H), 2.02 (td, J = 7.0, 14.0 Hz, 2H), 1.81 - 1.74 (m, 1H). 
13

C{
1
H} NMR (101 MHz, 

CDCl3): δ 197.8, 149.2, 136.1, 128.4, 125.6, 80.1, 68.9, 34.7, 26.6, 25.9. HRMS (ESI) m/z 

calculated for C12H14O2 [(M+H)
+
] 191.1067, found 191.1062. 

2-(2,5-Dimethoxy-4-methylphenyl)-1,4-dioxane (18): clear oil yield: 94% (71 mg). 
1
H NMR 

(400 MHz, CDCl3): 6.89 (s, 1H), 6.59 (s, 1H), 4.95 - 4.82 (m, 1H), 3.92 - 3.83 (m, 3H), 3.75 (s, 

3H), 3.72 - 3.62 (m, 5H), 3.22 (t, J = 10.4 Hz, 1H), 2.14 (s, 3H).  
13

C{
1
H} NMR (101 MHz, 

CDCl3): δ 151.6, 149.2, 126.1, 124.1, 113.2, 108.8, 72.5, 71.2, 67.1, 66.1, 55.7, 55.6, 15.9; 

HRMS (ESI) m/z calculated for C13H18O4Na [(M+Na)
+
] 261.1097, found 261.1093. 

2-(4-(1,4-Dioxan-2-yl)-2,5-dimethoxyphenyl)-1H-benzo[d]imidazole (19): White solid. Yield: 

78% (159 mg).   
1
H NMR (500 MHz, CDCl3): δ  10.80 (br. s., 1H), 8.08 (s, 1H), 7.84 (br. s., 1H), 

7.52 (br. s., 1H), 7.13 - 7.35 (m, 3H), 5.05 (dd, J = 9.7, 2.5 Hz, 1H), 4.07 - 4.13 (m, 4H), 3.96 - 

4.05 (m, 2H), 3.95 (s, 3H), 3.82 - 3.87 (m, 1H), 3.74 - 3.81 (m, 1H), 3.31 (dd, J = 11.1, 10.3 Hz, 
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1H). 
13

C{
1
H} NMR (126 MHz, CDCl3): δ 151.1, 150.2, 149.6, 129.7, 122.6, 122.1, 118.9, 116.9, 

110.7, 110.5, 110.3, 72.7, 71.0, 67.1, 66.2, 56.3, 55.8; HRMS (ESI) m/z calculated for 

C19H21O4N2 [(M+H)
+
] 341.1496, found 341.1502. 

X-ray crystal data of compounds 7h 

 

checkCIF/PLATON report 

 
Structure factors have been supplied for datablock(s) mo_kdm_123_0m_pl 

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE 

FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED 

CRYSTALLOGRAPHIC REFEREE.  

 

No syntax errors found.      CIF dictionary     Interpreting this report 

 

Datablock: mo_kdm_123_0m_pl 

 
Bond precision:    C-C = 0.0012 A         Wavelength=0.71073 

 

Cell:   a=11.8124(4)     b=10.5930(4)     c=11.7212(4) 

        alpha =90        beta=115.715(1)  gamma=90 

 

Temperature: 100 K 

 

                 Calculated            Reported 

Volume           1321.41(8)            1321.41(8) 

Space group      P 21/c                P 21/c 

Hall group       -P 2ybc               -P 2ybc 

Moiety formula   C17 H16 O3            C17 H16 O3 

Sum formula      C17 H16 O3            C17 H16 O3 

Mr               268.30                268.30 

Dx,g cm-3        1.349                 1.349 

Z                4                     4 

Mu (mm-1)        0.092                 0.092 

F000             568.0                 568.0 

F000’            568.29 

h,k,lmax         17,16,17              17,16,17 

Nref             4802                  4653 

Tmin,Tmax        0.986,0.992           0.981,0.992 

Tmin’            0.981 
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Correction method= # Reported T Limits: Tmin=0.981 Tmax=0.992 

AbsCorr = MULTI-SCAN 

 

Data completeness=   0.969          Theta(max)= 32.592 

 

R(reflections)=      0.0384( 4321)  wR2(reflections)= 0.1076( 4653) 

 

S = 1.063            Npar= 181 

 
 

The following ALERTS were generated. Each ALERT has the format 

test-name_ALERT_alert-type_alert-level. 

Click on the hyperlinks for more details of the test. 

The thermal ellipsoid was drawn at the 50% probability level 
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Section II 

 Visible Light Mediated, Metal and Oxidant Free Highly Efficient Cross 

Dehydrogenative Coupling (CDC) Reaction between Quinoxalin-2(1H)-ones 

and Ethers 

2.2.1 Introduction  

Carbon-carbon (C-C) bond formation has always been the most valuable and fundamental 

reaction in the development of organic chemistry and is considered a backbone of nearly every 

organic molecule. Hence C-C bond formation reactions consistently contributed in the 

advancement of organic chemistry. The application of C-C bond formation is found in fine 

chemicals, agrochemicals, medicinal and pharmaceutical ingredients; therefore, these 

transformations are one of the crucial class of reactions in organic chemistry.
24

 Among the group 

of the methods developed over years,
25

 metal-catalyzed and metal-free cross-dehydrogenative 

coupling (CDC) reactions have been reported as a straightforward and strong approach for the  

 

Figure 6. Biologically active ether molecules 
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preparation of C-C bonds.
26

 Recently, photocatalyzed CDC reactions are emerging as a powerful 

tool to the transition metals as it has overcome with an effective way out for coupling of two C-H 

bonds with different chemical properties. Moreover, photocatalytic C-H functionalization has 

earned more attention due to its high atom economy and follows green chemistry principle. The 

major advantage in performing CDC reaction as compared to traditional metal catalyzed methods 

shows that the elimination of most important step i.e. prefunctionalization of starting materials. 

Furthermore, cyclic ethers follow green chemistry principle and ethers are important synthons in 

organic chemistry which serve as most versatile CDC reaction partner which we generally 

observe in various natural as well as synthetic molecules.
27a

  

2.2.2 Review of Literature 

The metal and metal-free CDC reactions on various electron-deficient heterocyclic, cyclic, and 

acyclic ethers have been studied comprehensively. These heterocycles contain substituted 

pyridines, thiophenes, indoles, quinines, isoquinines, azoles, and chromanes.
28

 In addition to this, 

some   attempts were made for C-N bond formation using photocatalytic CDC reaction.
29

  

Furthermore, Wu and co-workers have developed photocatalyzed hydrogen atom transfer (HAT) 

reaction for C-H activation of ethers and subsequent 1, 4-addition to various SOMO-philes as 

shown in Scheme1.
31a 

These CDC reactions are highly step and atom economy which provides 

unconventional approaches towards connecting molecular fragments that are often 

complementary to conventional methods. The development of this area by photocatalysis and 

first-row transition metal catalysis, and also with the help of peroxides and radical initiators has 

become successful. Initially, CDC reactions were carried out using metal catalysts, whereas 

recently, metal-free approaches were extensively applied for these transformations as these are 

much greener and more eco-friendly. 
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Adimurthys Work (2017)
30a 

 

Scheme 9: C-H amination of imidazo heterocycles 

 

Recently, Adimurthy et al. studied C-H amination of imidazo [1,2-a] pyridines (Scheme 9a) 

under photocatalytic conditions using benzotriazoles, benzoimidazoles, triazoles, pyrazoles, 

imidazoles, and indazoles as amine source
30a

 with K2S2O8 as external oxidant, whereas Wei et al. 

efficiently carried out CDC amination reaction of quinoxalin-2(1H)-ones using blue LED and 

eosin Y as a photocatalyst (Scheme 9b).
30b

 

Wu’s Work (2018)
31a

 

 

Scheme 10. Hydrogen atom transfer reactions 

 

Furthermore, Wu and co-workers have developed a photocatalyzed hydrogen atom transfer 

(HAT) reaction for C-H activation of ethers and subsequent 1, 4-addition to various SOMO-



   CDC coupling of ethers 

 

Chapter II  91 
 

philes as shown in Scheme 10.
 
Recently, Wei et al. has reported the photocatalytic CDC reaction 

between substituted quinoxalin-2(1H)-ones and ethers. Even though this approach needs the 

TBHP as oxidant and DABCO as a base in stoichiometric amount.
31b  

Correa’s Approach (2014)
8c

 

 

Scheme 11. Coupling between ethers and azoles 

 

Correa and co-workers reported Fe-catalysed cross-coupling between cyclic ethers and azoles.
30

 

THF coupled with benzothiazole in the presence of the stoichiometric amount of TBHP in the 

presence of 10 mol-% of FeF2 in DCE at 90 °C for 24 h to afford the corresponding product in 

good to excellent yields (Scheme 11). The iron salt and oxidant were critical for the 

transformation. Differently substituted azoles were coupled with THF, dioxane and 1,3-

dioxolane to afford the products in good yields. Acyclic ether such as 1,2-dimethoxyethane also 

underwent the reaction to give both methylene and methyl-substituted products with high 

regioselectivities. 

2.2.3 Present Work 

2.2.3.1 Objectives 

The 3-alkyl substituted quinoxalin-2(1H)-ones and their derivatives show broad range of 

biological activities as pharmaceuticals and agrochemicals.
32

 Some important activities include 

MDR antagonists 26,
33

 antitumor 27,
34

 anti-viral, anti-microbial
35

 and anti-diabetic activity 28
36

 

(Fig 6). These molecules are widely used in the organic synthesis and synthesis of advanced 
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materials. The high importance of these moieties attracts more attention of chemist towards new 

and easy routes for alkylation/arylation of quinoxalin-2(1H)-ones.
37

 Numerous reports were 

accessible in the literature for 3C activation of quinoxalin-2(1H)-ones via C-H bond activation 

under metal-free conditions.
38

 Keeping in mind the importance of CDC reaction and our previous 

efforts towards developing metal free approaches 
39 

herein, we report a metal free photocatalytic 

CDC reaction for 3C alkylation of quinoxalin-2(1H)-ones with ethers (Scheme 12). 

 

Scheme 12. CDC reaction for 3C alkylation of quinoxalin-2(1H)-ones with ethers 

 

2.2.4 Results and Discussion 

To investigate our assumption on CDC reaction, our initial attempts commences with coupling 

between 1-methylquinoxalin-2(1H)-one 42 and THF, using photocatalyst rose bengal (1 mol %) 

at 25 °C for 24 hrs. To our delight the desired C-alkylated product was formed in 27 % yield 

(Table 4, Entry 1). With this result, to enhance yield of product we vary the time and 

concentration of rose Bengal. Unfortunately yields were not promising and increased only up to 

43 % (Entry 2-4). Hence, after careful analysis we speculated to use eosin Y as photocatalyst as 

an alternative to rose bengal. When eosin Y (1 mol %) was used as catalyst surprisingly, the 

yield of desired product increased to 68% in comparison with rose bengal (Entry 5). Further 

addition of TBHP as additive didn’t enhance the yield (Entry 6) whereas increasing the 

concentration of eosin Y to 2 mol% for 18 h desired product was obtained in 88 % yield (Entry 

7). Moreover, elaboration of reaction time from 18 to 24 h keeping concentration of eosin y in 1 
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mol%, yield of product boosted dramatically to 95% (Entry 8). With these results it can be 

concluded that time of the reaction plays an important role in the formation of product (Entry 9 

and 10). 

Table 4: Optimization Table for CDC reaction
a
 

 

Entry Photocatalyst Time (h) (Yield %)
a
 

1 Rose Bengal (1 mol%) 24 27 

2 Rose Bengal (1 mol%) 36 35 

3 Rose Bengal (2 mol%) 24 42 

4 Rose Bengal (2 mol%) 48 43 

5 Eosin Y (1 mol%) 18 68 

6 Eosin Y (1 mol%) 18 69 

7 Eosin Y (2 mol%) 18 88 

8 Eosin Y (1 mol%) 24 95 

9 Eosin Y (2 mol%) 24 94 

10 Eosin Y (2 mol%) 36 96 

11 Eosin Y (1 mol%) 24 61 

12 - 36 Nr 

13 Eosin B (1 mol%) 24 30 

                     

Reaction conditions: 
a
Isolated Yields; 

b
 Oxidant TBHP used 2 equiva.; nr = No 

Reaction; c
 
Water:THF used in 1:0.3   

It is noteworthy that, the reaction works well in the presence of water to offer 3C-alkylated 

product in 61% yield (Entry 11). However, no reaction was observed in absence of photocatalyst 

(Entry 12). The reaction was attempted with eosin B as photocatalyst offer only 30% yield of the 
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desired product (Entry 13). From the above observation it was concluded that, entry 8 is the 

suitable condition for the CDC reaction between 1-methylquinoxalin-2(1H)-one and ethers. 

Table 5: Substrate Scope for CDC Reaction 

 

a
Reaction conditions: Substituted 2-Quinazolinones (42a,1 mmol), Eosin Y (0.01 mmol), 

in THF (15 mmol) at 25 °C under air for 24 h. 
b
The isolated yields were calculated based 

on quinoxalin-2(1H)-ones  

With the optimized reaction conditions in hand, we next examined the substrate scope for this 

CDC reaction on the various substituted quinoxalin-2(1H)-one derivative (Table 5). To our 

delight, the reaction serves as a really appreciable protocol to the syntheses of various 3C 

substituted quinoxalin-2(1H)-one, affording moderate to excellent yields bearing both electron-
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donating and electron-withdrawing substituent. While amide group of quinoxalin-2(1H)-one 

alkylated with groups such as methyl, benzyl and allyl groups subjected for photocatalytic CDC 

reaction condition, high yields of desired product was observed without any diverse effect (43a-

43h, Table 5). We were glad to find that various cyclic ethers such as THF, THP and 1,4-

dioxanes were compatible with the reaction conditions and yields of the corresponding 3C 

alkylated quinoxalin-2(1H)-one products in satisfactory yields. It is noteworthy that, quinoxalin-

2(1H)-one bearing electron donating groups such as methyl and dimethyl provided the highest 

yields (43i-43m) whereas quinoxalin-2(1H)-one with electron withdrawing group such as -Br, -

Cl gave slightly less yields of desired (43n-43o). Also, the 6-benzoyl substituted quinoxalin-

2(1H)-one subjected under optimized reaction condition to form the desired product in 81% 

yields (43p). Also, N-propylated quinoxalin-2(1H)-one derivative subjected under optimized 

reaction conditions yields 3C alkylated product in 83% yield (43q, Table 5). The formation of 

43a-43r was confirmed and predicted by their corresponding 
1
H, 

13
C, and Mass data. 

Example 1: 
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Figure 7. 
1
H and 

13
C NMR of 1-methyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (43a) 

 

The confirmation of the product, i.e., 1-methyl-3-(tetrahydrofuran-2-yl) quinoxalin-2(1H)-one 

(43a) was done by checking its 
1
H and 

13
C NMR spectrum. The peak showed in 

1
H NMR at δ 

2.00 (s, 3H) for three methyl protons attached to nitrogen of amide group in compound 43a and 4 

aromatic protons in the range of δ 7.88 -7.98 (m, 1H), 7.44 -7.59 (m, 1H) and 7.20 -7.37 (m, 2H). 

In its 
13

C NMR spectrum, aromatic carbons showed in the range of δ 113-159, and remaining 

carbons of ether moiety are in the range of δ 25-77 (43a) (Figure 7). 

Alkylated (3C) 2-quinazolinone derivatives were further functionalised as shown in Scheme 13 

to show the synthetic utility of the developed protocol. 1-Allyl-3-(1,4-dioxan-2-yl) quinoxalin-

2(1H)-one subjected to hydrogenation using Pd/C as the catalyst to give compound 44 in 94% 

yield. Next, 1-allyl-3-(1,4-dioxan-2-yl) quinoxalin-2(1H)-one subjected for oxidative 1,3-dipolar 

addition
40

 with 4-methoxybenzaldehyde oxime using PIDA as oxidant under nitrogen 

atmosphere to afford compound 45 in 75% yield (Scheme 13). 
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Scheme 13: Synthetic transformations of the products 

 

Besides, 1-allyl-3-(tetrahydrofuran-2-yl) quinoxalin-2(1H)-one 43c could also be converted into 

the dihydroxylated product 46 in 89% yield, which appears as a β-blocker type core structure 

(Scheme 13). 
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Figure 8. 
1
H and 

13
C NMR of 3-(1,4-dioxan-2-yl)-1-((3-(4-methoxyphenyl)-

4,5-dihydroisoxazol-5-yl) methyl) quinoxalin-2(1H)-one (45) 

The comp. 45 (3-(1,4-dioxan-2-yl)-1-((3-(4-methoxyphenyl)-4,5-dihydroisoxazol-5-yl) methyl) 

quinoxalin-2(1H)-one) was confirmed by 
1
H,

13
C NMR and HRMS analysis (Figure 8.). In the 

proton NMR spectrum, the signals for aromatic hydrogens appeared at δ 7.80-8.32 (m, 1H), 

7.39-7.77 (m, 4H), 7.25-7.39 (m, 1H) and 6.50-7.04 (m, 2H). The remaining aliphatic hydrogens 

showed in the range of δ 3.70-5.42 and 
13

C NMR spectrum appearance of aromatic carbons in 

the range of δ 114-161 ppm and δ 29-78 (Figure 8). 

Example 3:  

The formation of β-blocker type moiety 1-(2,3-dihydroxypropyl)-3-(tetrahydrofuran-2-yl) 

quinoxalin-2(1H)-one (46) was confirmed by 
1
H,

13
C NMR and HRMS analysis (Figure 9.). In 

the proton NMR spectrum, the signals for aromatic hydrogens appeared in the range of δ 7.24-

7.89, and the remaining aliphatic hydrogens showed in the range of δ 1.18-5.31 ppm. The 
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aromatic carbons displayed in the range of δ 113.51-158.06 and nonaromatic carbons in the 

range of δ 24.95-68.89 in the
13

C NMR spectrum. 
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Figure 9. 
1
H and 

13
C NMR of 1-(2,3-dihydroxypropyl)-3-(tetrahydrofuran-2-yl) quinoxalin-

2(1H)-one (46) 

 

In order to gain insight into the reaction mechanism, the control experiment was performed 

between 1-methylquinoxalin-2(1H)-on 43 and THF by addition of 2 equivalents TEMPO as 
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radical scavenger (Scheme 14). We observed the formation TEMPO-THF adduct 20 with trace 

amount of desired product. The formation of TEMPO-THF adduct 20 were confirmed by LCMS. 

 

Scheme 14. Control experiments for oxidative rearrangement reaction  

 

From above experiment it can conclude that reaction works by formation of radical. On the basis 

of control experiment and known literature, we are proposing a plausible reaction pathway for 

the eosin y catalyzed CDC reaction (Scheme 15).  

 

Scheme 15: Plausible reaction mechanism 

The anionic eosin y species A1 activated in presence of white light which promotes HAT 

process
8
 for the formation of carbon centered radical C1. The formed radical C1 adds on 1-
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methylquinoxalin-2(1H)-on 42 to generate N-centered radical D1. Then the species D1 

undergoes dehydrogenative aromatization reaction to give the desired product 43a and eosin y 

which will further used for the next catalytic cycle. 

2.2.5 Conclusion  

In conclusion, we have developed an efficient white light-mediated eosin y catalyzed C-C bond 

formation reaction between ethers and quinoxalin-2(1H) to give 3C-alkylated quinoxalin-2(1H)-

ones. This approach has a broad substrate scope with high functional group tolerance. Also, it is 

a base and oxidant-free approach under mild reaction conditions over previously reported 

methods. Further applications of the present methodology are underway in our laboratory. 

2.2.6 Experimental Section  

General Procedure for the Cross Dehydrogenative Coupling of quinoxalin-2(H)-one with 

Ethers 

 

To a solution of quinoxalin-2(H)-one 42 (0.2 mmol), Eosin Y ( 1 mol %), ether (3 mL) was 

added, and the reaction mixture was kept open to the air and stirred under the irradiation of 3 W 

White LEDs at room temperature (27 
o
C) for 24h. After completion of the reaction (monitored 

by TLC), the reaction mixture was dried under a vacuum. Then the crude reaction mixture was 

diluted with ethyl acetate (10 mL) and washed with brine. Eluted with EtOAc (10 mL * 2) and 

dried over anhydrous Na2SO4. The organics were evaporated, and the crude residue was purified 
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by flash column chromatography using a mixture of petroleum ether and ethyl acetate (70:30) as 

eluent to give the desired product 43. 

General procedure for the synthesis of 3-(1,4-dioxan-2-yl)-1-propylquinoxalin-2(1H)-one 

(44): 

 

The solution of allyl moiety (43f) formed in the present work is reduced using the hydrogenation 

condition. Formed product (43f) (1 mmol) dissolved in methanol 5 mL, then in this solution was 

added Pd/C (10% on carbon 20 mg) and the mixture was stirred under H2 atmosphere at room 

temperature for about 12 h. After completion of the reaction mixture, it was filtered over celite 

pad using methanol as eluent and organic solvent evaporated under reduced pressure to give the 

crude product of reduced allyl group (monitored by TLC). The crude organics were purified by 

using silica gel column chromatography. (100−200 mesh) using an appropriate concentration of 

ethyl acetate and petroleum ether (EtOAc/PE = 2:98) as an eluent to give the 44 in good yield. 

 Experimental procedure for the Synthesis of 3-(1,4-dioxan-2-yl)-1-((3-(4-methoxyphenyl)-

4,5-dihydroisoxazol-5-yl)methyl)quinoxalin-2(1H)-one (45): 

The solution of oxime (1.5 mmol) in MeOH (2 mL) was added slowly at room temperature to a 

stirred solution of DIB (1.1 equiv) and olefin (1.1 equiv.) in Methanol 2 mL containing TFA. A 

white precipitate formed slowly and then slowly dissolved as the reaction progressed. Upon 

completion of the reaction (as monitored by TLC), the reaction mixture was added to water and 

extracted with ethyl acetate (5 mL × 3). A combined organic layer was washed with anhydrous 
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Na2SO4 and dried over reduced pressure. The crude product was purified by column 

chromatography on silica gel (100−200 mesh, EtOAc/PE = 10:90 to 30:70 as step gradient) to 

afford compound 8 as a white solid. 

Experimental procedure for the synthesis of 1-(2,3-dihydroxypropyl)-3-(tetrahydrofuran-2-

yl) quinoxalin-2(1H)-one (46): 

In a 100 mL oven-dried round bottom A flask NMO (1.5 equiv.) and OsO4 (10 mol%) were 

added. In the 100 mL round bottom flask B, prepare the solution of olefin (1 equiv.) in acetone 

(10 mL) and water (5 mL) at room temperature. Mix the olefin solution in round bottom flask A 

and above reaction mixture was stirred for 5 h and after completion of the reaction (monitored by 

TLC), quenched with a saturated solution of aqueous sodium thiosulphate. The above bilayer 

solution of the reaction mixture was stirred for another 1 h at room temperature. Then above 

reaction mixture was extracted with EtOAc. The obtained organic layers were concentrated 

under reduced pressure. The crude residue was purified by silica gel column chromatography to 

afford the desired product 46 in excellent yield. 

1-Methyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (43a): 

Yield: 95 % (95 mg); White Solid; 
1
HNMR (400 MHz, CDCl3):  7.88 - 7.98 (m, 1H), 7.44 - 

7.59 (m, 1H), 7.20 - 7.37 (m, 2H), 5.36 (dd, J = 7.32, 6.10 Hz, 1H), 4.21 (d, J = 6.71 Hz, 1H), 

3.92 - 4.06 (m, 1H), 3.67 (s, 3H), 2.48 (d, J = 5.49 Hz, 1H), 1.95 - 2.08 (m, 3H).
13

C NMR(101 

MHz, CDCl3):  159.3, 153.9, 133.0, 132.3, 130.3, 130.0, 123.5, 113.4, 77.4, 69.0, 30.3, 28.7, 

25.5;  

1-Benzyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (43b):  

Yield: 90 % (70 mg); White Solid; 
1
H NMR (200 MHz, CDCl3): 8.10 (dd, J = 8.02, 1.58 Hz, 

1H), 7.85 (dd, J = 7.96, 1.64 Hz, 1H), 7.48 - 7.72 (m, 4H), 7.30 - 7.48 (m, 3H), 5.50 - 5.72 (m, 
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2H), 5.43 (dd, J = 7.45, 6.06 Hz, 1H), 4.13 - 4.33 (m, 1H), 3.92 - 4.11 (m, 1H), 2.34 - 2.57 (m, 

1H), 1.94 - 2.23 (m, 3H).
13

C NMR (50 MHz, CDCl3): 154.7, 149.7, 139.8, 138.2, 136.3, 129.3, 

128.9, 128.3, 127.9, 126.5, 126.4, 76.8, 69.0, 67.9, 30.6, 25.6; HRMS (ESI) calculated [M+H]
+
 

for C19H19O2N2: 307.1441, found: 307.1442 

1-Allyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (43c): 

Yield: 92 % (88 mg); yellow gummy oil; 
1
H NMR (500 MHz, CDCl3): 7.85 (d, J = 8.01 Hz, 

1H), 7.33 - 7.48 (m, 1H), 7.13 - 7.30 (m, 2H), 5.73 - 5.95 (m, 1H), 5.26 - 5.35 (m, 1H), 5.15 (d, J 

= 10.30 Hz, 1H), 5.06 (d, J = 17.55 Hz, 1H), 4.80 (br. s., 2H), 4.13 (q, J = 6.61 Hz, 1H), 3.82 - 

3.98 (m, 1H), 2.26 - 2.48 (m,1H), 1.83 - 2.05 (m, 3H).
13

C NMR (126 MHz, CDCl3): 159.2, 

153.3, 132.3, 132.1, 130.3, 130.2, 129.8, 123.3, 117.8, 113.8, 77.2, 68.9, 44.0, 30.2, 25.4. 

3-(1,4-Dioxan-2-yl)-1-methylquinoxalin-2(1H)-one (43d): 

Yield: 49 % (52 mg); Yellow Solid
 
; 

1
H NMR (400 MHz, CDCl3): 7.94 (d, J = 7.93 Hz, 1H), 

7.50 (t, J = 7.93 Hz, 1H), 7.21 - 7.32 (m, 2H), 5.21 (dd, J = 9.46, 2.14 Hz, 1H), 4.19 (dd, J = 

10.99, 1.83 Hz, 1H), 4.03 (d, J = 11.60 Hz, 1H), 3.86 - 3.95 (m, 1H), 3.75 (d, J = 6.10 Hz, 2H), 

3.62 (s, 3H), 3.53 - 3.60 (m, 1H).
13

C NMR (101 MHz, CDCl3):155.0, 153.5, 133.0, 132.4, 

130.7, 130.5, 123.7, 113.5, 74.5, 69.3, 67.4, 66.2, 28.9; HRMS (ESI) calculated [M+Na]
+
 for 

C13H14O3N2Na: 269.0897, found: 269.0898 

1-Benzyl-3-(1,4-dioxan-2-yl)quinoxalin-2(1H)-one (43e): 

Yield: 42 % (35 mg); White Solid; 
1
H NMR (500 MHz, CDCl3):8.07 (d, J = 8.01 Hz, 1H), 

7.76 (d, J = 8.01 Hz, 1H), 7.57 (t, J = 7.63 Hz, 1H), 7.46 - 7.51 (m, 1H), 7.43 (d, J = 7.25 Hz, 

2H), 7.29 - 7.35 (m, 2H), 7.23 - 7.28 (m, 1H), 5.38 - 5.61 (m, 2H), 5.19 (dd, J = 9.54, 2.29 Hz, 

1H), 4.00 - 4.10 (m, 2H), 3.91 (td, J = 11.44, 3.05 Hz, 1H), 3.71 - 3.82 (m, 2H), 3.64 (t, J = 

10.68 Hz, 1H).
13

C NMR (126 MHz, CDCl3):154.1, 144.8, 139.7, 138.3, 135.8, 129.8, 128.9, 
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128.3, 127.9, 127.9, 126.5, 126.5, 73.8, 69.2, 68.0, 67.2, 66.0; HRMS (ESI) calculated [M+H]
+
 

for C19H19O3N2: 323.1390, found: 323.1391 

1-Allyl-3-(1,4-dioxan-2-yl)quinoxalin-2(1H)-one (43f): 

Yield: 52 % (53 mg); Yellow Solid; 
1
H NMR (500 MHz, CDCl3):7.95 (dd, J = 8.20, 1.34 Hz, 

1H), 7.39 - 7.55 (m, 1H), 7.10 - 7.33 (m, 2H), 5.74 - 5.95 (m, 1H), 5.15 - 5.27 (m, 2H), 5.08 (d, J 

= 17.17 Hz, 1H), 4.74 - 4.88 (m, 2H), 4.19 (dd, J = 11.44, 2.67 Hz, 1H), 4.03 (d, J = 11.44 Hz, 

1H), 3.86 - 3.94 (m, 1H), 3.70 - 3.80 (m, 2H), 3.60 (dd, J = 11.06, 9.54 Hz, 1H).
13

C NMR (126 

MHz, CDCl3):155.1, 153.2, 132.7, 132.2, 130.7, 130.7, 130.3, 123.7, 118.2, 114.1, 74.4, 69.3, 

67.4, 66.2, 44.4; 

1-Methyl-3-(tetrahydro-2H-pyran-2-yl)quinoxalin-2(1H)-one (43g):  

Yield: 51 % (54 mg); Yellow Solid; 
1
H NMR (500 MHz, CDCl3):  8.05 (d, J = 8.0 Hz, 1H), 

7.55 (t, J = 7.6 Hz, 1H), 7.25 - 7.41 (m, 2H), 5.00 (d, J = 10.7 Hz, 1H), 4.29 (d, J = 10.7 Hz, 1H), 

3.62 - 3.80 (m, 4H), 2.15 (d, J = 12.6 Hz, 1H), 1.98 (d, J = 10.3 Hz, 1H), 1.72 - 1.90 (m, 2H), 

1.52 - 1.68 (m, 2H). 
13

C NMR (126 MHz, CDCl3):158.5, 153.3, 132.7, 132.4, 130.3, 129.9, 

123.4, 113.2, 76.1, 69.1, 29.9, 28.6, 25.3, 23.3; HRMS (ESI) calculated [M+H]
+
 for C14H17O2N2: 

245.1285 found: 245.1279 

1-Benzyl-3-(tetrahydro-2H-pyran-2-yl)quinoxalin-2(1H)-one (43h): 

Yield: 39 % (32 mg); White Solid; 
1
H NMR (200 MHz, CDCl3):8.06 (dd, J = 7.89, 1.58 Hz, 

1H), 7.37 - 7.47 (m, 1H), 7.22 - 7.36 (m, 7H), 5.32 - 5.68 (m, 2H), 4.87 - 5.20 (m, 1H), 4.32 (dd, 

J = 10.55, 3.09 Hz, 1H), 3.60 - 3.89 (m, 1H), 2.20 (d, J = 10.74 Hz, 1H), 1.53 - 2.08 (m, 6H).
13

C 

NMR (50 MHz, CDCl3): 158.3, 153.1, 134.5, 132.3, 131.7, 130.0, 129.6, 128.2, 127.0, 126.1, 

123.1, 113.6, 68.8, 45.1, 29.6, 24.9, 23.0;   

1-Methyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (43i): 
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Yield: 89 % (79 mg); Colorless Oil; 
1
H NMR (200 MHz, CDCl3): 7.54 - 7.91 (m, 1H), 7.06 - 

7.33 (m, 7H), 5.30 - 5.52 (m, 2H), 3.86 - 4.07 (m, 1H), 2.39 - 2.56 (m, 1H), 2.26 - 2.38 (m, 3H), 

2.12 - 2.25 (m, 1H), 1.89 - 2.11 (m, 3H). 

1-Benzyl-7-methyl-3-(tetrahydro-2H-pyran-2-yl)quinoxalin-2(1H)-one (43j): 

Yield: 55 % (51 mg); Colorless Oil; 
1
H NMR (200 MHz, CDCl3):7.73 - 7.91 (m, 1H), 6.93 - 

7.28 (m, 7H), 5.17 - 5.57 (m, 2H), 4.89 - 5.07 (m, 1H), 4.14 - 4.31 (m, 1H), 3.54 - 3.76 (m, 1H), 

2.30 (s, 3H), 2.01 - 2.16 (m, 1H), 1.39 - 1.99 (m, 5H). 
13

C NMR (50 MHz, CDCl3):157.5, 

153.6, 141.0, 135.2, 133.5, 131.4, 131.1, 130.4, 130.3, 128.8, 127.6, 126.9, 126.7, 125.0, 114.2, 

114.0, 69.4, 45.7, 30.2, 25.6, 23.6, 22.0, 20.5; HRMS (ESI) calculated [M+H]
+
 for C21H23O2N2: 

335.1754, found: 335.1741 

1-Benzyl-3-(1,4-dioxan-2-yl)-7-methylquinoxalin-2(1H)-one (43k): 

Yield: 59 % (55 mg);  Colorless Oil; 
1
H NMR (400 MHz, CDCl3):  7.77 (s, 1H), 7.17 - 7.26 

(m, 4H), 7.13 (t, J = 6.49 Hz, 2H), 7.04 - 7.10 (m, 1H), 5.41 - 5.51 (m, 1H), 5.23 - 5.40 (m, 2H), 

4.23 (dd, J = 11.44, 2.29 Hz, 1H), 4.01 - 4.10 (m, 1H), 3.86 - 3.98 (m, 1H), 3.72 - 3.84 (m, 2H), 

3.63 (dd, J = 11.06, 9.54 Hz, 1H), 2.32 (s, 3H).
13

C NMR (101 MHz, CDCl3): 154.7, 153.4, 

141.4, 134.6, 133.5, 132.4, 131.7, 130.2, 130.1, 129.8, 128.6, 127.4, 126.4, 125.0 , 114.0, 113.8, 

74.2, 69.1, 67.2, 67.1, 66.0, 45.4, 45.4 , 29.3, 20.2; HRMS (ESI) calculated [M+H]
+
 for 

C20H21O3N2: 337.1547, found: 337.1534 

3-(1,4-Dioxan-2-yl)-1-ethyl-6,7-dimethylquinoxalin-2(1H)-one (43l):  

Yield: 41 % (40 mg); White solid; 
1
H NMR (400 MHz, CDCl3): 7.89 (s, 1H), 7.55 (s, 1H), 

5.21(dd, J =  9.77, 2.44 Hz, 1H), 4.42 - 4.68 (m, 2H), 4.07 - 4.19 (m, 2H), 3.99 (td, J = 11.29, 

3.05 Hz, 1H), 3.79 - 3.92 (m, 2H), 3.69 (t, J = 10.68 Hz, 1H), 2.41 (d, J = 6.10 Hz, 6H), 1.46 (t, J 

= 7.02 Hz, 3H).
13

C NMR (101 MHz, CDCl3): 154.1, 143.4, 139.9, 138.4, 136.8, 136.0, 128.2, 
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125.8, 73.8, 69.3, 67.2, 65.9, 62.0, 29.3, 19.9, 19.6, 14.1; HRMS (ESI) calculated [M+H]
+
 for 

C16H21O3N2: 289.1547, found: 289.1543 

1-Ethyl-6,7-dimethyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (43m): 

Yield: 84 % (79 mg); Semi Solid; 
1
H NMR (200 MHz, CDCl3): 7.73 (s, 1H), 7.48 (s, 1H), 

5.19 - 5.42 (m, 1H), 4.34 - 4.60 (m, 2H), 4.08 - 4.25 (m, 1H), 3.86 - 4.02 (m, 1H), 2.34 (d, J = 

2.40 Hz, 7H), 1.95 - 2.11 (m, 3H), 1.39 (t, J = 7.07 Hz, 3H).
13

C NMR (101 MHz, 

CDCl3):155.0, 148.5, 139.5, 138.7, 136.9, 136.0, 128.4, 126.1, 77.2, 69.1, 62.1, 30.7, 25.9, 

20.2, 19.9, 14.5; HRMS (ESI) calculated [M+H]
+
 for C16H21O2N2: 273.1598, found: 273.1598 

1-Benzyl-6-bromo-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (43n): 

Yield: 89 % (76 mg); White Solid; 
1
H NMR (200 MHz, CDCl3):7.88 (q, J = 2.06 Hz, 2H), 

7.21 - 7.50 (m, 6H), 5.38 - 5.53 (m, 3H), 4.14 (q, J = 7.33 Hz, 1H), 3.96 (td, J = 7.67, 5.75 Hz, 

1H), 2.20 - 2.31 (m, 2H), 1.89 - 2.16 (m, 2H).
13

C NMR (101 MHz, CDCl3): 155.6, 150.8, 

141.1 , 135.6, 134.7, 132.6, 128.6, 128.3, 128.0, 127.9, 124.5, 122.6, 76.2, 68.9, 68.4, 29.6, 25.3; 

HRMS (ESI) calculated [M+H]
+
 for C19H18O2N2Br: 385.0546, found: 385.0543 

1-Benzyl-7-chloro-3-(tetrahydrofuran-2-yl) quinoxalin-2(1H)-one (43o): 

Yield: 86 % (76 mg); Reddish viscous Oil; 
1
H NMR (200 MHz, CDCl3):7.75 - 8.12 (m, 1H), 

7.17 - 7.40 (m, 7H), 5.32 - 5.65 (m, 3H), 4.17 - 4.34 (m, 1H), 3.97 - 4.16 (m, 1H), 2.40 - 2.67 (m, 

1H), 1.95 - 2.26 (m, 3H). 
13

C NMR (50 MHz, CDCl3):160.5, 153.2, 134.1, 132.6, 130.9, 

130.5, 129.5, 129.2, 128.4, 127.2, 126.1, 123.5, 114.9, 113.6, 76.8, 68.6, 62.7, 45.2, 29.9, 25.0; 

HRMS (ESI) calculated [M+H]
+
 for C19H18O2N2Cl: 341.1051, found: 341.1040 

6-Benzoyl-1-benzyl-3-(tetrahydrofuran-2-yl) quinoxalin-2(1H)-one (43p): 

Yield: 81% (68 mg); Gummy Oil; 
1
H NMR (200 MHz, CDCl3):7.95 - 8.19 (m, 1H), 7.70 - 

7.83 (m, 2H), 7.59 - 7.68 (m, 2H), 7.36 - 7.57 (m, 3H), 7.26 - 7.34 (m, 3H), 7.14 - 7.26 (m, 2H), 
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5.31 - 5.69 (m, 3H), 4.19 - 4.42 (m, 1H), 3.93 - 4.16 (m, 1H), 2.41 - 2.80 (m, 1H), 1.97 - 2.21 (m, 

3H).
13

C NMR (101 MHz, CDCl3):194.8, 161.9, 153.7, 137.8, 136.4, 134.6, 134.5, 132.9, 

132.4, 132.2, 131.7, 130.9, 130.2, 129.6, 129.5, 128.8, 128.1, 127.7, 127.6, 126.7, 126.5, 124.7, 

116.3, 77.3, 69.0, 45.3, 30.4, 25.4; HRMS (ESI) calculated [M+H]
+
 for C26H23O3N2: 411.1703, 

found: 411.1715 

1-Propyl-3-(tetrahydrofuran-2-yl) quinoxalin-2(1H)-one(43q): 

Yield: 83 % (79 mg); Gummy Oil; 
1
H NMR (400 MHz, CDCl3):7.97 (d, J = 7.9 Hz, 1H), 7.54 

(t, J = 7.6 Hz, 1H), 7.23 - 7.39 (m, 2H), 5.29 - 5.53 (m, 1H), 4.15 - 4.38 (m, 3H), 3.94 - 4.10 (m, 

1H), 2.42 - 2.64 (m, 1H), 2.05 (br. s., 3H), 1.74 - 1.88 (m, 2H), 1.05 (t, J = 7.6 Hz, 3H). 
13

C 

NMR (101 MHz, CDCl3):159.5, 153.8, 132.8, 132.3, 130.7, 130.0, 123.4, 113.6, 77.6, 69.2, 

43.6, 30.5, 25.6, 20.6, 11.4; HRMS (ESI) calculated [M+H]
+
 for C15H19O2N2: 259.1441, found: 

259.1435 

3-(1,4-Dioxan-2-yl)-1-propylquinoxalin-2(1H)-one (44): 

Yield: 94 % (57 mg); Off white solid; 
1
H NMR (500 MHz, CDCl3):8.04 (d, J = 7.6 Hz, 1H), 

7.57 (t, J = 7.4 Hz, 1H), 7.26 - 7.41 (m, 2H), 5.23 - 5.44 (m, 1H), 4.17 - 4.31 (m, 3H), 4.12 (d, J 

= 11.4 Hz, 1H), 3.95 - 4.04 (m, 1H), 3.84 (d, J = 5.0 Hz, 2H), 3.67 (t, J = 10.3 Hz, 1H), 1.73 - 

1.88 (m, 2H), 1.05 (t, J = 7.2 Hz, 3H).
13

C NMR (126 MHz, CDCl3):154.8, 153.1, 132.5, 132.0, 

130.6, 130.4, 123.3, 113.3, 74.2, 69.1, 67.2, 66.0, 43.4, 20.3, 11.0; HRMS (ESI) calculated 

[M+H]
+
 for C15H18N2O3 : 274.1308 Found: 274.1309 

3-(1,4-Dioxan-2-yl)-1-((3-(4-methoxyphenyl)-4,5-dihydroisoxazol-5-yl)methyl)quinoxalin-

2(1H)-one (45): 

 
Yield: 75 % (65 mg); White solid; 

1
H NMR(200 MHz, CDCl3): 7.80 - 8.32 (m, 1H), 7.39 - 

7.77 (m, 4H), 7.25 - 7.39 (m, 1H), 6.50 - 7.04 (m, 2H), 5.00 - 5.42 (m, 2H), 4.55 (td, J = 13.8, 
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4.3 Hz, 1H), 3.86 - 4.45 (m, 4H), 3.70 - 3.86 (m, 5H), 3.12 - 3.70 (m, 3H); 
13C

 NMR (50 MHz, 

CDCl3):161.4, 156.8, 154.6, 154.1, 132.8, 131.1, 130.8, 128.5, 124.2, 121.4, 114.7, 114.3, 

78.2, 74.5, 67.6, 66.4, 55.4, 46.1, 39.2, 29.7; HRMS (ESI) calculated [M+H]
+
 for C23H24O5N3: 

422.1710, found: 422.1698 

1-(2,3-Dihydroxypropyl)-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (46): 

Yield: 89 % (60 mg); colourless gummy oil; 
1
H NMR (200 MHz, CDCl3):7.87 (d, J = 7.83 Hz, 

1H), 7.47 (d, J = 3.79 Hz, 2H), 7.23 - 7.36 (m, 1H), 5.21 - 5.37 (m, 1H), 4.35 - 4.50 (m, 1H), 

3.86 - 4.32 (m, 4H), 3.63 (d, J = 9.35 Hz, 2H), 3.51 (br. s., 1H), 3.00 (s, 1H), 2.22 - 2.49 (m, 1H), 

1.81 - 2.11 (m, 3H), 1.18 (s, 1H).
13

C NMR (50 MHz, CDCl3):158.1, 154.3, 132.2, 131.8, 

129.9, 129.9, 123.6, 113.5, 76.6, 68.9, 68.5, 62.7, 62.7, 44.0, 42.6, 29.6, 29.5, 29.0, 25.0; HRMS 

(ESI) calculated [M+H]
+
 for C15H19O4N2: 291.1339, found: 291.1345. 
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3.1.1 Introduction  

N-heterocyclic compounds are found ubiquitously in many natural products and the core 

structure of active pharmaceutical ingredients. Indolizines are one of the vital fused N-

heterocyclic compounds mainly isolated from different plants and fungal sources1 and further 

they come into spotlight due to their unique physical and pharmacological properties. The natural 

and synthetic indolizine alkaloids are extensively used in SAR studies and this study reveals that 

the indolizine derivatives showed a broad spectrum biological activity such as anticancer, 

antibiotics, antitubercular, antioxidant, antimicrobial, antimycobacterial, anticancer, anti -

inflammatory and many more (fig.1).2,3 The fluorescent indolizine derivatives effectively used in 

Alzheimer disease (a neurodegenerative disorder) to detect accumulated amyloid-β (Aβ) peptides 

monomers, dimers, and plaques in the brain of  5XFAD Alzheimer transgenic mouse model.4 

The fluorescent indolizines core derivative have been used for preparing drug-biotin conjugates 

to find out mode of action of antiangiogenic drug.5     

Additionally, the fluorescent properties of substituted indolizine make them valuable candidate 

in dye-sensitized solar cells as organic sensitizer,6 FRET fluorescence sensors to detect Hg2+ and 

Cu2+ in living cell,7 pH fluorescent probe for imaging of living cells,8 and fluorescent blue-

emitting indolizines for organic light-emitting device.9 The fluorescent indolizine β-cyclodextrin 

compounds used as a molecular chemo sensor to detect volatile organic compounds and 

biological markers.10       
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Section I 

Acetic Acid Catalyzed Regioselective C(sp
2
)-H Bond Functionalization of 

Indolizines: Concomitant Involvement of Synthetic and Theoretical Studies 

 

Figure 1. Fluorescent and biologically active indolizines 

 

The unique physical and pharmacological properties of indolizines derivative were able to draw 

attention among research groups. Consequently, diverse strategies have been reported for the 

synthesis11 and functionalization of indolizines, 12 among these transformations, C-C coupling 

reactions plays an important role in the development of new set of indolizines.13 Quinone 

monoimines shows excellent electrophilic properties and effectively used with various 

nucleophiles such as Thiols,14a thiocyanation,14b and cyanoacrylate.14c Quinone monoimines also 

used as dienophiles in Diels Alder reactions with dines,15a, b [3+3] cyclization reaction of 2-
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indolylmethanols,15c imino exchange reaction to synthesize N-acyl diarylamines and 

phenothiazines.15d 

3.1.2 Review of Literature 

Gevorgyan’s Approach (2004)
13e

 

In 2004, Gevorgyan and co-workers developed C−H functionalization of heteroaryls such as 

indolizines with heteroaryl bromides by using palladium catalyst and  it provided a wide range of 

biheteroaryl structural motif in excellent yields (Scheme 1). 

 

Scheme 1: C-C coupling of indolizines with heteroaryl bromides 

Kim’s Approach (2015)
 17

 

In 2015 Ikon Kim and co-workers developed the indium triflate catalysed aza-Friedel-Crafts type 

three component coupling for the C-H functionalization of indolizines by using the combination 

of aldehydes and morpholine to generate alkylated indolizine in good to excellent yields 

(Scheme 2). This report showed the three-component coupling of morpholine, aldehyde and 

indolizine to generate the aminoalkyl group at C-3 position of indolizine. 

 

Scheme 2.  Previous report on C-H functionalization of indolizines 
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3.1.3 Present Work 

3.1.3.1 Objective  

To the best of our knowledge, there are limited reports present so far for the metal -free C-H 

functionalization of indolizines. In continuation of our research interest in the development of 

simple and efficient methodologies,17 herein we have developed an acetic acid catalyzed, metal-

free regioselective C-C coupling of indolizine and quinone monoimine derivatives to get the 

corresponding C-3 functionalized indolizines.  

 

Scheme 3. C-C coupling of indolizine with quinone monoimine 

 

As the reaction involves only two starting materials and solvent while investigating the reaction 

pathway, theoretically our initial assumption was a simple nucleophilic attack of indolizine to the 

electrophilic monoimine may take place followed by the intramolecular four or five membered 

proton abstractions. Based on prior research18 upon calculating the energetics against our initial 

hypothesis using DFT, it was observed that the activation barriers for different transition states 

did not fit with the reaction condition. Hence this hypothesis won’t stand. At this point the 

complexity arises and we started connecting the missing dots and it came out of the discussion 

that the monoimine we were using, is the crude mixture for which we did not do the column. For 

the synthesis of the quinone monoimine, (Diacetoxyiodo)benzene (PIDA) was used and as a 

biproduct we got acetic acid in the system which can also easily be recognizable by its smell. 
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Since we were using the crude monoimine with acetic acid for the reported reaction, the presence 

of acetic acid might cause the reaction to happen very fast, our next assumption. Based on this 

hypothesis, we again performed DFT quantum mechanical studies which showed the energetics 

to fit finely with the reaction condition which have a global activation barrier of only 17.67 kcal 

mol-1. With these computational results in our hand, we now started looking into the synthetic 

evidences and support. We have removed acetic acid impurity present in starting material. The 

purified quinone monoimine subjected for optimized reaction condition but the yield of product 

reduced drastically. This is the first and direct support of our hypothesis and theory. Yield was 

substantially increased when one drop of acetic acid added externally in the reaction mixture. 

Hence, we have shown a delicate control over synthesis and computation: a computation driven 

synthesis and a synthesis driven computation. We now were interested to find the origin of 

regioselectivity, which upon investigation showed transition state for the nucleophilic attack 

from C-3 position is 5.68 kcal mol-1 more stabilized than C-1 position of indolizine. Three 

different gauche conformations have been studied to identify the most stable transition state for 

the nucleophilic attack. 

3.1.4 Result and Discussion  

As an initial investigation, indolizine (1a) and quinone monoimine (2a) were used as a model 

substrate for the optimization of reaction conditions (Table 1). First, the desired product C-3 

functionalized indolizine 3a was observed in a trace amount of isolated yield in the presence of 

HCl or without any additive at rt in 12 hours (Table 1, entries 1&2). Further, we found that the 

reaction works well in acetonitrile with a catalytic amount of acetic acid as an additive (Table 1, 

entry 3). With CH3CN as a solvent, we investigated different concentrations of acetic acid and 

reaction times at room temperature, which resulted in comparative yields of the expected product 
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(see Table 1, entries 3-6). Excellent yields were obtained even when reactions were conducted 

for a short period of time, beginning with 1 hour, 20 minutes, 10 minutes, and 2 minutes (Table 

1, entries 7-10). Further, different solvents were screened to promote the reaction yields (Table 1, 

entries 11-13). Entries 11-13 demonstrate that the reaction works well in all the solvents but not  

Table 1. Optimization of the Reaction Condition for C-C Couplinga 

 

entry Addtive (equiv.) Solvent Time (h) Yield 

(%)
a
 

1 - CH3CN 12h trace 

2 HCl CH3CN 12h trace 

3 AcOH (10 mol%) CH3CN 12h 88 

4 AcOH (20 mol%) CH3CN 12h 87 

5 AcOH (50 mol%) CH3CN 12h 74 

6 AcOH(100 mol%) CH3CN 12h 69 

7 AcOH (20 mol%) CH3CN 1h 88 

8 AcOH (20 mol%) CH3CN 20 min 89 

9 AcOH (20 mol%) CH3CN 10 min 92 

10 AcOH (20 mol%) CH3CN 2 min 92 

11 AcOH (20 mol%) DCE 10 min 71 

12 AcOH (20 mol%) THF 10 min 78 

13 AcOH (20 mol%) DCM 10 min 81 

14 AcOH (20 mol%) CH3CN 10 min 55b 

 [a] Reaction condition: 1a (1 equiv.), 2a (1 equiv.), AcOH (20 mol%), CH3CN, rt, 2 

min. [b] reaction carried out at 0 oC 
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Table 2. Scope for Substituted Indolizines 

 

Reaction condition:  1a (1 equiv.), 2a (1 equiv.), AcOH (20 mol%), CH3CN, rt, 2-10 min 
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better than acetonitrile. With lowering reaction temperature, the rate of reaction slows down 

(Table 1, entry 14). Thus, we choose entry 10 as the most optimal reaction condition to form 3a. 

With optimized reaction condition in hand (Table 1, entry 10), we investigated the scope of the  

reported reaction by screening wide range of indolizines and quinone monoimine derivatives 

(Table 2). In the reaction of N-sulfonyl prepared quinone monoimines with substituted 

indolizines containing electron withdrawing, electron donating, halo and hetero substituents,  

coupled products (3a-3w) are obtained in good to excellent yields, as shown in Table 2. Using 

standard reaction conditions, N-tosyl, mesyl and sulfonyl protected quinone monoimines gave 

90-96% yields for the expected products (3a-3c) upon reaction with indolizine. With ortho, meta, 

and para substituted electron donating groups on the phenyl rings of indolizines, we obtained the 

desired products (3e, 3g, 3h, 3o) in good yields (up to 91 %). Halogen substitutions at ortho, 

meta, and para positions on indolizines were also examined under optimized reaction conditions 

that gave the corresponding products (3d, 3i, 3j, 3p, 3q) with good to excellent yields. 

In addition, electron withdrawing substitution on indolizine offered desired products (3f, 3k) in 

86 and 94% yields respectively. With substituents present at the C-1, C-6, and C-7 positions of 

indolizines, the reaction gave the coupled products (3l-3n, 3r-3s) with 59-77% yields. 

Furthermore, indolizines with heterocyclic rings are also capable of forming coupled products 

(3t and 3u) with comparable yields. The substituted quinone monoimines also gave moderate 

yields of the coupled products 3v and 3w. Unfortunately, N-acyl protected quinone monoimine, 

and various electron-rich heterocycles failed to give the expected products (3x-3ab). 

Example 1: 

The structure of compound 3a N-(4-hydroxy-3-(2-phenylindolizin-3-yl) phenyl)-4-

methylbenzene -sulfonamide was confirmed from its 1H and 13C NMR spectrum. In proton NMR 
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spectrum, the peak showed at δ 2.36 singlet for methyl group of N-protected tosyl group and 

δ5.21 singlet corresponding to hydrogen of amide group. The peaks at δ 6.40 to 7.58 are the 

aromatic hydrogens. In carbon NMR spectrum of product 3a the methyl carbon was showed at 

δ21.24 and aromatic carbons showed in the region of 98.72 to 152.67 (Figure 2). 
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Figure 2. 1H and 13C NMR of N-(4-hydroxy-3-(2-phenylindolizin-3-yl)phenyl)-4-

methylbenzenesulfonamide(3a) 
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Table 3. Synthesis of Indolizine Functionalized BINOLs 

 

aReaction condition: 1n (1 equiv., 0.197 mmol), 5 (1 equiv., 0.197 mmol), AcOH (20 

mol%), DCM, rt, 5 min. 

 

Additionally, we investigated the effect of other quinone monoimines reaction with different 

indolizines and the results are summarized in Table 3 & Scheme 4. For the quinone monoimine 

derivative (5), the standard reaction conditions were applied to produce a wide range of 

synthetically important molecules of axially chiral BINOLs with substituted indolizine cores.   
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Figure 3: 1H and 13C NMR of N-(4-hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(8-

methyl-2-phenylindolizin-3-yl)phenyl)-4-methylbenzenesulfonamide (6a) 
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The formed binol functionalized indolizine 6a was further confirmed by it’s the 1H, 13C and 

HRMS analysis (Fig.3). As shown in Table 3, several indolizines with electron donating, 

electron withdrawing, and halo group reacted well with quinone monoimine 5 under standard 

reaction conditions and provided corresponding products (6a-6f) in 57-74% yields. For the 

axially chiral BINOL products, four possible stereoisomers are possible. Since we have used 

racemic starting material, a pair of diastereomers have formed, each of which exists as a racemic 

mixture.  

 

Scheme 4. Synthetic utility and scale-up experiment 

 

Example 2: 

In the 1H NMR spectrum of indolizine binol 6a the characteristic peaks of two methyl group are 

showed at δ 2.30-2.33 (s, 1H) and δ 2.43-2.45 respectively in near about 1:1 diastereomeric ratio. 
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Aromatic hydrogens appeared in the region of δ 6.55 to 8.12. The indolizine binol moiety was 

further confirmed by using 13C NMR and Mass analysis. We also synthesized symmetric 

indolizine 8 and one pot synthesis 3a from N-tosyl-p-aminophenol 9 as shown in Scheme 4. The 

compound 3u is oxidized to give quinonone monoimine derivative 7, followed by an addition of 

heterocyclic indolizine 1u, which yields symmetric indolizine 8 in 67% yield. Additionally, we 

successfully synthesized product 3a directly from N-tosyl-p-aminophenol 9 in one-pot reaction 

by using PIDA with 61% yield. In a scale-up reaction of 1u with quinone monoimine 2a, 1.27 

grams of compound 3u were obtained with 90% yield. 

Example 3: 

Formed product of symmetric indolizine moiety (8) was further confirmed by 1H, 13C NMR and 

HRMS analysis. In proton NMR spectrum the characteristic peak of methyl group is showed at δ  
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Fig. 4: 1H and 13C NMR of N-(4-hydroxy-3,5-bis(2-(thiophen-2-yl)indolizin-3-

yl)phenyl)-4-methylbenzenesulfonamide(8) 
 

 

2.38 and δ 5.42, 5.37 are N-H and O-H hydrogens respectively. Aromatic hydrogens displayed in 

the range of 6.41 to 7.63 ppm. Also the carbon and mass spectra is matched with our desired 

product. 

3.1.5. DFT Studies 

 

Figure 5. Structure of the model starting materials 

 



   C-H functionalization of indolizines 

 

Chapter III  134 
 

Design of Reaction Pathways: We selected model structure of monoimine S1 and indolizine S2 

in Figure 5 have been used to investigate the probable mechanistic pathways for the reaction. 

Overviews of the investigated pathways are shown in Scheme 5. 

 

Scheme 5. Initial hypothesis for the probable reaction pathways 

 

In pathway 1 the reaction goes via a [1, 4] proton transfer. Whereas, a [1, 3] proton abstraction 

mechanism is seen in pathway 2. Pathway 3 shows an acetic acid catalyzed proton shuttle 

mechanism for the formation of the product (Scheme 5). Summary of the free energy of 

activation and activation energy related to the individual step and overall reaction for different 

pathways using substrate S1 and S2 are shown respectively in Table SI1, SI2. Potential Energy 

Surface (PES) of the studied pathways are shown respectively in figure 6, 7, 8 and 9. Stationary 

points for the minima have been designated using the letters ‘S’, ‘I’ and ‘P’. ‘TS’ is used for the 

saddle point. Subscript on the right- and left-hand side respectively indicates the species number 
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and the pathway it belongs. ‘F’ in subscript represents ‘final’, ‘Ac’ represents ‘acetic acid catalyzed 

pathway’ and ’PT’ represents proton transfer. 

 

Figure 6. PES for Pathway 1 and Pathway 2 

Analysis of the Pathways 
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Conformational Analysis for the nucleophilic attack: Initially the indolizine S2 from its C-3 

position does the nucleophilic attack to the electrophilic monoimine S1 through TS1 to produce 

the intermediate I1. We found three different gauche conformations can be possible for TS1 

which are indicated as TS1a, TS1b and TS1c in figure 7. DFT quantum mechanical calculations 

revealed that the activation barrier for TS1a, TS1b and TS1c are 24.09, 20.54 and 17.67 kcal mol-1 

respectively. Hence, TS1c is the most stable conformer for the nucleophilic attack. 

 

Figure 7. Conformation analysis for the nucleophilic attack  

 

Pathway 1 and 2. We suspect that two different ways of proton transfer could be possible after 

the nucleophilic attack. In pathway 1 an intramolecular [1, 4] proton transfer is observed which 

has an activation barrier of 17.35 kcal mol-1 but has a global energy barrier of 42.45 kcal mol-1. 

A [1, 3] intramolecular proton transfer is associated with pathway 2. The TS for [1, 3] proton 

abstraction has an energy barrier of 61.33 kcal mol-1. Both the pathways involve the intermediate 
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I1, which is also destabilized by an amount of 7.43 kcal mol-1. Therefore, the observed energetics 

did not fit with the current reaction condition. Hence, our initial hypothesis for the intramolecular 

proton abstraction pathways did not stand any more. 

 

Figure 8. PES along with structures and thermodynamic parameters for pathway 3 

Pathway 3. At this point we again started understanding the system and found acetic acid has an 

important role to make the reaction catalytic and very fast which led us to pathway 3(Figure 8). 
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After the initial nucleophilic attack, intermediate I1 is formed through TS1c associated with 

activation barrier of 17.67 kcal mol-1. Here in this pathway 3, I1 is getting far more stabilized 

than pathway 1 and 2 due to the acetic acid support in the system through, hydrogen bonding. An 

eight membered proton shuttle mechanism was observed in the very next step by which an 

intermolecular proton abstraction from acetic acid to I1 and from I1 to acetic acid is occurring 

simultaneously through AcTS2 to form AcI2 and therefore we are getting acetic acid back (Scheme 

6). This step has an activation barrier of 10.48 kcal mol-1. The intermediate AcI2 forms AcI3 and 

acetate anion through AcIPT by crossing a barrier of 7.41 kcal mol-1. Lastly the aromatization 

occurs through a proton transfer from AcI3 to acetate anion via AcTS3 which has an activation 

barrier of -0.18 kcal mol-1 and hence we obtain the final desired product AcPF with recovery the 

acetic acid which is further used to perform the next catalytic cycle. Hence, this pathway 3 is a  

 

Scheme 6. Catalytic cycle for the acetic acid catalyzed pathway 
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direct support for the crucial role of acetic acid catalytically to make the reaction very fast and 

the energetics for the pathway 3 now exactly fits with our current reaction condition.  

 

Scheme 7. Outline of the pathway 4, 5 and 6 

 

But, as shown in Scheme 6 and in pathway 3, the acetic acid participates after the initial 

nucleophilic attack and also, there are various negatively charged intermediates and TS in the 

mechanistic route. At this point few questions may arise, viz. why acetic acid is not taking part in 

the initial nucleophilic attack step by activating the reactant and also why the negatively charged 

intermediates and TS are not getting stabilized by the acetic acid in the catalytic cycle. 

Considering these facts, our further investigation led us to three different pathways (pathway 4, 5 

and 6) as shown in Scheme 7 and Figure 9. Based on our conformational analysis as shown in 
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Figure 3, we chose the most stable conformer TS1c to probe the effect of activation by acetic 

acid. 

Pathway 4. In pathway 4 the quinone monoimine gets protonated (AcS1b) for activation at the 

very first step. This protonation leads to a barrier less TS for the nucleophilic attack by indolizine 

S2 to form the intermediate AcI1b. Now the proton abstraction takes place by a proton shuttle 

mechanism through AcTS2b  with an activation barrier of 13.57 kcal mol -1. The intermediate AcI2b 

is further stabilized when one acetate molecule got inserted by replacing one molecule of acetic 

acid, forming the intermediate AcI3b. Next protonation occurs to give rise to the hydrogen bonded 

aromatized intermediate AcI4b through AcTS3b having -0.18 kcal mol-1 activation energy barrier. 

Lastly, AcPF is formed. 

Pathway 5.  In pathway 5 the quinone monoimine S1 initially gets activated by the acetic acid 

through hydrogen bonding (AcS1a) which facilitates the nucleophilic attack by the indolizine S 2 

through AcTS1a with an energy barrier of 8.48 kcal mol-1 forming the intermediate AcI1a that 

undergo a proton shuttle mechanism through AcTS2a which has an activation barrier of 17.85 kcal 

mol-1 end up with intermediate AcI2a. Now at this point the nitrogen on the quinone monoimine 

moiety gets protonated by the acetic acid and forms the intermediate AcI3b. The further proton 

abstraction to give the aromatized hydrogen bonded intermediate AcI4b occurs through AcTS3b 

with an activation barrier of -0.18 kcal mol-1. Finally, AcPF is formed.  

Pathway 6. Pathway 6 also follows the common step up to intermediate AcI2a. Then instead of 

protonating the nitrogen (pathway 5), one acetic acid molecule goes out and one acetate 

molecule gets inserted to provide intermediate AcI3a that undergo proton abstraction through 

AcTS3a by crossing an activation barrier of only 0.18 kcal mol-1. Further, the hydrogen bonded 

negatively charged aromatized intermediate AcI4a gets protonated to provide final product AcPF 
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with initializing another catalytic cycle. Comparing all the possible mechanistic pathways it can 

be concluded from the energy profile that pathway 6 has the least energetic or most favorable 

geometries of intermediates and transition states. Therefore pathway 6 is the most plausible 

investigated path for the reported reaction which has a global free energy barrier of 19.73 kcal 

mol-1.  

 
 

Figure 9. PES along with structures and thermodynamic parameters for pathway 4, 5 and 6 
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Regioselectivity: The indolizine S2 has two reactive sites for the nucleophilic attack. In our 

current reaction condition, we have shown a selective control for the functionalization of C-3 

hydrogen over C-1 (Figure 5). In order to understand such regioselectivity we again performed 

DFT quantum mechanical calculations for determining the transition state involving C-1 site of 

indolizine and compared the energetics between C-1 and C-3. It can clearly be seen from the  

 

Figure 10. PES for regioselectivity 
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energy profile in Figure 10 that after activating by acetic acid the quinone monoimine (AcS1a) 

when comes into contact with the indolizine S2,  the drop of energy leading to the respective 

transition states is much more in case of C-3 than C-1 which is due to the additional pi-stacking 

interaction between the molecules. Further, the transition state involving C-3 site is more 

stabilized by an amount 3.91 kcal mol-1. Finally, the thermodynamic stability of the intermediate 

(C-3AcI1a) via C-3 TS is much higher than the intermediate ( C-1AcI1a) via C-1 TS. Hence the C-3 

site is the chosen one for the reported reaction. 

 

3.1.6. Conclusion 

  In conclusion we developed an operationally simple and environment friendly protocol for the  

regioselective C-H functionalization of indolizines by using catalytic amount of acetic acid. We 

have shown the application of present methodology by synthesizing functionally important binol 

substituted derivatives of indolizines. The energetics from DFT quantum mechanical 

investigations showed that our preliminary hypothesis of intramolecular proton abstractions did 

not fit with the current reaction condition; instead, it gave rise to some complex path which 

revealed the role of acetic acid toward unfolding the inherent mechanism for this ultrafast 

catalytic reaction. This theoretical result was also confirmed by synthetic experiments. 

Additionally, the choice of regioselectivity was also addressed. 

3.1.7. Experimental Section 

Typical procedure for the synthesis of quinone monoimines 

N-tosyl-p-aminophenol (2.64 g) was added in DCM 50 mL followed by addition of PhI(OAc)2 (1 

equiv., 3.23 g) and stirred for 1h at room temperature. Add 25 mL water to the mixture and 

extract with EtOAc (25 mL x 3). The combined organic layers were washed with brine dried 
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over sodium sulphate. The solvent evaporated under reduced pressure. The crude residue is 

purified by using flash column chromatography (100-200 mesh silica using 85/15 petroleum 

ether/ethyl acetate as the eluent to afford the corresponding compound as orange solid. All 

quinone monoimines (2a-2c, 5 and 7) are synthesized by using above method. 

General procedure for the synthesis of 3a 

To a 25 mL oven dried round-bottom flask indolizine 1a (0.191 mmol, 37 mg), quinone 

monoimine 2a (0.191 mmol, 50 mg) and AcOH (0.038 mmol, 0.2 mL) was taken in CH3CN (1 

ml). Then the resulting reaction mixture was stirred to 25 °C for 2 min. Upon completion of the 

reaction, the reaction mixture was dried under vacuum. Then the crude reaction mixture was 

diluted with ethyl acetate (5 mL) and washed with brine and eluted with EtOAc (5 mL x 2). The 

organic layer was evaporated and the crude residue was preadsorbed on silica gel and purified by 

column chromatography (100-200 mesh silica Using 80/20 to 80/30 petroleum ether/ethyl 

acetate as the eluent to afford the corresponding compound 3a in 94 % yield as faint yellow 

semisolid (81 mg). 

N-(4-Hydroxy-3-(2-phenylindolizin-3-yl)phenyl)-4-methylbenzenesulfonamide (3a). White 

semisolid, 94% yield (81 mg).  1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 8.4 Hz, 2H), 7.35 - 

7.44 (m, 2H), 7.20 - 7.29 (m, 5H), 7.11 - 7.19 (m, 3H), 6.95 (d, J = 2.6 Hz, 1H), 6.89 (d, J = 8.8 

Hz, 1H), 6.65 - 6.81 (m, 3H), 6.34 - 6.45 (m, 1H), 5.21 (br. s., 1H), 2.36 (s, 3H). 13C{1H} NMR 

(101 MHz, CDCl3) δ 152.7, 143.4, 135.3, 134.3, 133.8, 129.2, 128.9, 128.8, 128.2, 127.4, 127.0, 

127.0, 126.6, 126.6, 122.2, 118.6, 118.2, 117.9, 116.7, 112.7, 110.6, 98.7, 21.2. HRMS (ESI) m/z 

calculated for C27H23O3N2S [(M+H)+] 455.1424 found 455.1417.  

N-(4-Hydroxy-3-(2-phenylindolizin-3-yl)phenyl)methanesulfonamide (3b). White solid, 96% 

yield (94 mg).   1H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 7.2 Hz, 1H), 7.45 (d, J = 9.2 Hz, 1H), 
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7.34 (d, J = 7.6 Hz, 2H), 7.24 - 7.29 (m, 4H), 7.17 - 7.23 (m, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.04 

(d, J = 8.8 Hz, 1H), 6.70 - 6.87 (m, 2H), 6.52 (t, J = 6.7 Hz, 1H), 6.38 (br. s., 1H), 2.84 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 153.0, 134.6, 133.9, 129.3, 129.0, 128.3, 127.9, 127.1, 

126.6, 125.9, 122.6, 118.8, 118.6, 118.3, 117.1, 113.3, 111.0, 99.2, 38.7. HRMS (ESI) m/z 

calculated for C21H18O3N2NaS [(M+Na)+] 401.0930 found 401.0911. 

N-(4-Hydroxy-3-(2-phenylindolizin-3-yl)phenyl)benzene-sulfonamide (3c). White amorphous 

solid, 90% yield (101 mg).   1H NMR (500 MHz, CDCl3) δ 7.70 (d, J = 8.0 Hz, 2H), 7.47 - 7.58 

(m, 1H), 7.33 - 7.45 (m, 4H), 7.18 - 7.31 (m, 5H), 7.14 (dd, J = 8.8, 2.7 Hz, 1H), 6.95 (d, J = 2.3 

Hz, 1H), 6.89 (d, J = 8.8 Hz, 1H), 6.67 - 6.78 (m, 2H), 6.40 (t, J = 6.7 Hz, 1H). 13C{1H} NMR 

(126 MHz, CDCl3) δ 152.8, 138.3, 134.3, 133.9, 132.6, 128.8, 128.8, 128.7, 128.3, 127.5, 127.1, 

127.1, 126.8, 126.7, 122.3, 118.7, 118.3, 118.0, 116.9, 112.6, 110.8, 98.8. HRMS (ESI) m/z 

calculated for C26H21O3N2S [(M+H)+] 441.1267 found 441.1260. 

N-(3-(2-(3-Bromophenyl)indolizin-3-yl)-4-hydroxyphenyl)4-methylbenzenesulfonamide 

(3d). White amorphous solid, 76% yield (74 mg). 1H NMR (500 MHz, CDCl3) δ 7.58 (m, J = 8.4 

Hz, 2H), 7.51 (t, J = 1.5 Hz, 1H), 7.40 - 7.47 (m, 2H), 7.36 (d, J = 8.0 Hz, 1H), 7.20 (m, J = 8.0 

Hz, 2H), 7.13 - 7.17 (m, 2H), 7.06 - 7.11 (m, 1H), 6.93 - 6.99 (m, 2H), 6.79 (dd, J = 8.6, 7.1 Hz, 

1H), 6.72 (s, 1H), 6.44 - 6.50 (m, 1H), 6.41 (s, 1H), 5.11 (s, 1H), 2.38 (s, 3H). 13C{1H} NMR 

(126 MHz, CDCl3) δ 153.1, 147.3, 143.8, 136.9, 135.8, 134.2, 130.7, 130.0, 129.8, 129.6, 129.3, 

127.6, 127.5, 127.3, 126.1, 122.7, 122.6, 119.1, 118.8, 117.8, 117.2, 113.2, 111.3, 99.1, 21.6. 

HRMS (ESI) m/z calculated for C27H22O3N2BrS [(M+H)+] 533.0529 found 533.0527. 

N-(4-Hydroxy-3-(2-(3-methoxyphenyl)indolizin-3-yl)phenyl)-4-methylbenzenesulfonamide  

(3e). White solid, 91% yield (98 mg). 1H NMR (500 MHz, CDCl3) δ 7.52 - 7.62 (m, 2H), 7.38 - 

7.45 (m, 2H), 7.10 - 7.19 (m, 4H), 6.96 (d, J = 2.7 Hz, 1H), 6.87 - 6.92 (m, 2H), 6.81 - 6.85 (m, 
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1H), 6.71 - 6.78 (m, 3H), 6.65 - 6.68 (m, 1H), 6.36 - 6.45 (m, 1H), 5.22 (br. s., 1H), 3.62 (s, 3H), 

2.36 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 159.6, 153.1, 143.8, 135.9, 135.7, 134.1, 

129.6, 129.5, 129.3, 128.9, 127.4, 127.3, 127.1, 125.7, 122.5, 120.2, 119.0, 118.6, 118.3, 117.0, 

115.9, 113.0, 112.7, 111.0, 99.1, 55.0, 21.5. HRMS (ESI) m/z calculated for C28H25O4N2S 

[(M+H)+] 485.1530 found 485.1524. 

N-(4-Hydroxy-3-(2-(3-nitrophenyl)indolizin-3-yl)phenyl)-4-methylbenzenesulfonamide (3f). 

Yellow solid, 86% yield (89 mg). 1H NMR (400 MHz, CDCl3) δ 8.20 (t, J = 2.0 Hz, 1H), 8.05 

(ddd, J = 8.3, 2.3, 1.0 Hz, 1H), 7.54 - 7.61 (m, 3H), 7.43 - 7.50 (m, 2H), 7.37 (t, J = 8.0 Hz, 1H), 

7.20 (d, J = 8.0 Hz, 2H), 7.10 (dd, J = 8.8, 2.8 Hz, 1H), 7.03 (d, J = 2.5 Hz, 1H), 6.94 (d, J = 8.8 

Hz, 1H), 6.78 - 6.85 (m, 2H), 6.59 (s, 1H), 6.50 (td, J = 6.9, 1.0 Hz, 1H), 2.38 (s, 3H). 13C{1H} 

NMR (101 MHz, CDCl3) δ 152.6, 148.2, 143.6, 136.4, 135.4, 134.0, 133.0, 129.3, 129.0, 127.2, 

127.0, 126.9, 126.2, 122.4, 122.0, 121.1, 118.9, 118.8, 117.2, 116.9, 113.5, 111.3, 98.7, 21.2. 

HRMS (ESI) m/z calculated for C27H22O5N3S [(M+H)+] 500.1275 found 500.1268. 

N-(4-Hydroxy-3-(2-(4-methoxyphenyl)indolizin-3-yl)phenyl)-4-methylbenzenesulfonamide  

(3g). White solid, 82% yield (88 mg). 1H NMR (500 MHz, CDCl3) δ 7.5 - 7.6 (m, 2 H), 7.3 - 7.5 

(m, 2 H), 7.2 - 7.2 (m, 4 H), 7.1 (dd, J = 8.4, 2.7 Hz, 1 H), 7.0 (d, J = 2.7 Hz, 1 H), 6.9 (d, J = 8.8 

Hz, 1 H), 6.8 - 6.8 (m, 2 H), 6.7 - 6.8 (m, 1 H), 6.7 (s, 1 H), 6.3 - 6.5 (m, 2 H), 5.1 (s, 1 H), 3.8 (s, 

3 H), 2.4 (s, 3 H). 13C{1H} NMR (101 MHz, CDCl3) δ 158.7, 153.0, 143.7, 135.7, 134.1, 129.6, 

129.2, 128.8, 127.4, 127.3, 126.9, 125.7, 122.5, 118.8, 118.4, 118.4, 117.1, 115.9, 114.1, 112.5, 

110.7, 98.7, 55.2, 21.5. HRMS (ESI) m/z calculated for C28H25O4N2S [(M+H)+] 485.1530 found 

485.1509. 

N-(4-Hydroxy-3-(2-(p-tolyl)indolizin-3-yl)phenyl)-4-methylbenzenesulfonamide (3h). White 

semisolid, 73% yield (82 mg). 1H NMR (500 MHz, CDCl3) δ 7.60 (m, J = 7.6 Hz, 2H), 7.35 - 
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7.48 (m, 2H), 7.15 - 7.24 (m, 5H), 7.04 - 7.10 (m, 2H), 6.98 (br. s., 1H), 6.92 (d, J = 8.4 Hz, 1H), 

6.68 - 6.80 (m, 2H), 6.50 (s, 1H), 6.42 (t, J = 6.7 Hz, 1H), 5.17 (br. s., 1H), 2.39 (s, 3H), 2.34 (s, 

3H). 13C{1H} NMR (126 MHz, CDCl3) δ 153.0, 143.7, 136.7, 135.8, 134.2, 131.6, 129.6, 129.4, 

129.2, 129.1, 127.6, 127.4, 127.1, 126.4, 122.5, 118.9, 118.5, 118.4, 117.1, 112.6, 110.9, 99.0, 

21.6, 21.2. HRMS (ESI) m/z calculated for C28H25O3N2S [(M+H)+] 469.1580 found 469.1577. 

N-(3-(2-(4-Chlorophenyl)indolizin-3-yl)-4-hydroxyphenyl)-4-methylbenzenesulfonamide 

(3i). White semisolid, 85% yield (90 mg).  1H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.0 Hz, 

2H), 7.38 - 7.46 (m, 2H), 7.26 (s, 1H), 7.21 (s, 1H), 7.18 (s, 4H), 7.14 (dd, J = 8.8, 2.7 Hz, 1H), 

6.89 - 7.01 (m, 2H), 6.73 - 6.81 (m, 1H), 6.69 (s, 1H), 6.54 (s, 1H), 6.37 - 6.49 (m, 1H), 5.15 (s, 

1H), 2.39 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 153.0, 143.9, 135.7, 134.2, 133.2, 132.7, 

129.6, 129.4, 128.9, 128.7, 127.9, 127.4, 127.2, 126.9, 122.6, 119.0, 118.8, 118.0, 117.1, 113.0, 

111.2, 98.9, 21.6. HRMS (ESI) m/z calculated for C27H22O3N2SCl [(M+H)+] 489.1034 found 

489.1025. 

N-(3-(2-(4-Fluorophenyl)indolizin-3-yl)-4-hydroxyphenyl)4-methylbenzenesulfonamide 

(3j). White solid, 80% yield (87 mg). 1H NMR (500 MHz, CDCl3) δ 7.58 (d, J = 8.0 Hz, 2H), 

7.38 - 7.46 (m, 2H), 7.18 - 7.25 (m, 4H), 7.14 (dd, J = 8.8, 2.7 Hz, 1H), 6.98 (d, J = 2.7 Hz, 1H), 

6.89 - 6.96 (m, 3H), 6.77 (dd, J = 9.0, 6.7 Hz, 1H), 6.68 (s, 1H), 6.39 - 6.52 (m, 2H), 2.39 (s, 

3H). 13C{1H} NMR (101 MHz, CDCl3) δ 163.1, 160.7, 152.9, 148.2, 147.3, 145.5, 143.8, 143.6, 

135.7, 134.1, 131.3, 130.7, 129.7, 129.6, 129.5, 129.3, 129.3, 129.2, 128.8, 128.2, 127.4, 127.3, 

127.2, 126.9, 126.4, 125.7, 122.6, 118.9, 118.7, 118.0, 117.1, 115.9, 115.6, 115.4, 112.9, 111.1, 

98.9, 21.5. 19F NMR (376 MHz, CDCl3) δ -115.41 (s, 1F). HRMS (ESI) m/z calculated for 

C27H22O3N2FS [(M+H)+] 473.1330 found 473.1321. 
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N-(3-(2-(4-Cyanophenyl)indolizin-3-yl)-4-hydroxyphenyl)4-methylbenzenesulfonamide 

(3k). White solid, 94% yield (103 mg). 1H NMR (500 MHz, DMSO-d6) δ  9.75 (d, J = 9.5 Hz, 

2H), 7.66 (d, J = 8.4 Hz, 2H), 7.49 - 7.56 (m, 1H), 7.46 (m, J = 8.0 Hz, 2H), 7.36 - 7.43 (m, 2H), 

7.25 - 7.34 (m, 3H), 7.13 (dd, J = 8.8, 2.7 Hz, 1H), 6.96 (d, J = 8.8 Hz, 1H), 6.83 - 6.87 (m, 1H), 

6.79 (dd, J = 8.8, 6.9 Hz, 1H), 6.64 (d, J = 2.7 Hz, 1H), 6.51 - 6.59 (m, 1H), 2.34 (s, 3H). 

13C{1H} NMR (126 MHz, DMSO-d6) δ 153.9, 142.9, 140.6, 136.4, 132.2, 129.4, 127.9, 126.6, 

126.4, 125.6, 125.0, 123.9, 123.1, 119.1, 118.9, 118.4, 118.0, 117.5, 116.8, 115.5, 110.9, 108.2, 

98.6, 21.0. HRMS (ESI) m/z calculated for C28H22O3N3S [(M+H)+] 480.1376 found 480.1371 

N-(4-Hydroxy-3-(7-methyl-2-phenylindolizin-3-yl)phenyl)-4-methylbenzenesulfonamide 

(3l). White solid, 66% yield (74 mg). 1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 8.0 Hz, 2H), 

7.36 (d, J = 6.9 Hz, 1H), 7.24 - 7.31 (m, 5H), 7.18 - 7.23 (m, 3H), 7.16 (dd, J = 8.8, 2.7 Hz, 1H), 

6.98 (d, J = 2.7 Hz, 1H), 6.93 (d, J = 8.8 Hz, 1H), 6.61 (s, 1H), 6.54 (s, 1H), 6.28 (dd, J = 7.2, 

1.5 Hz, 1H), 5.20 (br. s., 1H), 2.40 (s, 3H), 2.32 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 

152.8, 143.5, 135.5, 134.5, 134.3, 129.3, 128.9, 128.8, 128.6, 128.3, 127.4, 127.2, 127.1, 126.7, 

126.6, 121.8, 118.2, 116.7, 113.5, 111.7, 97.3, 21.3, 20.7. HRMS (ESI) m/z calculated for 

C28H25O3N2S [(M+H)+] 469.1580 found 469.1566. 

N-(4-Hydroxy-3-(7-methyl-2-phenylindolizin-3-yl)phenyl)methanesulfonamide (3m). White 

semisolid, 72% yield (67 mg). 1H NMR (500 MHz, CD3CN) δ 7.55 (d, J = 7.1 Hz, 1H), 7.47 (s, 

1H), 7.39 (d, J = 2.7 Hz, 1H), 7.31 - 7.34 (m, 2H), 7.26 (d, J = 7.6 Hz, 2H), 7.21 - 7.23 (m, 2H), 

7.15 - 7.18 (m, 1H), 7.03 (d, J = 8.7 Hz, 1H), 6.92 (d, J = 2.7 Hz, 1H), 6.60 (s, 1H), 6.38 (d, J = 

5.5 Hz, 1H), 2.67 (s, 3H), 2.28 (s, 4H). 13C{1H} NMR (101 MHz, CD3CN) δ 155.1, 137.1, 134.4, 

131.0, 130.1, 129.4, 129.3, 129.2, 129.1, 128.7, 127.6, 127.2, 126.4, 124.2, 120.1, 118.0, 117.6, 
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114.0, 98.4, 38.8, 21.0. HRMS (ESI) m/z calculated for C22H21O3N2S [(M+H)+] 393.1267 found 

393.1259. 

N-(4-Hydroxy-3-(8-methyl-2-phenylindolizin-3-yl)phenyl)-4-methylbenzenesulfonamide 

(3n). White semisolid, 71% yield (80 mg). 1H NMR (400 MHz, CD3CN) δ 7.54 - 7.59 (m, 1H), 

7.45 - 7.50 (m, 2H), 7.28 - 7.32 (m, 2H), 7.19 - 7.26 (m, 6H), 7.11 (dd, J = 8.7, 2.7 Hz, 1H), 6.91 

(d, J = 8.6 Hz, 1H), 6.75 (s, 1H), 6.71 (d, J = 2.6 Hz, 1H), 6.58 (d, J = 6.6 Hz, 1H), 6.43 (t, J = 

6.8 Hz, 1H), 2.44 (s, 3H), 2.32 (s, 3H). 13C{1H} NMR (101 MHz, CD3CN) δ 155.2, 144.9, 137.1, 

136.9, 134.9, 130.8, 130.6, 129.4, 129.0, 128.9, 128.9, 128.2, 127.3, 127.0, 122.0, 120.1, 117.9, 

117.8, 117.5, 116.9, 111.7, 98.5, 21.6, 18.2. HRMS (ESI) m/z calculated for C28H25O3N2S 

[(M+H)+] 469.1580 found 469.1566. 

N-(3-(2-(3,4-Dimethoxyphenyl)indolizin-3-yl)-4-hydroxyphenyl)-4-methylbenzenesulfon -

amide (3o). White solid, 69% yield (69 mg). 1H NMR (500 MHz, CDCl3) δ 7.61 (m, J = 8.4 Hz, 

2H), 7.39 - 7.46 (m, 2H), 7.22 (m, J = 8.0 Hz, 2H), 7.16 (dd, J = 8.8, 2.7 Hz, 1H), 7.01 - 7.08 (m, 

1H), 6.92 - 6.98 (m, 2H), 6.76 - 6.84 (m, 3H), 6.73 (s, 1H), 6.53 (s, 1H), 6.36 - 6.47 (m, 1H), 

5.23 (br. s., 1H), 3.89 (s, 3H), 3.59 (s, 3H), 2.40 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 

153.0, 148.7, 148.0, 143.8, 135.7, 134.1, 129.6, 129.3, 129.2, 128.8, 127.3, 127.2, 127.0, 126.6, 

122.4, 119.9, 118.7, 118.5, 116.9, 115.9, 112.5, 111.3, 110.8, 98.5, 55.7, 55.4, 21.5. HRMS 

(ESI) m/z calculated for C29H27O5N2S [(M+H)+] 515.1635 found 515.1619. 

N-(3-(2-(2,4-Dichlorophenyl)indolizin-3-yl)-4-hydroxyphenyl)-4-methylbenzenesulfonamide 

(3p). White solid, 76% yield (75 mg). 1H NMR (500 MHz, CDCl3) δ 7.49 - 7.58 (m, 3H), 7.46 

(d, J = 8.8 Hz, 1H), 7.42 (d, J = 1.9 Hz, 1H), 7.24 (d, J = 8.0 Hz, 2H), 7.09 (dd, J = 8.4, 2.3 Hz, 

1H), 7.04 (d, J = 8.4 Hz, 1H), 6.97 - 7.01 (m, 2H), 6.79 - 6.85 (m, 2H), 6.75 (s, 1H), 6.45 - 6.56 

(m, 1H), 5.23 (br. s., 1H), 2.43 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 152.4, 143.5, 135.5, 
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133.8, 133.3, 133.2, 132.6, 132.4, 129.3, 128.8, 127.0, 126.8, 126.6, 126.0, 125.7, 122.5, 118.9, 

118.3, 117.3, 116.7, 115.0, 111.0, 101.2, 21.3. HRMS (ESI) m/z calculated for C27H21O3N2Cl2S 

[(M+H)+] 523.0644 found 523.0630. 

N-(3-(2-(2-Fluorophenyl)indolizin-3-yl)-4-hydroxyphenyl)4-methylbenzenesulfonamide 

(3q). White solid, 70% yield (77 mg). 1H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 8.4 Hz, 2H), 

7.38 - 7.49 (m, 2H), 7.15 - 7.24 (m, 3H), 7.11 (td, J = 7.6, 1.5 Hz, 1H), 7.02 - 7.08 (m, 2H), 6.96 

- 7.00 (m, 1H), 6.93 (d, J = 2.7 Hz, 1H), 6.87 (d, J = 8.8 Hz, 1H), 6.73 - 6.81 (m, 2H), 6.54 (br. 

s., 1H), 6.39 - 6.49 (m, 1H), 5.19 (br. s., 1H), 2.38 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 

160.8, 158.8, 153.0, 143.7, 135.8, 133.8, 131.0, 131.03, 131.0, 129.7, 129.5, 129.1, 128.8, 128.7, 

127.4, 127.3, 126.9, 125.8, 124.0, 123.2, 122.6, 122.5, 119.1, 118.4, 118.1, 116.9, 116.0, 115.9, 

115.8, 114.5, 111.1, 101.1, 21.6. 19F NMR (376 MHz, CDCl3) δ -115.13 (s, 1F). HRMS (ESI) 

m/z calculated for C27H22O3N2FS [(M+H)+] 473.1330 found 473.1314. 

N-(4-Hydroxy-3-(1-methyl-2-phenylindolizin-3-yl)phenyl)-4-methylbenzenesulfonamide 

(3r). White semisolid, 77% yield (87 mg). 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.3 Hz, 

2H), 7.42 (d, J =7.1 Hz, 1H), 7.36 - 7.39 (m, 1H), 7.23 - 7.28 (m, 3H), 7.13 - 7.21 (m, 4H), 6.94 - 

7.02 (m, 2H), 6.78 (d, J = 8.5 Hz, 1H), 6.70 (dd, J = 8.8, 7.3 Hz, 1H), 6.33 - 6.41 (m, 1H), 2.38 

(s, 3H), 2.37 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.8, 148.1, 147.2, 145.5, 143.6, 

135.7, 134.2, 131.6, 129.7, 129.5, 128.9, 128.3, 127.3, 126.7, 126.4, 122.3, 118.1, 117.4, 116.9, 

116.8, 113.5, 110.7, 106.9, 21.6, 9.4. HRMS (ESI) m/z calculated for C28H25O3N2S [(M+H)+] 

469.1580 found 469.1576 

N-(4-Hydroxy-3-(1-methyl-2-(naphthalen-2-yl)indolizin-3-yl)phenyl)-4-methylbenzenesulfo 

-namide (3s). White solid, 59% yield (58 mg). 1H NMR (500 MHz, CDCl3) δ 7.79 - 7.86 (m, 

1H), 7.68 - 7.77 (m, 3H), 7.42 - 7.55 (m, 6H), 7.18 - 7.30 (m, 2H), 7.03 - 7.11 (m, 3H), 6.97 (dd, 
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J = 8.8, 2.7 Hz, 1H), 6.70 - 6.81 (m, 2H), 6.42 (t, J = 6.7 Hz, 2H), 2.43 (s, 3H), 2.34 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ 152.6, 143.4, 135.6, 133.1, 131.9, 131.6, 129.2, 128.7, 

128.6, 128.3, 127.7, 127.6, 127.6, 127.4, 127.3, 127.0, 126.3, 125.8, 125.6, 122.1, 118.0, 117.3, 

116.8, 116.6, 113.3, 110.6, 107.0, 21.3, 9.2.  HRMS (ESI) m/z calculated for C32H26O3N2NaS 

[(M+Na)+] 541.1556 found 541.1538. 

N-(4-Hydroxy-3-(2-(thiophen-2-yl)indolizin-3-yl)phenyl)methanesulfonamide (3t). White 

solid, 95% yield (91 mg). 1H NMR (500 MHz, CDCl3) δ 7.55 (d, J = 6.9 Hz, 1H), 7.38 (d, J = 

8.8 Hz, 1H), 7.33 (dd, J = 8.8, 2.7 Hz, 1H), 7.19 (d, J = 2.7 Hz, 1H), 7.11 - 7.15 (m, 1H), 7.07 (d, 

J = 8.4 Hz, 1H), 6.96 - 7.00 (m, 1H), 6.92 (dd, J = 5.0, 3.8 Hz, 1H), 6.67 - 6.84 (m, 2H), 6.55 (br. 

s., 1H), 6.43 - 6.51 (m, 1H), 5.33 (br. s., 1H), 2.93 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 

153.7, 137.0, 134.1, 129.5, 127.4, 126.7, 124.6, 124.2, 123.2, 122.8, 118.9, 118.8, 118.1, 117.5, 

112.7, 111.3, 98.5, 39.0. HRMS (ESI) m/z calculated for C19H16O3N2NaS2 [(M+H)+] 407.0495 

found 407.0479. 

N-(4-Hydroxy-3-(2-(thiophen-2-yl)indolizin-3-yl)phenyl)-4-methylbenzenesulfonamide (3u). 

White solid, 89% yield (102 mg).  1H NMR (500 MHz, CDCl3) δ 7.59 (m, J = 8.0 Hz, 2H), 7.31 

- 7.38 (m, 2H), 7.22 (dd, J = 8.8, 2.7 Hz, 1H), 7.17 (m, J = 8.4 Hz, 2H), 7.13 (dd, J = 5.0, 1.1 Hz, 

1H), 6.97 (d, J = 8.8 Hz, 1H), 6.89 - 6.94 (m, 2H), 6.87 (dd, J = 3.6, 1.0 Hz, 1H), 6.70 - 6.77 (m, 

2H), 6.62 (s, 1H), 6.35 - 6.48 (m, 1H), 5.21 (s, 1H), 2.35 (s, 3H). 13C{1H} NMR (126 MHz, 

CDCl3) δ 153.4, 143.5, 136.7, 135.4, 133.8, 129.3, 129.2, 127.5, 127.4, 127.2, 124.2, 123.7, 

122.8, 122.3, 118.6, 118.5, 117.3, 116.9, 112.0, 110.8, 98.1, 21.3. HRMS (ESI) m/z calculated 

for C25H21O3N2S2 [(M+H)+] 461.0988 found 461.0971. 

N-(4-Hydroxy-3-(2-phenylindolizin-3-yl)-5-(phenylthio)phenyl)-4-methylbenzene 

sulfonamide (3v). White semisolid, 65% yield (92 mg). 1H NMR (500 MHz, CDCl3) δ 7.54 (d, J 
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= 7.6 Hz, 2H), 7.39 - 7.46 (m, 2H), 7.23 - 7.35 (m, 10H), 7.12 - 7.20 (m, 3H), 7.06 - 7.12 (m, 

2H), 6.98 - 7.04 (m, 1H), 6.81 - 6.88 (m, 1H), 6.70 - 6.80 (m, 1H), 6.44 (t, J = 6.5 Hz, 1H), 2.39 

(s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 153.2, 143.5, 135.5, 135.2, 134.3, 130.7, 129.3, 

129.2, 129.0, 128.3, 128.2, 128.1, 127.9, 127.7, 127.2, 127.1, 126.6, 126.2, 125.2, 122.6, 121.6, 

120.1, 119.1, 118.7, 117.7, 114.7, 110.4, 98.9, 21.3. HRMS (ESI) m/z calculated for 

C33H27O3N2S2 [(M+H)+] 563.1458 found 563.1446. 

N-(3-Bromo-4-hydroxy-5-(2-phenylindolizin-3-yl)phenyl)-benzenesulfonamide (3w). White 

semisolid, 58% yield (76 mg). 1H NMR (500 MHz, CDCl3) δ 7.69 - 7.77 (m, 2H), 7.48 - 7.55 (m, 

2H), 7.36 - 7.44 (m, 4H), 7.33 (d, J = 7.6 Hz, 1H), 7.10 - 7.17 (m, 2H), 7.03 - 7.08 (m, 1H), 6.89 

- 6.99 (m, 2H), 6.71 - 6.79 (m, 2H), 6.68 (s, 1H), 6.43 (t, J = 6.7 Hz, 1H). 13C{1H} NMR (126 

MHz, CDCl3) δ 153.1, 138.6, 136.9, 134.1, 132.9, 130.6, 130.0, 129.8, 129.1, 129.0, 128.4, 

127.5, 127.3, 126.1, 123.3, 122.6, 119.1, 118.8, 117.9, 117.2, 113.2, 111.3, 99.1. HRMS (ESI) 

m/z calculated for C26H20O3N2BrS [(M+H)+] 519.0373 found 519.0358. 

Experimental procedure for the synthesis of 6 

To a 25 mL oven dried round-bottom flask quinone monoimine 5 (0.197 mmol, 80 mg) 

indolizine 1n (0.197 mmol, 45 mg), and AcOH (0.039 mmol) was taken in DCM (3 ml). Then 

the resulting reaction mixture was stirred at room temperature for 5 min. Upon completio n of the 

reaction (monitored by TLC), the reaction mixture was dried under vacuum. Then the crude 

reaction mixture was diluted with ethyl acetate (5 mL) and washed with brine and eluted with 

EtOAc (5 mL x 3). The organic layer was evaporated and the crude residue was preadsorbed on 

silica gel and purified by column chromatography (100-200 mesh silica Using 80/20 to 80/50 

petroleum ether/ethyl acetate as the eluent to afford the corresponding product 6a in 69% yield 

(91 mg). 
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N-(4-Hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(8-methyl-2-phenylindolizin-3-yl)phenyl)-4-

methylbenzenesulfonamide (6a). White gummy semisolid, 69% yield (91 mg). 1H NMR (500 

MHz, CDCl3) δ  8.13 (d, J = 6.9 Hz, 1H), 8.10 (d, J = 6.9 Hz, 1H), 7.84 - 7.89 (m, 2H), 7.79 - 

7.84 (m, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.46 (m, J = 8.4 Hz, 2H), 7.37 - 7.41 (m, 4H), 7.30 - 7.36 

(m, 5H), 7.21 - 7.26 (m, 5H), 7.14 - 7.21 (m, 5H), 7.05 - 7.13 (m, 5H), 7.02 (m, J = 8.0 Hz, 2H), 

6.97 (d, J = 9.2 Hz, 4H), 6.61 - 6.66 (m, 2H), 6.53 - 6.61 (m, 4H), 2.45 (s, 3H), 2.43 (s, 3H), 2.33 

(s, 3H), 2.30 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.5, 152.4, 151.8, 151.8, 144.1, 

144.0, 137.5, 136.3, 135.7, 135.4, 134.6, 134.5, 132.8, 132.6, 132.3, 132.2, 131.0, 130.4, 130.2, 

129.3, 129.3, 129.1, 129.1, 129.1, 128.4, 128.4, 128.3, 128.3, 128.1, 128.1, 128.0, 127.8, 127.5, 

127.4, 127.4, 127.4, 127.3, 127.2, 127.1, 126.8, 126.7, 126.3, 126.2, 126.0, 123.9, 123.9, 120.4, 

120.3, 119.9, 119.9, 118.4, 118.4, 118.0, 117.9, 117.3, 117.3, 115.9, 115.8, 113.3, 113.2, 111.5, 

111.5, 97.3, 97.3, 21.5, 21.5, 17.6, 17.6. HRMS (ESI) m/z calculated for C38H31O4N2S [(M+H)+] 

611.1999 found 611.1984. 

N-(4-Hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(7-methyl-2-phenylindolizin-1-yl)phenyl)-4-

methylbenzenesulfonamide (6b). White gummy semisolid, 60% yield (45 mg). 1H NMR (500 

MHz, CDCl3) δ  8.22 (s, 1H), 8.14 (dd, J = 14.8, 7.2 Hz, 1H), 7.82 - 7.87 (m, 2H), 7.77 - 7.81 

(m, 2H), 7.74 (dd, J = 9.0, 5.3 Hz, 1H), 7.60 - 7.67 (m, 1H), 7.55 (dd, J = 8.1, 4.1 Hz, 1H), 7.47 

(d, J = 8.5 Hz, 1H), 7.43 (d, J = 8.2 Hz, 1H), 7.33 - 7.39 (m, 7H), 7.27 - 7.32 (m, 7H), 7.19 - 7.26 

(m, 4H), 7.13 - 7.18 (m, 5H), 7.08 - 7.12 (m, 1H), 7.03 - 7.07 (m, 1H), 6.99 (d, J = 7.9 Hz, 3H), 

6.86 - 6.96 (m, 3H), 6.62 - 6.66 (m, 1H), 6.58 (d, J = 11.9 Hz, 1H), 6.43 - 6.50 (m, 2H), 6.38 - 

6.42 (m, 1H), 6.26 (d, J = 2.7 Hz, 1H), 2.43 (s, 3H), 2.31 (s, 3H), 2.27 - 2.30 (m, 6H). 13C{1H} 

NMR (126 MHz, CDCl3) δ  151.8, 151.5, 147.8, 142.4, 141.6, 139.7, 136.2, 134.5, 132.8, 132.2, 

131.5, 131.0, 130.8, 130.7, 129.7, 129.4, 129.2, 129.1, 129.0, 128.7, 128.6, 128.3, 128.1, 128.0, 
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127.9, 127.8, 127.6, 127.4, 127.3, 127.3, 127.1, 127.0, 126.7, 126.6, 126.3, 126.1, 125.8, 125.0, 

124.2, 124.1, 123.9, 123.9, 123.8, 123.5, 122.0, 121.9, 121.5, 120.1, 118.0, 117.9, 117.7, 117.4, 

117.3, 117.1, 116.6, 116.5, 115.7, 114.1, 106.3, 97.2, 29.7, 29.3, 21.4, 21.0. HRMS (ESI) m/z 

calculated for C38H31O4N2S [(M+H)+] 611.1999 found 611.1990. 

N-(3-(2-(4-Fluorophenyl)indolizin-1-yl)-4-hydroxy-5-(2-hydroxynaphthalen-1-yl)phenyl)-4-

methylbenzenesulfonamide (6c). Off white solid, 57% yield (52 mg). 1H NMR (500 MHz, 

CDCl3) δ  8.21 (d, J = 6.9 Hz, 1H), 8.17 (d, J = 6.9 Hz, 1H), 7.85 - 7.88 (m, 2H), 7.78 - 7.84 (m, 

2H), 7.64 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H), 7.46 (m, J = 8.0 Hz, 2H), 7.33 - 7.42 (m, 

7H), 7.30 - 7.33 (m, 2H), 7.18 - 7.25 (m, 4H), 7.13 - 7.16 (m, 2H), 7.08 - 7.11 (m, 1H), 7.05 (m, 

J = 8.0 Hz, 2H), 6.96 - 7.03 (m, 6H), 6.85 - 6.92 (m, 2H), 6.80 - 6.85 (m, 2H), 6.75 - 6.79 (m, 

2H), 6.57 - 6.67 (m, 2H), 6.52 (d, J = 4.2 Hz, 2H), 6.40 - 6.49 (m, 1H), 2.35 (s, 3H), 2.32 (s, 3H). 

13C{1H} NMR (126 MHz, CDCl3) δ  162.9, 162.7, 160.9, 160.7, 152.4, 152.4, 151.5, 151.2, 

147.7, 147.6, 144.0, 143.8, 142.5, 141.0, 139.1, 138.6, 138.2, 136.0, 135.2, 134.9, 132.5, 132.3, 

132.2, 130.8, 130.5, 130.3, 129.8, 129.7, 129.5, 129.4, 129.1, 128.8, 128.1, 128.0, 127.7, 127.5, 

127.3, 127.1, 126.9, 126.1, 125.9, 125.6, 125.3, 123.7, 123.6, 123.5, 123.3, 122.1, 122.0, 121.6, 

120.7, 120.5, 120.3, 120.0, 119.0, 118.7, 117.8, 117.7, 117.4, 117.2, 117.1, 116.4, 116.2, 116.2, 

115.6, 115.4, 114.8, 114.8, 114.6, 114.4, 113.1, 112.9, 111.2, 110.8, 106.7, 102.8, 98.4, 21.3, 

21.2. 19F NMR (376 MHz, CDCl3) δ -113.77 (s, 1F), -114.58 (s, 1F), -115.56 (s, 1F). HRMS 

(ESI) m/z calculated for C37H28O4N2FS [(M+H)+] 615.1748 found 615.1734. 

N-(3-(2-(4-Cyanophenyl)indolizin-1-yl)-4-hydroxy-5-(2-hydroxynaphthalen-1-yl)phenyl) -

benzenesulfonamide (6d). Off white gummy semisolid, 65% yield (40 mg). 1H NMR (500 

MHz, CDCl3) δ  8.13 (dd, J = 6.5, 4.6 Hz, 1H), 7.81 - 7.85 (m, 2H), 7.77 - 7.80 (m, 2H), 7.65 - 

7.75 (m, 3H), 7.56 - 7.63 (m, 4H), 7.44 - 7.50 (m, 6H), 7.36 - 7.41 (m, 6H), 7.29 - 7.34 (m, 4H), 
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7.22 - 7.26 (m, 6H), 7.12 - 7.20 (m, 4H), 7.08 - 7.11 (m, 1H), 7.02 - 7.07 (m, 1H), 6.97 (d, J = 

9.5 Hz, 2H), 6.87 - 6.92 (m, 1H), 6.81 - 6.87 (m, 2H), 6.74 - 6.81 (m, 1H), 6.66 - 6.73 (m, 1H), 

6.54 - 6.65 (m, 3H), 6.34 - 6.47 (m, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.5, 152.4, 

151.2, 151.0, 147.7, 138.9, 138.9, 138.8, 138.8, 134.5, 134.3, 133.1, 132.5, 132.3, 131.9, 131.8, 

131.6, 131.6, 131.2, 131.0, 130.7, 130.7, 128.7, 128.7, 128.6, 128.6, 128.4, 128.3, 128.1, 128.0, 

127.7, 127.4, 127.4, 126.9, 126.9, 126.9, 126.8, 125.7, 125.3, 125.3, 125.2, 123.6, 123.6, 123.5, 

123.5, 123.3, 121.9, 121.9, 120.6, 120.5, 119.4, 118.9, 118.4, 118.3, 117.6, 117.6, 117.4, 117.2, 

117.2, 115.4, 115.4, 113.2, 113.2, 111.8, 109.7, 109.7, 98.4. HRMS (ESI) m/z calculated for 

C37H26O4N3S [(M+H)+] 608.1639 found 608.1629. 

N-(4-Hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(1-methyl-2-(naphthalen-2-yl)indolizin-3-

yl)phenyl)-4-methylbenzenesulfonamide (6e). Gummy semisolid, 74% yield (57 mg). 1H NMR 

(400 MHz, CDCl3) δ  8.12 (d, J = 6.9 Hz, 2H), 7.78 - 7.88 (m, 4H), 7.44 (d, J = 8.3 Hz, 3H), 7.49 

(d, J = 8.1 Hz, 2H), 7.30 - 7.40 (m, 11H), 7.20 - 7.25 (m, 5H), 7.14 - 7.20 (m, 5H), 7.04 - 7.14 

(m, 7H), 6.93 - 7.04 (m, 7H), 6.57 - 6.66 (m, 3H), 6.50 - 6.57 (m, 3H), 2.44 (s, 3H), 2.42 (s, 3H), 

2.31 (s, 3H), 2.29 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ  152.8, 151.5, 151.4, 151.2, 

147.5, 143.5, 139.0, 138.6, 137.2, 136.0, 136.0, 135.2, 135.0, 133.1, 132.8, 132.6, 132.5, 132.4, 

132.1, 131.9, 131.3, 131.2, 130.7, 130.4, 130.0, 129.6, 128.9, 128.9, 128.7, 128.5, 128.1, 128.0, 

127.9, 127.8, 127.7, 127.5, 127.4, 127.2, 127.2, 127.1, 127.0, 126.9, 126.0, 125.9, 125.6, 125.5, 

125.4, 123.8, 123.7, 123.6, 123.5, 121.9, 121.8, 121.7, 121.2, 119.9, 119.8, 119.3, 117.7, 117.6, 

117.6, 117.4, 117.4, 117.1, 116.9, 116.8, 116.5, 116.4, 115.5, 113.9, 113.1, 113.0, 112.6, 110.9, 

106.4, 106.3, 94.1, 21.3, 21.0, 9.6, 9.1. HRMS (ESI) m/z calculated for C42H33O4N2S [(M+H)+] 

661.2156 found 661.2154. 
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N-(4-Hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(2-phenylindolizin-3-yl)phenyl)-4-

methylbenzene sulfonamide (6f). Off white semisolid, 55% yield (49 mg). 1H NMR (500 MHz, 

CDCl3) δ  8.26 (d, J = 7.1 Hz, 1H), 8.23 (d, J = 6.9 Hz, 1H), 8.05 (t, J = 1.8 Hz, 1H), 8.02 (t, J = 

1.8 Hz, 1H), 7.93 (dd, J = 8.1, 1.5 Hz, 1H), 7.90 (dd, J = 8.2, 1.6 Hz, 1H), 7.80 - 7.85 (m, 4H), 

7.74 - 7.79 (m, 2H), 7.72 (d, J = 8.0 Hz, 2H), 7.45 (dd, J = 8.2, 5.7 Hz, 5H), 7.40 - 7.42 (m, 2H), 

7.36 - 7.39 (m, 2H), 7.33 - 7.36 (m, 4H), 7.28 - 7.32 (m, 2H), 7.24 - 7.26 (m, 4H), 7.18 - 7.23 (m, 

2H), 7.07 - 7.15 (m, 1H), 7.03 - 7.05 (m, 1H), 7.02 (s, 1H), 6.90 - 6.97 (m, 4H), 6.88 (s, 1H), 

6.82 - 6.86 (m, 1H), 6.64 - 6.69 (m, 2H), 6.63 (s, 2H), 5.22 (br. s., 1H), 2.25 (s, 6H). 13C{1H} 

NMR (126 MHz, CDCl3) δ 152.5, 151.7, 151.6, 148.0, 147.4, 144.4, 137.4, 136.0, 135.9, 135.2, 

135.1, 133.9, 133.9, 132.8, 132.7, 131.9, 131.0, 130.2, 129.3, 129.1, 128.9, 128.9, 128.6, 128.3, 

128.3, 127.7, 127.4, 127.3, 126.3, 126.1, 125.2, 124.9, 124.8, 124.7, 124.6, 124.2, 123.9, 123.8, 

122.7, 122.6, 122.4, 122.1, 121.2, 120.8, 120.7, 119.9, 119.1, 118.7, 118.0, 118.0, 117.8, 117.7, 

117.6, 117.5, 116.4, 116.1, 115.6, 115.5, 114.0, 113.5, 113.5, 112.0, 98.4, 98.3, 21.3, 21.3. 

Experimental procedure for the synthesis of 8 

To a 25 mL oven dried round-bottom flask quinone monoimine 7 (0.108 mmol, 50 mg) 

indolizine 1u (0.108 mmol, 22 mg), and AcOH (0.021 mmol) was taken in DCM (3 ml). Then 

the resulting reaction mixture was stirred to room temperature for 5 min. Upon completion of the 

reaction (monitored by TLC), the reaction mixture was dried under vacuum and purified by 

column chromatography (100-200 mesh silica Using 80/10 to 80/20 petroleum ether/ethyl 

acetate as the eluent to afford the corresponding product 8 in 67% yield (48 mg). 

N-(4-Hydroxy-3,5-bis(2-(thiophen-2-yl)indolizin-3-yl)phenyl)-4-methylbenzenesulfonamide 

(8). White semisolid, 67% yield (48 mg).  1H NMR (500 MHz, CDCl3) δ  7.62 (d, J = 8.4 Hz, 

2H), 7.48 - 7.52 (m, 1H), 7.37 - 7.40 (m, 2H), 7.32 - 7.36 (m, 1H), 7.23 (s, 2H), 7.20 (dt, J = 4.4, 
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2.4 Hz, 3H), 7.10 - 7.13 (m, 1H), 6.99 - 7.03 (m, 3H), 6.92 - 6.94 (m, 1H), 6.88 - 6.91 (m, 1H), 

6.74 - 6.81 (m, 2H), 6.70 - 6.73 (m, 2H), 6.43 - 6.49 (m, 2H), 6.39 - 6.42 (m, 1H), 5.37 (s, 1H), 

2.38 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.6, 152.4, 143.8, 137.5, 137.2, 135.8, 

135.7, 133.8, 129.9, 129.7, 129.7, 129.6, 129.3, 129.2, 127.8, 127.6, 127.5, 127.3, 125.0, 124.4, 

124.3, 124.2, 123.0, 122.9, 122.8, 122.7, 122.6, 119.4, 119.3, 119.2, 118.9, 118.8, 118.5, 118.4, 

113.9, 113.7, 111.4, 110.9, 110.8, 98.7, 98.7, 21.6. HRMS (ESI) m/z calculated for 

C37H28O3N3S3 [(M+H)+] 658.1287 found 658.1271. 

Experimental procedure for the synthesis of 3a from N-tosyl-p-aminophenol 

To a 50 mL round-bottom flask N-tosyl-p-aminophenol 9 (0.380 mmol, 100 mg) indolizine 1a 

(0.380 mmol, 74 mg), and PIDA (0.418 mmol, 135 mg) was taken in DCM (10 ml). Then the 

resulting reaction mixture was stirred at room temperature for 1h. Upon completion of the 

reaction (monitored by TLC), the reaction mixture was dried under vacuum. Then the crude 

reaction mixture was diluted with ethyl acetate (10 mL) and washed with brine eluted with 

EtOAc (10 mL x 3). The organic layer was evaporated and the crude residue was preadsorbed on 

silica gel and purified by column chromatography (100-200 mesh silica Using 80/30 petroleum 

ether/ethyl acetate as the eluent to afford the corresponding product 3a in 61% yield (105 mg). 

Scale-up experiment 

Reaction with 1u (3.065 mmol, 610 mg), 2a (3.065 mmol, 800 mg) and AcOH (0.6 mL) in 

MeCN stirred at rt for 10 min and reaction mixture dried under vacuum. Then the crude reaction 

mixture was diluted with ethyl acetate (30 mL) and washed with brine eluted with EtOAc (25 

mL x 3). Then the crude residue was purified by column chromatography (100-200 mesh silica 

Using 80/30 petroleum ether/ethyl acetate as the eluent to produce 3u in 90% yield (1.27 gm). 
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Section II 

 Visible Light Promoted, Photocatalyst Free C(sp
2
)-H Bond Functionalization 

of Indolizines via EDA Complexes 

3.2.1 Introduction  

In the past decade, visible-light photocatalysis has become a hot area in synthetic organic 

chemistry for initiating various organic transformations under environmentally friendly and very 

mild reaction conditions. However, photoredox catalysis suffered from costly exogenous 

photosensitizers and complex organic dyes used in electron transfer (ET) processes.18 In recent, 

with the increasing demand for greener chemical processes, photo-driven organic 

transformations without external photocatalysts have gained significant attention due to their 

excellent synthetic value and high atom economy. The development of new organic 

transformations triggered by the photoexcitation of electron donor-acceptor (EDA) complexes is 

a field in its golden age.19 

 

Figure 11: EDA complex driven photoionization 

In recent years, the construction of important organic products by photoactivation using electron 

donor-acceptor (EDA) complexes turn up as an efficient and straightforward pathway.20 

Generally, typical EDA complexes are a novel class of molecular cluster having the combination 
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of electron rich donor molecule and electron poor acceptor substrate which generally are called 

the charge-transfer (CT) complexes.21 While the electron acceptor molecule (A) and donor (D) 

may be colorless on their own whereas, after charge transfer, interlinkage between D and A 

results in a bathochromic shift to produce a visible light which absorbing colored aggregate upon 

excitation under visible light, gives reactive intermediates (charged radical ions) without the 

assistance of external photocatalyst via single electron transfer (SET) mechanism. (Figure 11).22 

 

Figure 12: Some bioactive indolizine and quinones25 

Indolizine and quinones are two privileged structures widely common in numerous bioactive 

natural products, pharmaceuticals, agrochemicals, approved commercial drugs, and functional 

organic materials.23 The reduced form of indolizine derivative is a well-known core nucleus in 

many alkaloids24 in natural product chemistry.   Indolizines are a biostere for indole, widely 

present in many biologically active molecules. They can apply in important fluorescent sensors 

and fluorescent materials in materials chemistry (Figure 12),25 thus justifying current efforts 

towards C-H functionalization of indolizines to synthesize this core. 
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3.2.2 Review of Literature 

In the past few years, chemists have spent a great deal of time for synthesizing C-H 

functionalized indolizines.26 Direct C-H functionalization of indolizines at C-3 position has 

provided an ideal and dynamic method to grant the useful indolizine derivatives. Transition 

metals are commonly employed in catalyzing borylation,27 arylation,28 acyloxylation29, and 

propargylation30 reactions. Even though these few metal free approaches are available in the 

literature for C-H functionalization of indolizines such as electrochemical sulfonylation, 31 

alkylation,32 and C-H dithiocarbamation33 reactions. More recently, visible light-induced 

operations on indolizines have arisen as a new functionalization strategy. 34 Nevertheless, 

examples of visible light-mediated C(sp2)-H bond activation reactions by using indolizine as a 

donor are still unknown in the literature. 

Lenardao,s Work (2020)
35 

 

Scheme 8: C-H thiolation of indolizines 

 

Recently in 2020, Lenardao and a co-worker reported the visible light-mediated mono and 

dithiolation of indolizines by using eosin y as a photocatalyst (Scheme 8). The advantages of this 

method is that controlled thiolation and dithiolation under very mild reaction conditions.  

Cao’s Work (2018)
36 

Also, Cao et.al; developed the cross dehydrogenative coupling (CDC) between oxoaldehyde and 

indolizine (Scheme 9) catalyzed by visible light under mild reaction conditions.  This CDC 
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methodology is utilized for the synthesis of indolizine dicaronyls in good to excellent yield and  

 

Scheme 9. CDC coupling of indolizine with oxoaldehyde 

further useful application in the synthetic organic chemistry. Also avoiding of costly metal, 

photocatalyst and oxidants makes this approach very useful. 

Hosoya’s Approach (2021)
40  

 

Scheme 10. Direct C-3 acylation of indolizines 

Furthermore, Hosoya and co-workers have developed the direct 3-acylation of indolizines from 

carboxylic acids in good to excellent yields (Scheme 10). Previousely the condensation reagents 

are required for the peptide synthesis but in this method Hosoya group reported for the acylation 

reaction. Also the acyl group is released by using red light irridation and it is confirmed by 

neutral buffered solution. This method is further utilized for the water soluble photoreactive 

precursor with conjugated with photosensitizers and it was effectively release the carboxylic acid 

under red light. 
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3.2.3 Present Work 

3.2.3.1 Objectives 

Our continues research towards the C-H functionalization of indolizines by using various 

bronsted acid as well as metal free, visible light mediated reactions we have first time showed 

the indolizine as a donar moiety in present work (Scheme 10). Inspired by the previous literature 

reports and our continuous efforts towards visible-light-induced C-H functionalization of 

heteroarenes,37 herein we have described the photo-driven cross dehydrogenative coupling 

reaction between indolizines with quinones via EDA complexes as shown in (Scheme 11). 

 

Scheme 11. CDC reaction between quinone and indolizines 

 

3.2.4 Results and Discussion 

To supplementary prospect, the formation of electron donor-acceptor complexes from 1 and 2, 

we investigated the UV-vis absorption spectroscopic properties of 0.05 M solutions 1 and 2 and 

the mixture of 1 and 2 in acetonitrile, respectively (Figure 13A). A blue color appeared when 

yellow colored 1 was mixed with colorless 2, a new band appeared, which could be attributed to 

the generation of charge-transfer (CT) band (Figure 13B). Sunden and co-workers reported that 

the visible light promoted annulation reaction between N,N-substituted dialkyl anilines, and 

alkenes to synthesize substituted tetrahydroquinolines via EDA complexes.38 
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Figure 13. (A) Photos of 1, 2, and 1 + 2 in CH3CN (0.05 M) (B) the charge 

transfer band of (1 + 2) EDA complex 

 

Accordingly, we began our investigation by taking naphthoquinone 19, and indolizine 18a as a 

model substrate in DCM under irradiation with Blue led the desired product 20a was formed 

in35% yield (Table 4, entry 1). To our delight, the desired product 20a was isolated in 61% yield 

along with difunctionalized byproduct 20a’ in 6% yield, when MeCN is used as a solvent instead 

of DCM (Table 4, entry 2). An examination of other routine solvents, such as dichloroethane 

(DCE), 1,4-dioxane, tetrahydrofuran (THF), and dimethyl sulfoxide (DMSO), and the 

experimental results showed that DCE displayed a higher efficiency compared with other 

solvents (Table 4, entries 3-6). When the reaction was carried out with 2 equiv. of 

naphthoquinone, the desired product 20a was isolated in 64% yield and slightly increment of 

20a’ (13% yield) in 8 hours of reaction time (Table 4, entry 7). The yield of 20a and 20a’ was 

dramatically reduced to 21% and 0%, respectively, when the reaction time was increased to 16 

hours (Table 4, entry 8). Surprisingly when reaction duration was reduced from 8 to 4 h, then the 

product 20a was observed in 67% yield (Table 4, entry 9). 
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Table 4. Reaction Optimization 

 

entry solvent light source Time 

(hrs) 

Yield 

of 20a 

(%) 

Yield 

of 20a’ 

(%) 

1 DCM Blue LED 8 35 0 

2 MeCN Blue LED 8 61 6 

3 DCE Blue LED 8 27 0 

4 1,4-Dioxane Blue LED 8 trace 0 

5 THF Blue LED 8 0 0 

6 DMSO Blue LED 8 trace 0 

7b MeCN Blue LED 8 64 13 

8c MeCN Blue LED 16 21 0 

9 MeCN Blue LED 4 67 8 

10d MeCN - 6 trace 0 

11 MeCN dark 6 trace 0 

12 MeCN White LED 4 51 0 

13e MeCN Blue LED 4 42 0 

 

(a)Reaction condition:1a (0.14 mmol), 2a (0.14 mmol) in 2 mL of solvent irradiated 

with homemade setup of light in room temperature (Blue LED 12 W); (b,c) Reaction 

was carried out by using 0.28 mmol of 1a; (d) in the absence of light; (e)Under N2 

atmosphere 

 

From entries 8 and 9, it can conclude that reaction time plays a crucial role in the formation of 

desired product; as the reaction is stirred for a longer time, the decomposition of products may 

occur. The absence of light suppressed the formation of product 20a, confirming the requirement  
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Table 5: Substrate Scope for CDC Reaction 
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aReaction condition: 1a (0.31 mmol), 2a (0.31 mmol) and MeCN 3 mLwere irradiated 

with Blue LEDs (12 W), rt, for 2-8 h 

 

for an excitation source (Table 4, entry 10). When the reaction was carried out in the dark, then 

the trace amount conversion of the product was observed (Table 4, entry 11). Whereas, no such 

improvement in the yield of the expected product was observed on using White LED instead of 

Blue LED (Table 4, entry 12). When the same reaction was performed under an inert 

atmosphere, a decrease in the yield of 20a was observed (Table 4, entry 13). Several indolizines 

with different substitution patterns, such as electron-withdrawing, electron releasing, halo groups 

(Cl, Br, and F), were compatible with our cross dehydrogenative coupling (CDC) protocol.  The 

reaction between naphthoquinone and a wide variety of 18a-18r has been evaluated. Para 

position of phenyl ring on indolizine substituted with -H, Cl, and OMe groups produce the 

expected CDC products (20a,20b & 20l) in good yields with the minimal amount of side product 

(20a’, 20b’, & 20l’) (Table 5 ). Methyl group present on C1, C6, and C7 position of indolizine 

gave the desired products in compatible yields (20d, 20e, 20h & 20i). Halo substituted 

indolizines such as F, Cl, and Br are suitable donors and gave the expected products with 60-

66% yields (20c, 20f, 20k & 20m). Electron releasing group such as OMe, Me produces the 

coupled products (20g & 20j) with 59% and 70%, respectively. Electron withdrawing groups 

present on indolizine ring gave excellent yields of CDC products (20n & 20o). Heterocyclic 

indolizine also forms EDA complex and produces the desired product (20p) in 53% yield. 

Imidazopyridine and C-3 substituted indolizine is not suitable donors for the present 

transformation (20r & 20q). The reason behind the not formation of desired product may be the 

not formation of stable EDA complex or further radical transformation. The formation of 20a-

20q was further confirmed and predicted by their corresponding 1H, 13C and Mass data. 



   C-H functionalization of indolizines 

 

Chapter III  167 
 

Example 1: 

The confirmation of compound 2-(2-phenylindolizin-3-yl)naphthalene-1,4-dione (20a) was done 

by its 1H and 13C NMR spectrum. The peak showed in 1H NMR at δ 6.70 (s, 1H) and δ 6.96 (s, 

1H) for two protons attached to quinone and five membered ring of indolizine respectively.  
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Figure 14. 1H and 13C NMR of 2-(2-phenylindolizin-3-yl)naphthalene-1,4-dione (20a) 
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The aromatic protons in the range of δ 6.58-8.12 ppm. In its 13C NMR spectrum the 

characteristic Peak of two carbonyls showed as δ 183 and 184 respectively and remaining 

aromatic carbons are displayed in the range of δ 102-140 (Figure 14). 

After examining the substrate scope for indolizines, we next focused on investigating the scope 

of substituted quinones (Table 6). Naphthoquinones substituted with groups like Cl, NO2, and 

bromo can form the stable EDA complex and give the CDC products with good  yields (22a, 22c 

& 22d). Electron donating groups present on the quinone moiety are not suitable for forming 

EDA complex (22b, & 22e). Also, the heterocyclic naphthoquinone and substituted 

benzoquinone could not produce the desired products (22f, 22g & 22h). It was reasoned that the 

electron deficient conjugated π-system might be essential for forming the EDA complex and the 

following electron transfer process. 

Table 6: Reaction Scope for Quinonesa
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aReaction condition: 4a (1 equiv.), 2a (1 equiv.), MeCN (3 mL). were irradiated 

with Blue LEDs (12 W), rt, for 2-8 h. 

 

Concerning the mechanistic aspects, when the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 

was added in the standard reaction condition, only a trace amount of the product was obtained 

(Scheme 12a). Based on previous reports39 and experimental observations, a possible reaction 

mechanism is depicted in Scheme 12b. The interaction between indolizine 1 and 

naphthoquinone 2 can produce an EDA complex, followed by visible light (Blue LED) initiated 

single electron transfer (SET) to give a radical ion pair A. Upon irradiation with visible light,  

 

Scheme 12: Control experiment and possible reaction mechanism 
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generating the aryl radical ion pairs (B) simultaneously, followed by the oxidative addition of 

radical ion pairs, furnishes the expected coupled product 20a. 

3.2.5 Conclusion  

In conclusion, we have developed a visible light promoted operationally simple under mild 

reaction conditions to construct functionally important derivatives of indolizine. Interestingly, 

this photo-driven CDC transformation can go ahead without adding any photocatalyst or 

additive. In place of catalyst, the formation of EDA complex between indolizine and quinone 

drives this photochemical reaction. Further attempts are ongoing in our laboratory to employ the 

freshly developed predecessors in other transformations, which will report in due course. 

3.2.6 Experimental Section  

General Experimental Procedure for synthesis of 20a 

 A solution of indolizine 1a (0.31 mmol, 50 mg), quinone 2a (0.31 mmol, 61 mg), and CH3CN (3 

mL) was added into a 25 mL oven-dried quartz tube. Then the mixture was stirred under Blue 

LED (12 W) at room temperature for 4 h monitored by TLC. The crude reaction mixture was 

diluted with ethyl acetate (5 mL) and water 5 mL, washed with brine and eluted with EtOAc (5 

mL x 2). The collected organic layer was evaporated, and the crude residue was purified by using 

silica gel column chromatography (100-200 mesh silica) and isolated by using 98/05 to 90/10 

petroleum ether/ethyl acetate to give the product 20a. 

2-(2-Phenylindolizin-3-yl)naphthalene-1,4-dione(20a). 

 Blue colored solid, yield: 67% (74 mg).1H NMR (400 MHz,CDCl3)δ8.09 - 8.17 (m, 1H), 8.02 - 

8.07 (m, 1H), 7.94 (dq, J = 7.2, 0.9 Hz, 1H), 7.76 (quind, J = 7.4, 7.4, 7.4, 7.4, 1.6 Hz, 2H), 7.44 

(dt, J = 9.0, 1.1 Hz, 1H), 7.35 - 7.39 (m, 2H), 7.27 - 7.33 (m, 2H), 7.22 - 7.26 (m, 1H), 6.96 (s, 

1H), 6.84 (ddd, J = 8.9, 6.6, 0.9 Hz, 1H), 6.68 - 6.72 (m, 1H), 6.54 - 6.61 (m, 1H).13C{1H} 
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NMR(101 MHz, CDCl3) δ 184.5, 183.8, 140.4, 136.3, 136.0, 135.7, 134.0, 133.7, 133.7, 132.7, 

132.2, 128.9, 128.6, 127.1, 126.9, 126.1, 124.7, 119.9, 119.2, 114.9, 111.6, 102.6.  HRMS (ESI) 

m/z calculated for C24H16O2N [(M+H)+] 350.1176, found 350.1173 

2,2'-(2-Phenylindolizine-1,3-diyl)bis(naphthalene-1,4-dione) (20a’).  

Blue colored solid, yield: 13% (20 mg).1H NMR (400 MHz, CDCl3) δ 8.06 - 8.13 (m, 3H), 7.98 - 

8.04 (m, 1H), 7.90 (dt, J = 7.0, 1.0 Hz, 1H), 7.76 - 7.81 (m, 2H), 7.68 - 7.75 (m, 2H), 7.50 (dt, J 

= 9.1, 1.1 Hz, 1H), 7.16 - 7.26 (m, 5H), 7.04 (ddd, J = 9.1, 6.7, 1.0 Hz, 1H), 6.84 (s, 1H), 6.81 (s, 

1H), 6.73 (td, J = 6.9, 1.3 Hz, 1H).13C{1H} NMR (101 MHz, CDCl3) δ 184.7, 184.4, 184.4, 

183.5, 143.7, 139.8, 138.6, 136.1, 135.2, 134.2, 133.9, 133.9, 133.6, 133.5, 133.0, 132.7, 132.5, 

132.2, 132.0, 130.0, 128.7, 127.4, 127.2, 126.9, 126.3, 125.9, 125.2, 122.2, 118.8, 117.8, 112.6, 

108.0.HRMS (ESI) m/z calculated for C34H20O4N [(M+H)+] 506.1387, found 506.1387. 

2-(2-(4-Chlorophenyl)indolizin-3-yl)naphthalene-1,4-dione (20b). 

 Blue colored solid, yield: 71% (86 mg).1H NMR (400 MHz, CDCl3) δ 8.10 - 8.15 (m, 1 H), 8.02 

- 8.09 (m, 1 H), 7.90 - 7.98 (m, 1 H), 7.78 (quind, J=7.2, 7.2, 7.2, 7.2, 1.6 Hz, 2H), 7.44 (dt, J = 

8.9, 1.1 Hz, 1H), 7.27 - 7.33 (m, 4H), 6.97 (s, 1H), 6.86 (ddd, J = 8.9, 6.6, 1.0 Hz, 1H), 6.65 - 

6.69 (m, 1H), 6.55 - 6.63 (m, 1H).13C{1H} NMR (101 MHz, CDCl3) δ 184.5, 183.7, 140.2, 

136.4, 136.1, 134.3, 134.1, 133.8, 133.0, 132.6, 132.4, 132.2, 130.1, 128.9, 128.0, 127.2, 126.1, 

124.6, 120.1, 119.3, 111.8, 102.5.HRMS (ESI) m/z calculated for C24H15O2NCl [(M+H)+] 

384.0786, found 384.0771. 

2,2'-(2-(4-Chlorophenyl)indolizine-1,3-diyl)bis(naphthalene-1,4-dione) (20b’). 

 Off white solid, yield: 8% (13 mg).1H NMR (400 MHz, CDCl3) δ 8.09 - 8.13 (m, 3H), 7.99 - 

8.04 (m, 1H), 7.91 (dt, J = 7.0, 1.0 Hz, 1H), 7.78 - 7.83 (m, 2H), 7.70 - 7.77 (m, 2H), 7.51 (dt, J 

= 9.0, 1.1 Hz, 1H), 7.20 - 7.24 (m, 2H), 7.13 - 7.17 (m, 2H), 7.05 (ddd, J = 9.1, 6.7, 1.0 Hz, 1H), 
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6.88 (s, 1H), 6.86 (s, 1H), 6.74 (td, J = 6.8, 1.3 Hz, 1H).13C{1H} NMR(101 MHz, CDCl3) δ 

184.7, 184.3, 183.3, 143.4, 139.6, 138.7, 136.2, 135.1, 134.3, 134.0, 133.8, 133.6, 133.5, 132.6, 

132.6, 132.3, 132.2, 132.0, 131.6, 131.1, 129.0, 127.2, 127.0, 126.3, 126.0, 125.1, 122.3, 118.7, 

117.6, 112.8, 107.9.HRMS (ESI) m/z calculated for C34H19O4NCl [(M+H)+] 540.0997, found 

540.0996. 

2-(2-(2-Fluorophenyl)indolizin-3-yl)naphthalene-1,4-dione (20c). 

 Blue colored solid, yield: 60% (69 mg). 1H NMR (500 MHz, CDCl3) δ 8.10 (d, J=7.2 Hz, 2H), 

7.93 (d, J=6.9 Hz, 1H), 7.71-7.81 (m, 2H), 7.46 (d, J=8.8 Hz, 1H), 7.40 (td, J=7.4, 1.5 Hz, 1H), 

7.23 - 7.27 (m, 1H), 7.11 - 7.17 (m, 1H), 6.96 - 7.07 (m, 1H), 6.81 - 6.90 (m, 2H), 6.71 (s, 1H), 

6.60 (t, J=6.3 Hz, 1 H). 13C{1H} NMR (126 MHz, CDCl3) δ 184.8, 183.5, 160.2, 158.2, 140.5, 

138.7, 135.8, 135.4, 134.0, 133.7, 132.6, 132.1, 131.6, 129.0, 129.0, 127.1, 126.7, 126.4, 126.1, 

124.8, 124.4, 123.4, 123.3, 119.8, 119.3, 116.1, 116.0, 115.9, 111.7, 103.3. 19F NMR (376 MHz, 

CDCl3) δ -114.9 (s, 1F). HRMS (ESI) m/z calculated for C24H15O2NF [(M+H)+] 368.1081, found 

368.1068. 

2-(1-Methyl-2-(naphthalen-2-yl)indolizin-3-yl)naphthalene-1,4-dione (20d). 

 Blue colored solid, yield: 80% (100 mg).1H NMR (400 MHz, CD3CN) δ 8.02 (dt, J = 7.2, 1.0 

Hz, 1H), 7.93 - 7.98 (m, 1H), 7.87 - 7.91 (m, 1H), 7.84 - 7.87 (m, 1H), 7.79 - 7.82 (m, 2H), 7.69 

- 7.78 (m, 2H), 7.41 - 7.51 (m, 4H), 7.26 - 7.36 (m, 1H), 6.85 - 6.91 (m, 1H), 6.70 (s, 1H), 6.53 - 

6.61 (m, 1H), 2.32 (s, 3H). 13C{1H} NMR (126 MHz, CD3CN) δ 184.3, 183.8, 140.0, 136.0, 

134.0, 133.7, 133.4, 132.9, 132.7, 132.1, 132.1, 128.9, 128.6, 127.8, 127.6, 127.2, 126.5, 126.3, 

126.0, 125.5, 125.3, 125.1, 123.8, 119.0, 115.6, 111.2, 109.6, 108.9, 8.5. HRMS (ESI) m/z 

calculated for C29H20O2N [(M+H)+] 414.1489, found 414.1489. 

2-(1-Methyl-2-phenylindolizin-3-yl)naphthalene-1,4-dione (20e).  
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Blue colored solid, yield: 82% (94 mg).1H NMR (400 MHz, CDCl3) δ 8.04 - 8.09 (m, 1H), 7.96 - 

8.01 (m, 1H), 7.93 (dt, J = 7.1, 1.0 Hz, 1H), 7.66 - 7.76 (m, 2H), 7.41 (dt, J = 8.9, 1.2 Hz, 1H), 

7.30 - 7.36 (m, 2H), 7.23 - 7.29 (m, 3H), 6.81 - 6.85 (m, 1H), 6.79 (s, 1H), 6.47 - 6.65 (m, 1H), 

2.30 (s, 3H).13C{1H} NMR (101 MHz, CDCl3) δ 184.4, 184.0, 140.1, 135.0, 134.9, 134.4, 133.8, 

133.4, 133.0, 132.8, 132.2, 130.1, 128.4, 126.9, 126.9, 125.9, 124.9, 119.0, 117.7, 115.5, 111.4, 

110.2, 9.2.HRMS (ESI) m/z calculated for C25H18O2N [(M+H)+]  364.1332, found 364.1332. 

2-(2-(2,4-Dichlorophenyl)indolizin-3-yl)naphthalene-1,4-dione (20f). 

 Blue colored solid, yield: 66% (86 mg).1H NMR (500 MHz, CDCl3) δ 8.08 - 8.14 (m, 2H), 7.95 

(d, J = 6.9 Hz, 1H), 7.76 - 7.81 (m, 2H), 7.47 (d, J = 9.2 Hz, 1H), 7.43 (d, J = 1.9 Hz, 1H), 7.29 

(d, J = 1.5 Hz, 1H), 7.23 - 7.27 (m, 1H), 6.86 - 6.95 (m, 1H), 6.76 (s, 1H), 6.60 - 6.67 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 184.3, 183.2, 139.7, 135.3, 135.1, 133.8, 133.6, 133.5, 

132.6, 132.2, 131.7, 129.5, 129.0, 126.9, 126.8, 125.9, 124.8, 121.4, 119.9, 119.0, 116.1, 111.5, 

109.7, 103.4. HRMS (ESI) m/z calculated for C24H14O2NCl2 [(M+H)+] 418.0396, found 

418.0392. 

2-(2-(3,4-Dimethoxyphenyl)indolizin-3-yl)naphthalene-1,4-dione (20g).  

Blue colored solid, yield: 59% (76 mg).1H NMR (500 MHz, CDCl3) δ 8.14 (dd, J = 7.2, 1.1 Hz, 

1H), 8.06 (dd, J = 7.6, 1.1 Hz, 1H), 8.00 (d, J = 7.2 Hz, 1H), 7.74 - 7.83 (m, 2H), 7.46 (d, J = 9.2 

Hz, 1H), 7.07 (s, 1H), 6.93 (dq, J = 4.2, 2.0 Hz, 2H), 6.87 (dd, J = 8.6, 6.7 Hz, 1H), 6.81 - 6.85 

(m, 1H), 6.71 (s, 1H), 6.58 - 6.64 (m, 1H), 3.89 (s, 3H), 3.74 (s, 3H). 13C{1H} NMR (101 MHz, 

CDCl3) δ 184.2, 183.6, 148.6, 147.8, 140.4, 135.8, 135.3, 133.6, 133.4, 133.3, 132.4, 131.8, 

128.2, 126.8, 125.7, 124.2, 120.9, 119.7, 118.8, 114.4, 111.8, 111.2, 111.1, 102.1, 55.5, 55.4. 

HRMS (ESI) m/z calculated for C26H20O4N [(M+H)+] 410.1387, found 410.1381. 

2-(8-Methyl-2-phenylindolizin-3-yl)naphthalene-1,4-dione (20h). 
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Blue colored solid, yield: 68% (77 mg).1H NMR (400 MHz, CD3CN) δ 8.04 - 8.09 (m, 1H), 7.97 

- 8.01 (m, 1H), 7.91 (d, J = 0.8 Hz, 1H), 7.83 (ddd, J = 7.6, 5.3, 1.7 Hz, 2H), 7.41 - 7.50 (m, 2H), 

7.28 - 7.33 (m, 2H), 7.26 (d, J = 7.3 Hz, 1H), 6.94 (s, 1H), 6.77 (d, J = 0.8 Hz, 1H), 6.70 (s, 1H), 

6.50 - 6.61 (m, 1H), 2.46 (s, 3H). 13C{1H} NMR (101 MHz, CD3CN) δ 185.8, 185.1, 141.9, 

138.9, 137.3, 137.1, 135.4, 135.2, 134.1, 133.5, 133.3, 130.1, 129.9, 129.4, 128.0, 127.9, 126.9, 

124.1, 120.1, 116.3, 112.7, 101.5, 18.4. HRMS (ESI) m/z calculated for C25H18O2N [(M+H)+] 

364.1332, found 364.1321. 

2-(7-Methyl-2-phenylindolizin-3-yl)naphthalene-1,4-dione (20i). 

 Blue colored solid, yield: 74% (68 mg).1H NMR (500 MHz, CDCl3) δ 8.13 (d, J = 7.2 Hz, 1H), 

8.02 - 8.08 (m, 1H), 7.92 (d, J = 7.2 Hz, 1H), 7.71 - 7.85 (m, 2H), 7.36 - 7.43 (m, 2H), 7.33 (t, J 

= 7.4 Hz, 2H), 7.23 - 7.28 (m, 1H), 6.96 (s, 1H), 6.60 (s, 1H), 6.46 (dd, J = 7.2, 1.5 Hz, 1H), 2.35 

(s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 184.6, 184.1, 140.4, 136.7, 136.0, 135.1, 134.2, 

133.9, 133.6, 132.9, 132.3, 130.8, 128.9, 128.6, 127.1, 126.9, 126.0, 124.4, 117.5, 114.4, 114.4, 

101.7, 21.0. HRMS (ESI) m/z calculated for C25H18O2N [(M+H)+] 364.1332, found 364.1320. 

2-(2-(p-Tolyl)indolizin-3-yl)naphthalene-1,4-dione (20j).  

Blue colored solid, yield: 70% (63 mg).1H NMR (500 MHz, CD3CN) δ 8.06 (dd, J=7.2, 1.5 Hz, 

1H), 7.97 - 8.03 (m, 2H), 7.75 - 7.91 (m, 2H), 7.46 (d, J=8.8 Hz, 1H), 7.31 (m, J=8.0 Hz, 2H), 

7.12 (m, J=8.0 Hz, 2H), 6.91 (s, 1H), 6.86 (dd, J=9.0, 6.7 Hz, 1H), 6.70 (s, 1H), 6.51 - 6.64 (m, 

1H), 2.30 (s, 3H). 13C{1H} NMR (126 MHz, CD3CN) δ 185.6, 184.9, 141.6, 138.6, 137.7, 136.4, 

135.2, 135.0, 133.9, 133.8, 133.6, 133.3, 130.3, 129.8, 127.7, 126.7, 126.0, 120.8, 119.8, 115.6, 

112.3, 102.6, 21.2. HRMS (ESI) m/z calculated for C25H18O2N [(M+H)+] 364.1332, found 

364.1333. 

2-(2-(4-Fluorophenyl)indolizin-3-yl)naphthalene-1,4-dione (20k).  



   C-H functionalization of indolizines 

 

Chapter III  175 
 

Blue colored solid, yield: 64% (59 mg).1H NMR (400 MHz, CDCl3) δ 8.10 - 8.16 (m, 1H), 8.04 - 

8.09 (m, 1H), 7.95 (dd, J = 7.2, 0.8 Hz, 1H), 7.78 (quind, J = 7.3, 7.3, 7.3, 7.3, 1.6 Hz, 2H), 7.41 

- 7.49 (m, 1H), 7.31 - 7.39 (m, 2H), 6.94 - 7.05 (m, 3H), 6.84 - 6.91 (m, 1H), 6.65 - 6.69 (m, 1H), 

6.60 (td, J = 6.9, 1.3 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 184.2, 183.5, 139.9, 135.9, 

135.7, 133.8, 133.4, 132.3, 131.8, 131.5, 130.1, 130.0, 126.8, 125.8, 124.3, 122.5, 120.4, 119.8, 

118.9, 115.4, 115.2, 114.5, 111.4, 102.3. HRMS (ESI) m/z calculated for C24H15O2NF [(M+H)+] 

368.1081, found 368.1080. 

2-(2-(4-Methoxyphenyl)indolizin-3-yl)naphthalene-1,4-dione (20l). 

 Blue colored solid, yield: 51% (49 mg).1H NMR (400 MHz, CDCl3) δ 8.09 - 8.16 (m, 1H), 8.03 

- 8.08 (m, 1H), 7.96 (dd, J = 7.1, 0.8 Hz, 1H), 7.77 (quind, J = 7.3, 7.3, 7.3, 7.3, 1.6 Hz, 2H), 

7.45 (d, J = 8.9 Hz, 1H), 7.21 (t, J = 7.9 Hz, 1H), 7.00 (s, 1H), 6.91 - 6.97 (m, 2H), 6.86 (ddd, J = 

8.9, 6.6, 0.8 Hz, 1H), 6.77 - 6.83 (m, 1H), 6.71 (s, 1H), 6.53 - 6.64 (m, 1H), 3.73 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 184.6, 183.9, 159.7, 140.5, 137.2, 136.1, 136.0, 134.0, 

133.7, 133.6, 132.8, 132.2, 129.6, 127.1, 126.1, 124.6, 121.5, 120.0, 119.3, 115.0, 114.5, 112.5, 

111.7, 102.6, 55.2. HRMS (ESI) m/z calculated for C25H18O3N [(M+H)+] 380.1281, found 

380.1264. 

2,2'-(2-(4-Methoxyphenyl)indolizine-1,3-diyl)bis (naphthalene-1,4-dione) (20l’). 

 Blue colored solid, yield: 11% (14 mg).1H NMR (500 MHz, CDCl3) δ 8.06 - 8.17 (m, 3H), 8.04 

(dd, J = 7.4, 1.3 Hz, 1H), 7.88 (d, J = 6.9 Hz, 1H), 7.68 - 7.82 (m, 4H), 7.48 (d, J = 9.2 Hz, 1H), 

7.09 - 7.15 (m, 2H), 6.97 - 7.05 (m, 1H), 6.85 (s, 1H), 6.75 - 6.82 (m, 3H), 6.64 - 6.74 (m, 1H), 

3.75 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 184.8, 184.5, 184.4, 183.6, 158.8, 143.8, 

139.9, 138.6, 136.2, 135.2, 134.2, 133.9, 133.7, 133.5, 132.7, 132.7, 132.5, 132.2, 132.0, 131.1, 



   C-H functionalization of indolizines 

 

Chapter III  176 
 

127.2, 127.0, 126.3, 125.9, 125.2, 122.1, 118.7, 117.7, 114.3, 112.5, 108.0, 55.1.HRMS (ESI) 

m/z calculated for C35H22O5N [(M+H)+] 536.1492, found 536.1490. 

2-(2-(3-Bromophenyl)indolizin-3-yl)naphthalene-1,4-dione (20m).  

Blue colored solid, yield: 62% (67 mg).1H NMR (500 MHz, CDCl3) δ 8.15 (dd, J = 7.4, 1.3 Hz, 

1H), 8.09 (dd, J = 7.4, 1.3 Hz, 1H), 7.97 (d, J = 7.2 Hz, 1H), 7.75 - 7.86 (m, 2H), 7.60 (t, J = 1.7 

Hz, 1H), 7.47 (d, J = 8.8 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.27 - 7.31 (m, 1H), 7.12 - 7.21 (m, 

1H), 7.00 (s, 1H), 6.89 (dd, J = 8.6, 6.7 Hz, 1H), 6.72 (s, 1H), 6.59 - 6.67 (m, 1H). 13C{1H} NMR 

(126 MHz, CDCl3) δ 184.2, 183.5, 139.9, 137.7, 136.1, 135.8, 133.8, 133.5, 132.4, 131.9, 131.7, 

131.5, 129.8, 129.7, 127.3, 126.9, 125.9, 124.3, 122.5, 119.9, 119.1, 114.6, 111.7, 102.3. HRMS 

(ESI) m/z calculated for C24H15O2NBr [(M+H)+] 428.0281, found 428.0277. 

4-(3-(1,4-Dioxo-1,4-dihydronaphthalen-2-yl)indolizin-2-yl)benzonitrile (20n). 

 Blue colored solid, yield: 71% (66 mg).1H NMR (500 MHz, CD3CN) δ 8.05 - 8.13 (m, 2H), 

7.98 - 8.03 (m, 1H), 7.80 - 7.89 (m, 2H), 7.64 (m, J = 8.4 Hz, 2H), 7.60 (m, J = 8.4 Hz, 2H), 7.52 

(d, J = 8.8 Hz, 1H), 7.03 (s, 1H), 6.91 (dd, J = 8.6, 6.7 Hz, 1H), 6.82 (s, 1H), 6.60 - 6.71 (m, 1H). 

13C{1H} NMR (126 MHz, CD3CN) δ 185.6, 184.7, 141.8, 140.9, 139.2, 136.5, 135.4, 135.1, 

133.8, 133.5, 131.4, 130.5, 127.8, 126.8, 125.9, 121.2, 120.2, 119.9, 117.7, 115.9, 113.0, 111.0, 

102.6. HRMS (ESI) m/z calculated for C25H15O2N2 [(M+H)+] 375.1128, found 375.1125. 

2-(2-(3-Nitrophenyl)indolizin-3-yl)naphthalene-1,4-dione (20o). 

Blue colored solid, yield: 80% (79 mg).1H NMR (400 MHz, CDCl3) δ 8.29 (t, J = 1.9 Hz, 1H), 

8.08 - 8.15 (m, 2H), 8.02 - 8.06 (m, 1H), 7.99 (dd, J = 7.2, 0.8 Hz, 1H), 7.74 - 7.83 (m, 2H), 7.66 

(dt, J = 7.7, 1.4 Hz, 1H), 7.43 - 7.51 (m, 2H), 7.01 (s, 1H), 6.86 - 6.94 (m, 1H), 6.77 (s, 1H), 6.61 

- 6.69 (m, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 184.3, 183.6, 148.5, 139.7, 137.7, 136.6, 

136.1, 134.7, 134.3, 133.9, 132.4, 132.0, 130.8, 129.5, 127.1, 126.2, 124.5, 123.5, 121.7, 120.4, 
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119.5, 114.8, 112.3, 102.6. HRMS (ESI) m/z calculated for C24H15O4N2 [(M+H)+] 395.1026, 

found 395.1023. 

2-Chloro-3-(2-phenylindolizin-3-yl)naphthalene-1,4-dione (22a). 

 Blue colored solid, yield: 47% (46 mg).1H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 7.2 Hz, 1H), 

8.06 (d, J = 7.2 Hz, 1H), 8.01 (d, J = 7.6 Hz, 1H), 7.95 (d, J = 6.9 Hz, 1H), 7.73 - 7.82 (m, 2H), 

7.44 - 7.59 (m, 2H), 7.37 - 7.42 (m, 2H), 7.28 - 7.32 (m, 3H), 7.23 (d, J = 5.3 Hz, 1H), 6.88 - 

6.94 (m, 1H), 6.82 (s, 1H), 6.71 (s, 1H), 6.66 (t, J = 6.5 Hz, 1H). 13C{1H} NMR (101 MHz, 

CDCl3) δ 184.2, 183.5, 140.1, 135.9, 135.4, 134.0, 133.6, 133.3, 132.4, 131.8, 128.6, 128.3, 

127.8, 127.2, 126.8, 126.6, 125.7, 124.3, 119.6, 118.9, 114.6, 111.3, 111.0, 102.3, 101.3. HRMS 

(ESI) m/z calculated for C24H15O2NCl [(M+H)+] 384.0786, found 384.0775. 

5-Nitro-2-(2-phenylindolizin-3-yl)naphthalene-1,4-dione (22b).  

Blue colored solid, yield: 51% (36 mg).1H NMR (500 MHz, CDCl3) δ 8.17 (d, J = 7.2 Hz, 1H), 

8.06 (d, J = 7.6 Hz, 1H), 8.01 (d, J = 6.9 Hz, 1H), 7.79 - 7.86 (m, 2H), 7.57 - 7.70 (m, 3H), 7.49 - 

7.54 (m, 3H), 7.05 (s, 1H), 6.92 (t, J = 7.8 Hz, 1H), 6.67 (t, J = 6.5 Hz, 1H). 13C{1H} NMR (126 

MHz, CDCl3) δ 184.6, 183.8, 141.1, 140.0, 136.8, 136.4, 134.6, 134.2, 132.7, 132.3, 131.7, 

130.3, 129.6, 127.4, 126.5, 124.6, 120.7, 119.8, 119.2, 115.0, 112.6, 110.7, 102.8. HRMS (ESI) 

m/z calculated for C24H15O2NCl [(M+H)+] 384.0786, found 
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Section I 

Metal-free Regioselective C-3 Alkylation of Indolizines with Azaoxyallyl 

Cations Generated In-situ from α-Bromoamides 

4.1.1 Introduction  

Functionalized Indolizine heterocycle plays a crucial role in both pharmaceuticals and materials 

chemistry.
1
 It shows various biological activities such as antimicrobial, anticancer, 

antiproliferative, anti-inflammatory, and antitubercular activity.
2
 In the past decade, numerous 

studies on indolizine skeletons exhibit their suitability for employment in organic 

electroluminescent (organic EL) diode and dye-sensitized solar cells (DSSC).
3
  

 

Figure 1: Some important indolizine derivatives 

 

Indolizines substituted amides are essential scaffolds that show various biological activities such 

as anti-inflammatory, antifungal, and antimalarial agents, as shown in Figure 1.
2,4

 Therefore 

considering the practical application of indolizine derivatives in medicinal and material 

chemistry, developing efficient and straightforward methods for synthesizing their analog is 
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highly desirable. Indolizine is generally synthesized from pyridines and pyrroles by applying a 

plethora of synthetic methods.
5
 The π-excessive nature of the indolizine ring can easily undergo 

an electrophilic substitution reaction at C-3 or C-1 position.
6 

4.1.2 Review of Literature 

 Various reports are available for the selective C-3 substitution of indolizines rings in literature, 

such as arylation, heteroarylation,
7
 decarbonylations

8
 thiolations

9
, etc. Nevertheless, selective 

alkylation of indolizine at the C-3 position is rarely explored.
10 

Azaoxyallyl cation, an 

impermanently formed reactive species, has attracted considerable attention in constructing of 

important nitrogen-containing heterocycles.
11

 Recently the azaoxyallyl cation as a 1,3-dipoles 

has been widely applied in [4+3], [3+3], and [3+2] cycloaddition reactions. Those are with 

cyclopentadienes, furan, dienes, azides, and carbonyl compounds to produce important 

heterocycles.
12

 Remarkably, the direct nucleophilic addition at α-position of azaoxyallyl cation 

intermediate generated from α-broamides is rarely reported. 

Amination on Azaoxyallyl Cations 
13

 

 

Scheme 1: Amination of azaoxyallyl cations 

 

To date, only limited examples of direct nucleophilic substitution at α-position of bromoamides 

via azaoxyallyl cation intermediate has been reported for the synthesis of α-substituted carbonyl 

compounds (Scheme 1). In 2020 Singh and co-workers reported the metal-free amination of 

congested alkyl bromides at ambient temperature. When α-broamides in the presence of sodium 
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carbonate as a base and HFIP is solvent generates reactive species azaoxyallyl cation. This in situ 

generated azaoxyallyl cation is then functionalized using amine nucleophiles. 

Cycloaddition Reaction on Azaoxyallyl Cation (2017)
12

 

 

Scheme 2.  Cycloaddition reactions on azaoxyallyl cations 

Azaoxyallyl cation generated from alkyl bromides is highly reactive species and it can further 

functionalized by using various dienes, thioketones, furans and anthranils. Jeffrey and co-

workers in 2011 reported the [4+3] cycloaddition reaction of cyclopentadiene and furan with 

reactive azaoxyallyl cation for the synthesis of heterocyclic ring system. Further, reactive species 

were utilized by Saha and the group in 2019 for the synthesis of thiazolidin-4-ones by using 

thiocarbonyls via the [3+2] annulation strategy. Also, various dienes and anthranils are beneficial 

species for the synthesis of important heterocyclic compounds by using azaoxyallyl cation 
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4.1.3 Present Work 

4.1.3.1 Objective  

Very recently Kim and co-workers reported the nucleophilic alkoxylation of in situ generated 

azaoxyallyl cation to synthesize hindered dialkyl ether derivatives.
14

 Encouraged by these 

excellent results and our continuous efforts towards C-H activation of heteroarenes,
15

 herein we 

have described the metal-free C-3 alkylation of indolizines by using α-bromohydroxamates in 

basic condition. 

 

Scheme 3. C-3 alkylation of indolizine 

 

4.1.4 Result and Discussion  

We started our investigation by taking indolizine 1a and α-bromohydroxamates 2a as a model 

substrate, and the results are summarised in Table 1. 

Initially, the reaction was carried out using indolizine 1a (1 equiv.) and α-bromohydroxamates 

2a as the aza-oxyallyl cation precursor (1.1 equiv.) by using sodium carbonate (2 equiv.) as the 

base in DCM for 12 hours but failed to give the expected product 3a (Table 1, entry 1). Then we 

have checked the utility of other routine solvents such as MeCN, DCE, 1,4-dioxane, THF, and 

DMSO, and the results show that none of the above solvents are effective for the formation of 

desired product 3a (Table 1, entries 2-6). It is noteworthy that the expected product 3a was 

obtained in 91% yield when the reaction was carried out by using HFIP as the solvent within 3 

hours of reaction time (Table 1, entry 7). However, no significant improvement in the yields of 
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the product was observed with the use of different combinations of bases (Table 1, entries 8-11). 

Further usage of 1:1 mixture of HFIP and DCE gave the corresponding product 3a only in trace 

amount (Table 1, entry 12). 

Table 1. Optimization of Reaction Conditions
a 

 

 

Sr. no solvent Base (equiv.) Time (h) Yield of 3a 

1 DCM Na
2
CO

3
 12 0 

2 MeCN Na
2
CO

3
 12 0 

3 DCE Na
2
CO

3
 12 0 

4 1,4-Dioxane Na
2
CO

3
 12 0 

5 THF Na
2
CO

3
 12 0 

6 DMSO Na
2
CO

3
 12 0 

7 HFIP Na
2
CO

3
 3 91 

8 HFIP K
2
CO

3
 3 71 

9 HFIP Cs
2
CO

3
 3 67 

10 HFIP NaOH 3 55 

11 HFIP DBU 3 76 

12 HFIP/DCE (1:1) Na
2
CO

3
 3 Trace 

[a]
 
Reaction condition: 1a (1 equiv., xx mmol), 2a (1.1 equiv., xx mmol), 

Na2CO3 (2.5 equiv., xx mmol ) and HFIP (1 ml) at room temperature 

Therefore we achieved the best regioselectivity and excellent yield of 3a  using 1 equiv. 

indolizine, 1.1 equiv. α-bromohydroxamates, and 2.5 equiv. sodium carbonate as a base and 
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HFIP as solvent at room temperature (Table 1, entry 7). With the optimized reaction in hand 

(Table 1, entry 7), we attempted the α-substitution of various indolizines with α-bromoamides, as 

shown in Table 2. 

Table 2. Substrate Scope for Indolizines 

 

Reaction condition: 1a (1 equiv.,), 2a (1.1 equiv.,), Na2CO3 (2.5 equiv.,) and HFIP (1 ml) 

at room temperature for 1 to 3 h. 
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Indolizines substituted with a broad range of functional groups on reaction with in situ generated 

azaoxyallyl cation from alkyl bromides produce good to excellent yields of the corresponding 

products (Table 2). Substituted indolizines having electron-donating group, halogens on phenyl 

ring produce the desired products in 69-94% yields (Table 2, entries 3a-3j). Electron-

withdrawing group substituted indolizines ring also gives the excellent yields of the desired C-3 

functionalized indolizineamides in excellent yields (entries, 3k and 3l). Also, indolizines 

substituted with C1, C3, and C7 positions can yield the expected products in good yields 

(entries, 3m-3p). Heterocyclic indolizine produces the desired product 3q in 83% yield. 
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Figure 2. 
1
H and 

13
C NMR of N-(benzyloxy)-2-methyl-2-(2-phenylindolizin-3-yl)propanamide (3a) 

Example 1: 

The structure of N-(benzyloxy)-2-methyl-2-(2-phenylindolizin-3-yl) propanamide 3a was 

confirmed from its 
1
H and 

13
C NMR spectrum. In 

1
H NMR spectrum δ 1.43 (s, 6 H), for two 

methyl group hydrogens. Benzylic hydrogens of the CH2 group are shown in the region δ 4.79 (s, 

2 H), and aromatic hydrogens showed in the range of δ 6.32-7.73. In 
13

C NMR spectrum of the 

compound, 3a showed the amide peak of the carbonyl group at δ 159.5 (Figure 2). 

Next, we examined the reactivity of other functional groups substituted alkyl bromides reaction 

with indolizine, and the results are summarized in Table 3. The broad range of alkyl bromides 

with electron-releasing and electron-withdrawing groups reacted with indolizine produces 

excellent yields of the expected products (5a-5g). Alkyl bromide substituted with halogens such 

as I, Cl, and Br gives excellent yields of the desired C-3 substituted indolizines (Table 3, 

entries 5a, 5b, and 5d). Electron withdrawal on alkyl bromide is also suitable for forming desired 
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products in good yields (Table 3, entries 5c and 5e). Other alkyl group substituted alkyl bromides 

are not suitable for forming azaoxyallyl cation and resulted in 0% yields of expected products 

(entries, 5h, and 5i). 

Example 2: 

The structure of 5g was confirmed  by using 
1
H and 

13
C NMR analysis (Fig. 3). In the 

1
H NMR 

spectrum, the characteristic peak of 6 hydrogens of two methyl groups is shown at δ 1.43 (s, 6H), 

Table 3. CDC Reaction between Aromatic Aldehydes and Cyclic Ethers
a
 

 

a
Reaction condition: 1a (1 equiv.,), 4 (1.1 equiv.,), Na2CO3 (2.5 equiv.,) and HFIP 

(1 mL) at room temperature for 1 to 3 h. 
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and two methoxy groups present in the structure are shown at δ 2.05 and 3.66, respectively. 

Aromatic hydrogen’s demonstrated in the range of δ 6.55-7.64. In 
13

C, the NMR spectrum shows 

the aliphatic carbons in the range of δ 8.7-64.1 and aromatic carbons δ 108.6-174.5. After 

successful scope for substituted indolizine and alkyl bromide, we have proposed the possible 

reaction mechanism for the present transformation (Scheme 4). When alkyl bromide is reacted 

with the base in hexafluoroisopropanol, it will generate an azaoxyallyl cation intermediate. The 

formed azaoxyallyl cation then reacts with nucleophilic indolizine moiety to generate the 

cationic species 3, which on further aromatization gives the desired product 3a. 

 

Scheme 4: Reaction mechanism 

4.1.5. Conclusion 

In conclusion, we have developed the regioselective C(sp
2
)-H bond functionalization of 

indolizines from in-situ generated azaoxyallyl cations from alkyl bromides. The key features of 

the present protocol are metal-free, good to excellent yields, and easy operations. The current 

method is applicable for synthesizing functionally important derivatives of congested indolizine 
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amides. Further trapping of in situ generated azaoxyallyl cation is under progress in our 

laboratory. 
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Fig. 3: 
1
H and 

13
C NMR of N-methoxy-2-methyl-2-(1-methyl-2-phenylindolizin-3-yl)propanamide 
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4.1.6. Experimental Section 

Experimental Procedure for the Synthesis of N-(benzyloxy)-2-methyl-2-(2-phenylindolizin-

3-yl)propanamide (3a): Indolizine 1a (1 equiv.) was added in HFIP 1 mL, followed by the 

addition of α-bromohydroxamates 2a (1.1 equiv.) and anhydrous sodium carbonate (2.5 equiv.). 

Then the reaction mixture is stirred at room temperature for 3 hours. After completion of the 

reaction (monitored by TLC), the crude residue is purified by using flash column 

chromatography (100-200 mesh silica using 80/20 petroleum ether/ethyl acetate as the eluent to 

afford the corresponding product 3a as a white colored sticky liquid in 91% yield. 

N-(benzyloxy)-2-methyl-2-(2-phenylindolizin-3-yl)propanamide (3a). 

White colored gummy liquid, yield: 91% (74 mg).
1
H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 7.3 

Hz, 1H), 7.41 (t, J = 1.2 Hz, 1H), 7.38 (t, J = 1.2 Hz, 1H), 7.35 - 7.29 (m, 6H), 7.18 (dt, J = 1.6, 

4.7 Hz, 4H), 6.78 (ddd, J = 0.9, 6.5, 8.9 Hz, 1H), 6.68 - 6.50 (m, 1H), 6.32 (s, 1H), 4.79 (s, 2H), 

1.43 (s, 6H).
 13

C NMR (101 MHz, CDCl3) δ 159.5, 144.5, 144.3, 134.5, 131.2, 129.2, 128.9, 

128.6, 128.2, 125.0, 124.7, 121.1, 117.8, 113.1, 112.9, 78.2, 55.3, 25.9. 

N-(benzyloxy)-2-(2-(3-methoxyphenyl)indolizin-3-yl)-2-methylpropanamide (3b).  

faint yellow gummy liquid; 
1
H NMR (400 MHz , CDCl3) δ 7.92 (s, 1H), 7.63 (d, J = 7.1 Hz, 1 

H), 7.35 - 7.25 (m, 2H), 7.21 - 7.17 (m, 2H), 7.16 - 7.10 (m, 1H), 7.07 (d, J = 6.3 Hz, 2H), 6.79 

(ddd, J = 0.9, 2.6, 8.3 Hz, 1H), 6.74 - 6.71 (m, 1H), 6.70 - 6.65 (m, 2H), 6.54 - 6.38 (m, 1H), 

6.24 (s, 1H), 4.68 (br. s., 2H), 3.72 (s, 3H), 1.37 (s, 6H). 
13

C NMR (101 MHz , CDCl3) δ 173.9, 

158.6, 139.6, 134.6, 132.3, 129.3, 128.7, 128.6, 128.5, 128.2, 123.4, 123.0, 120.1, 119.1, 117.5, 

116.2, 112.1, 111.0, 102.6, 78.2, 55.2, 43.1, 26.0. 

N-(benzyloxy)-2-(2-(4-methoxyphenyl)indolizin-3-yl)-2-methylpropanamide (3c). 
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1
H NMR (500 MHz , CDCl3) δ 8.02 (s, 1 H), 7.44 - 7.37 (m, 5 H), 7.18 (d, J = 6.9 Hz, 2 H), 7.15 

- 7.06 (m, J = 8.4 Hz, 2 H), 6.93 - 6.85 (m, 2 H), 6.78 (dd, J = 6.5, 8.8 Hz, 1 H), 6.67 - 6.48 (m, 1 

H), 6.32 (s, 1 H), 4.80 (s, 2 H), 3.99 - 3.80 (m, 3 H), 1.45 (s, 6 H). 
13

C NMR (126 MHz, CDCl3) 

δ 174.0, 158.7, 134.7, 131.1, 129.4, 128.8, 128.7, 128.6, 128.6, 123.5, 119.1, 117.5, 112.8, 111.0, 

103.0, 78.2, 55.3, 30.5, 26.2, 23.9 

N-(benzyloxy)-2-(2-(4-fluorophenyl)indolizin-3-yl)-2-methylpropanamide (3f) 

1
H NMR (500 MHz , CDCl3) δ 7.96 (br. s., 1 H), 7.71 (d, J = 7.2 Hz, 1 H), 7.42 - 7.35 (m, 2 H), 

7.33 - 7.29 (m, 2 H), 7.17 (d, J = 6.9 Hz, 2 H), 7.14 - 7.09 (m, 2 H), 7.03 - 6.95 (m, 2 H), 6.84 - 

6.72 (m, 1 H), 6.64 - 6.49 (m, 1 H), 6.29 (s, 1 H), 4.79 (s, 2 H), 1.42 (s, 6 H). 
13

C NMR (126 

MHz , CDCl3) δ 173.8, 163.0, 161.1, 134.7, 134.2, 132.4, 131.6, 131.5, 129.4, 129.0, 128.8, 

128.6, 123.5, 120.4, 119.1, 117.7, 114.4, 114.2, 111.2, 102.9, 78.2, 43.2, 26.2. 
19

F NMR (376 

MHz, CDCl3) δ -115.58. 

N-(benzyloxy)-2-(2-(3,4-dimethoxyphenyl)indolizin-3-yl)-2-methylpropanamide (3i) 

1
H NMR (500 MHz , CDCl3) δ 8.00 (s, 1 H), 7.74 (d, J = 7.2 Hz, 1 H), 7.41 (d, J = 9.2 Hz, 1 H), 

7.35 - 7.26 (m, 3 H), 7.18 (d, J = 6.9 Hz, 2 H), 6.85 - 6.76 (m, 3 H), 6.73 (dd, J = 1.9, 8.0 Hz, 1 

H), 6.65 - 6.54 (m, 1 H), 6.35 (s, 1 H), 4.80 (s, 2 H), 3.95 (s, 3 H), 3.85 (s, 3 H), 1.48 (s, 6 H). 

13
C NMR (126 MHz , CDCl3) δ 174.1, 148.2, 147.9, 134.8, 132.3, 130.8, 129.7, 129.4, 128.8, 

128.5, 123.4, 122.6, 120.4, 119.1, 117.6, 113.7, 111.1, 110.2, 102.9, 78.2, 55.9, 55.9, 43.2, 26.1 

Experimental Procedure for the Synthesis (5a):  

Indolizine 1a (1 equiv.) was added in HFIP 1 mL, followed by the addition of α-

bromohydroxamates 4 (1.1 equiv.) and anhydrous sodium carbonate (2.5 equiv.). Then the 

reaction mixture is stirred at room temperature for 2 hours. After completion of the reaction 

(monitored by TLC), the crude residue is purified using flash column chromatography (100-200 
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mesh silica using 80/30 petroleum ether/ethyl acetate as the eluent to afford the corresponding 

product 5a as a white colored gummy liquid in 70% yield. 

N-methoxy-2-methyl-2-(1-methyl-2-phenylindolizin-3-yl)propanamide (5g) 

1
H NMR (500 MHz , CDCl3) δ 7.63 (d, J = 7.2 Hz, 1 H), 7.51 – 7.33 (m, 5 H), 7.31 – 7.26 (m, 2 

H), 6.73 (dd, J = 6.5, 8.8 Hz, 1 H), 6.57 – 6.52 (m, 1 H), 3.82 (s, 1 H), 3.66 (s, 3 H), 2.05 (s, 3 

H), 1.43 (s, 6 H).
 13

C NMR (126 MHz, CDCl3) δ 174.5, 137.3, 130.6, 130.0, 129.6, 127.7, 127.1, 

123.0, 119.8, 117.6, 116.0, 110.6, 108.7, 64.1, 43.0, 26.1, 8.8. 
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Section II 

 Ti-Superoxide Catalyzed Oxidative Amidation of Aldehydes with Saccharin 

as Nitrogen Source:  Synthesis of Primary Amides 

4.2.1 Introduction  

The amide bond constituting the structural backbone of proteins and peptides is abundantly 

found in natural products, pharmaceuticals, polymers, and agrochemicals.
16

 In particular, 

primary amides (RCONH2) play an important role in organic synthesis as building blocks 

exhibiting a wide range of industrial applications and pharmacological interests
17 

(Fig. 4). 

Traditionally, amide synthesis has been achieved by the reaction of an amine with an activated 

carboxylic acid derivative that often employs coupling reagents.
18 

 

 

Figure 4. Some biologically important primary amides  

Subsequently, several alternate strategies
19

 emerged for amide formation that includes: (i) the 

Staudinger reaction; (ii) the Schmidt reaction; (iii) the Beckmann rearrangement; (iv) 
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hydroamination of alkynes; (v) dehydrogenative amidation of alcohols; (vi) 

hydroaminocarbonylation of alkenes; (vii) iodonium promoted nitroalkene amine coupling 

reaction; (viii) transamidation of primary amides; etc. 

4.2.2 Review of Literature 

In this context, oxidative amidation of aldehydes with amine salts are synthetically preferred and 

has been achieved with a variety of reagent systems
20

 (e.g., I2, NBS, MnO2, 3,3’,5,5’-tetra-tert-

butyldiphenoquinone and TBHP as oxidant, N-heterocyclic carbene, transition metals such as Pd, 

Rh, Ru, Ni, Cu/Ag, Fe. Au, Pt, and lanthanides). It may also be noted that several researchers 

have developed catalyst-free methods using TBHP and H2O2 as oxidants.
21

 Quite recently, 

visible light was utilized to trigger a photoredox catalytic oxidative amidation of aldehydes.
22

 

This reaction, however, relied on phenazinium salt, rose Bengal, or anthraquinone-based 

organophotocatalyst and air as the oxidant. Also, oxidative amidation of methylarenes catalyzed 

by Mn or Fe in combination with NH3 or urea as amine source and oxidants has been reported 
23

 

for amide synthesis (Scheme 5). 

 

Scheme 5: Traditional amidation methods 
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Yuan’s Work (2016)
5d

 

Recently, Yuan and co-workers showed that heteropolyanion-based ionic liquids catalyzed 

oxidative amidation of aldehydes by using various primary and secondary amines in good yields 

(Scheme 6). 

 

Scheme 6. HPAIL catalyzed amidation of aldehyde 

 

The key feature of this methodology is that it is solvent-free, and various amines are tolerated in 

this approach. Furthermore, the catalyst used for this transformation is easily reusable, but the 

HPAIL is more costly than our heterogeneous catalysis method. Generally, various primary and 

secondary amines are required as amine sources in this work.
 

Maji’s Work (2017)
5k 

 

 

Scheme 7. Cp*Rh(III) catalysed direct amidation of aldehyde 

 

In 2017 Maji and a co-worker developed the chelation-assisted Rh catalyzed oxidative amidation 

of aldehyde by using anthranil as the amine source (Scheme 7). In this work, the scope of 

aldehyde is limited, and generally, the aldehyde requires directing groups. The key advantages of 
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this protocol are catalytic amount of metal is required, and it is oxidant free. The incorporation of 

costly metals and limited substrate scope are a few limitations of this work. Also, the yield of a 

few substrates is significantly less as the reaction requires complex reagents. 

4.2.3 Present Work 

4.2.3.1 Objectives 

The existing methods utilize homogeneous, rare, and costly transition metals as a catalyst. Also, 

these homogeneous reaction mixtures did not allow the recyclability of used metals. To the best 

of our knowledge, metal-catalyzed direct oxidative amidation of aldehydes under heterogeneous 

conditions has not been explored. In this strategy, we wish to report Ti-superoxide catalyzed 

oxidative amidation of aldehydes and catalyst reused for more than three catalytic cycles 

(scheme 8). 

 

Scheme 8. Oxidative amidation of aldehyde 

 

Saccharin (2) is an artificial sweetener used in the production of various foods and 

pharmaceutical products. It is also used in the preparation of disubstituted amines from halides 

via nucleophilic substitution followed by Gabriel synthesis.
24 

Some time ago, we have reported 

an elegant synthesis and catalytic applications of exceptionally stable titanium superoxide for C-

O, C-N, and C-Br bond-forming reactions.
25 

It was interesting to explore the cross dehydrogenative coupling between benzaldehyde and 

saccharin under Ti-superoxide catalysis in the presence of TBHP as an oxidant to produce N-
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benzoylsaccharin (8). Surprisingly, the reaction underwent oxidative amidation to produce 

benzamide (56%). Thus, to develop a general condition for amide synthesis, we proposed that 

saccharin (2) could serve as a nitrogen source. In this paper, we wish to report, for the first time, 

that titanium superoxide efficiently catalyzes oxidative amidation of aldehydes under indeed 

heterogeneous conditions to produce primary amides (3) in excellent yields employing saccharin 

(2), an amine source, and TBHP as oxidant (Scheme 8). 

4.2.4 Results and Discussion 

Table 4 shows the optimization studies of oxidative amidation of anisaldehyde with saccharin as 

amine source over Ti-superoxide using TBHP as oxidant. 

    Table 4:  Optimization of oxidative amidation of anisaldehyde with saccharin as amine  

      source over Ti-superoxide 
a
 

 

Entry Catalyst 
b 

(wt%)
 

Oxidant (equiv.) Solvent T (°C) Time 

(h) 

Yield (%)
c
 

1 10 TBHP (1) DCE  25 12 N R 

2 10 TBHP (2) DCE 90 12 19  

3 10 TBHP (3) DCE 90 12 22  

4 10 TBHP (3) 1,4-dioxane 90 12 41 (22)
d
 

5 20 TBHP (3) 1,4-dioxane 90 12 65  

6 20 TBHP (3) 1,4-dioxane 90 8 71 

7 20 TBHP (3) 1,4-dioxane 90 4 83 

8 20 TBHP (3) 1,4-dioxane 90 1 95  

9 20 TBHP (2) 1,4-dioxane 90 1 51 

10 20 DTBP (3) or 1,4-dioxane 90 1 N R 
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K2S2O8 (3) 

11 20 30% H2O2 (3) 1,4-dioxane 90 1 11 

 

Reaction conditions
[a]

: Anisaldehyde (1 mmol), saccharin (1.2 mmol), solvent (4 mL); 

[b]
titanium superoxide; 

[c]
 isolated yield; d: 5-6 in hexane was m TBHP used; 

[d]
temperature 

was 110 ⁰C 

 

Anisaldehyde 17a and saccharin 18 was chosen as model substrates for the optimization of 

reaction conditions. When they were combined in equimolar amounts in 1,2-dichloroethane with 

Ti-superoxide (10 wt %) as a catalyst at RT, no reaction took place (Table 4, entry 1). However, 

with an increase in TBHP concentration (2-3 equiv.) and temperature at 90 
o
C, amide 19a was 

obtained in low yields (entries 2-3, 19-22%). With the change of solvent to 1,4-dioxane, a 

considerable improvement in yield of 19a was achieved (41%). Further, an increase in 

temperature to 110 
o
C had a deleterious effect on yield (22%) (entry 4). When the catalyst 

concentration was increased to 20 wt%, yield of 19a was increased to 65% (entry 5). 

Interestingly, a substantial improvement in yield was observed from 65 to 83% as the reaction 

time was decreased from 12 h to 4 h. Finally, a dramatic improvement in yield (95%) was 

realized by reducing time to 1 h. Further, reduction in TBHP concentration to 2 equiv. resulted in 

a lowered yield of amide 19a (51%) (entry 9). Unfortunately, other solvents such as CH3CN, 

DMSO, DMF, and THF were found to be unsuitable for the reaction. Also, several oxidants such 

as DTBP, K2S2O8, H2O2, and other Ti catalysts (titanium silicalite-1 and TiO2) were found to be 

less favored for oxidative amidation. It may be noted that the reaction failed to proceed with 

other amine sources such as ammonia or its salts (Cl
-
, OAc

-
 or NO3

-
) as well. 

To determine the scope and limitations of this reaction, a wide range of aldehydes were reacted 

under the optimized reaction conditions (Table 4). In general, good to excellent yields of primary 
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amides were obtained in most cases. For instance, aromatic aldehydes, bearing electron-donating 

and electron-withdrawing groups in different ring positions, gave the desired products (19a-w) in 

good to excellent yields (27-95 %), indicating that the reaction is not sensitive to electronic 

Table 5: Substrate scope for the oxidative amidation of aldehydes
a 

 

Reaction conditions: a: Aldehyde (1 mmol), saccharin (1.2 mmol),5-6 M TBHP in 

hexane (3 mmol), Ti-Superoxide (20 wt%), 1,4-dioxane (4 mL), 90 
o
C, 1 h: b : 

 
Isolated 

yield.   
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effects (Table 5). Thus, various functional groups with potential synthetic applications are well-

suited for this reaction, although substrates with sensitive NH2 and OH groups yielded a 

diminished yield (27-36%). Interestingly, phenyl acetaldehydes possessing a variety of 

substituents with different electronic effects (Br, OH, OMe and Cl) gave the desired primary 

amides (19x-z & 19aa-3ab) in high yields (36-86%). Aliphatic (C8- and C10-), heteroaryl (2-

thienyl and 2-pyridyl), and naphthyl aldehydes were tolerated as well, thus providing the desired 

amides (19ae, 19af & 19i) in good yields (25-78%). Nevertheless, it should be noted that 

unsaturated aldehydes such as cinnamaldehyde and acrolein are less favored substrates under the 

oxidative amidation condition. The formation of 19a-19af was confirmed and analyzed by 
1
H, 

13
C, and Mass data. 

Example 1: 

The confirmation of benzamide (19a) was done by its 
1
H and 

13
C NMR spectrum. In the 

1
H 

NMR spectrum, the aromatic peaks displayed at δ 7.42-7.94, and N-H hydrogen showed at δ 

8.07 (s, 1H). In the 
13

C NMR spectrum of benzamide, the characteristic amide carbon showed at 

δ 168.62 and remaining saturated carbons in the range of δ 128-134(3a) (Figure 5). 

In order to get an insight into the mechanism of this reaction, we have conducted the following 

two experiments (Scheme 8). When N-benzoyl saccharin 20 was subjected to the optimized 

reaction conditions, benzamide (19a) was indeed isolated in a 39% yield, confirming the 

involvement of 20 as the key intermediate.  
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Figure 5. 

1
H and 

13
C NMR of benzamide (19a) 
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Scheme 8: Mechanistic studies to establish the involvement of radical pathway 

 

Also, when oxidative amidation of anisaldehyde was carried out in the presence of radical 

scavenger TEMPO (1.1 equiv.), the corresponding TEMPO adduct 22 was detected and 

confirmed by LCMS, thus establishing the formation of benzoyl radical that underwent radical 

coupling in the reaction.  Based on the above experiments and literature precedence,
26

 a  

 

Scheme 9: Catalytic cycle for the oxidative amination of aldehydes 
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plausible catalytic cycle is proposed in Scheme 9. Initially, the combination of an acyl radical, 

generated from aldehyde on oxidation with TBHP, in the presence of Ti catalyst A produces Ti 

peroxo species B. Subsequently, B undergoes displacement with saccharin to produce N-

acylsaccharin C along with TiOOH. Finally, 2 equiv. of TBHP is utilized: (i) to regenerate Ti 

catalyst A; (ii) to form amides from intermediate C via oxidative hydrolysis. 

 

Scheme 10: Synthesis of moclobemide on 5 g scale 
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Figure 6. 
1
H and 

13
C NMR of Moclobemide (7) 

This methodology is amply demonstrated in the synthesis of drugs, namely ethenzamide 19s and 

moclobemide 24. Scheme 10 shows the single-step synthesis of moclobemide, a reversible 

inhibitor of monoamine oxidase A via N-alkylation of 17e with 23.  

Figure 7:  Reusability studies of Ti catalyst
a
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a
Reaction conditions: Anisaldehyde (2 mmol), saccharin (2.4 mmol), TBHP (6 

mmol), 1,4-dioxane, 90 
o
C, 1 h; b: isolated yield. 

 

Example 2: 

 Moclobemide formation was confirmed by measuring its 
1
H,

13
C NMR, and HRMS analysis 

(Figure 6). Aliphatic hydrogens showed in the range of δ 2.50 to 3.72 and aromatic four 

hydrogens in the range of δ 7.39-7.72. In carbon NMR, aliphatic carbons are displayed in the 

range of δ 35-66 and aromatic carbons in the range of δ 128-166. Fig. 7 shows the results of 

reusability studies. Ti-superoxide catalyst was readily recovered quantitatively by simple 

filtration and reused again at least for 3 cycles without the loss of catalytic activity (runs 1-3). 

The catalyst was performed ia a truly heterogeneous manner as no leaching of Ti was observed 

in the aqueous part. 

4.2.5 Conclusion  

In conclusion, we have described a simple, convenient, and environment-friendly protocol for 

primary amide synthesis directly from aldehydes using Ti-superoxide as a mild and cheap 

catalyst and saccharin as an amine source using TBHP oxidant. The presented strategy has 

several advantages that include: (i) Ti catalyst is recyclable; (ii) good functional group 

compatibility; (iii) wide range of substrate scope; (iv) mild reaction conditions; (v) no additives 

and can be easily scaled up; (vi) saccharin as cheaply available amine source. We envisage that 

this new catalytic method would be an alternative to other methods for primary amide synthesis. 

4.2.6 Experimental Section  

4.2.6.1 Preparation of the titanium superoxide catalyst: 

 Titanium tetraisopropoxide (Ti(OiPr)4 (2.51 g, 0.0875 mmol) in anhydrous methanol (30 mL) 

was added to the stirred solution of 50% aq. H2O2 (3 g, 0.0875 mmol) for 30 min under a 
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nitrogen atmosphere with continuous stirring at room temp for 2 h. The yellow color solid 

formed was filtered on a sintered funnel, washed thoroughly with anhydrous methanol, and dried 

under reduced pressure (3 mm Hg) at 25 ºC for 1 h to give titanium superoxide 96% yield. 

General experimental procedure for the preparation of benzamides: 

 

To a 25 mL, oven-dried round-bottom flask was added benzaldehydes (1 equiv.), Saccharin (1.2 

equiv.) and titanium superoxide as catalyst (10 wt.%) in dry 1,4-Dioxane (4mL) was added 

TBHP in decane (3 equiv.) in a dropwise manner. The round-bottom flask was equipped with a 

condenser, and the resulting reaction mixture was refluxed to 90
°
C for 1h. The progress of the 

reaction was monitored by TLC. Upon completion of the reaction, the solvent was evaporated 

under reduced pressure then the reaction mixture was filtered through a sintered funnel using 

NaHCO3 aqueous solution and EtOAc as eluent. Then the organic layer was extracted with 

EtOAc, dried over anhydrous Na2SO4, and evaporated under reduced pressure. The crude 

product was purified by column chromatography over silica (100-200 mesh) using petroleum 

ether/ethyl acetate (70:30 v/v) as an eluent to give the corresponding amides. 

Experimental procedure for the gram scale synthesis of Moclobemide (24): 

 



   Synthesis of amide derivatives 

 

Chapter IV  214 
 

4-chlorobenzamide (5 g, 1equiv.), K2CO3 (6.67 g 1.5 equiv.), 4-(2-bromoethyl) morpholine (7.41 

g   1.2 equiv.), and dry DMSO (25 mL) were placed in a two-neck round bottom flask. The 

mixture was heated at 110 
°
C for 24 h under a nitrogen atmosphere, cooled, diluted with cold aq 

NH4Cl solution, and extracted with EtOAc (3*30 mL). The organic layers were combined, 

washed with brine, and dried over anhyd. Na2SO4, and then concentrated. Further, the product 

was purified by column chromatography. 

Benzamide (19a) 

Yield: 104 mg (93%); White solid; mp:130-132 
°
C;

   1
H NMR (400 MHz, DMSO-d6): δ 7.38 - 

7.55 (m, 4H), 7.88 - 7.98 (m, 2H), 8.07 (br.s.,1H); 
13

C NMR (101 MHz, DMSO-d6): δ 128.0, 

128.7, 131.7, 134.7, 168.6. HRMS (ESI) calculated [M+H]
+
 for C7H8ON: 122.0527; found: 

122.0528. 

4-Methylbenzamide (19b) 

Yield: 106 mg (95%); white solid; mp: 158-160
°
C;

  1
H NMR (400 MHz, DMSO-d6) : δ 2.33 (s, 

3H), 7.23 (d, J = 7.9 Hz, 2H), 7.31 (br. s., 1H), 7.79 (d, J = 7.9 Hz, 2H), 7.92 (br. s., 1H); 
13

C 

NMR (101 MHz, DMSO-d6): δ 21.4 , 128.0, 129.2, 131.9, 141.5, 168.3; HRMS (ESI) calculated 

[M+H]
+
 for C8H10ON: 136.0684; found: 136.0684. 

4-Methoxybenzamide (19c) 

Yield: 101 mg (91%); White solid; mp: 166-170
°
C; 

1
H NMR (400 MHz, DMSO-d6): δ 3.80 (br. 

s., 3H), 6.96 (br. s., 2H), 7.21 (br. s., 1H), 7.85 (br. s., 3H); 
13

C NMR (101 MHz, DMSO-d6): δ 

55.5, 113.6, 126.7, 129.6, 161.8, 167.7, and 167.7; HRMS (ESI) calculated [M+H]
+
 for 

C8H10O2N: 152.0706; found: 152.0706. 

4-(Tert-butyl)benzamide (19d) 



   Synthesis of amide derivatives 

 

Chapter IV  215 
 

Yield: 96 mg (88%); white solid; mp: 172-174
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 1.26 (br. s., 

9H), 7.32 (br. s., 1H), 7.44 (d, J = 8.2 Hz, 2H), 7.81 (t, J = 6.6 Hz, 2H), 7.95 (br. s., 1H); 
13

C 

NMR (101 MHz, DMSO-d6): δ 31.0, 34.6, 125.0, 127.4, 131.6, 154.1, 168; HRMS (ESI) 

calculated [M+H]
+
 for C1H16ON: 178.1226; found: 178.1227. 

4-Chlorobenzamide (19e) 

Yield: 87 mg (79%); White solid; mp: 178-180
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 7.38 - 7.64 

(m, 3H), 7.89 (d, J = 7.9 Hz, 2H), 8.06 (br. s., 1H); 
13

C NMR (101 MHz, DMSO-d6): δ 128.6, 

129.7, 133.3, 136.4, 167.2; HRMS (ESI) calculated [M+H]
+
 for C7H7ONCl: 156.0137; found:  

156.0139. 

4-Iodobenzamide (19f) 

Yield: 79 mg (75%); White solid; mp: 214-218
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 7.48 (br. 

s., 1H), 7.66 (d, J = 6.9 Hz, 2H), 7.75 - 7.92 (m, 2H), 8.07 (br. s., 1H); 
13

C NMR (101 MHz, 

DMSO-d6) : δ 99.5, 130.0, 134.2, 137.6, 167.9; HRMS (ESI) calculated [M+H]
+
 for C7H7ONI: 

247.9567; found:  247.9569. 

4-Hydroxybenzamide(19g) 

Yield: 42 mg (36%); off white solid; mp: 158-160
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 6.81 (d, 

J = 8.5 Hz, 2H), 7.17 (br. s., 1H), 7.77 (d, J = 8.5 Hz, 3H), 10.00 (s, 1H); 
13

C NMR (101 MHz, 

DMSO-d6) : δ 115.6, 125.7, 130.3, 161.0, 168.8; HRMS (ESI) calculated [M+H]
+
 for C7H8O2N: 

138.0550; found: 138.0550. 

4-Aminobenzamide(19h) 

Yield: 41 mg (38%); white solid; mp: 182-184
°
C; 

1
H NMR (400 MHz, DMSO-d6) : δ 5.66 (br. 

s., 2H), 6.63 (d, J = 7.9 Hz, 2H), 7.15 (br. s., 1H), 7.73 (d, J = 7.3 Hz, 3H); 
13

C NMR (101 MHz, 



   Synthesis of amide derivatives 

 

Chapter IV  216 
 

DMSO-d6) : δ 113.0, 121.1, 129.6, 152.0, 169.1; HRMS (ESI) calculated [M+H]
+
 for C7H9ON2: 

137.0709; found: 137.0711. 

1-Naphthamide (19i) 

Yield: 91 mg (78%); brown solid;
 
mp: 208−210 

°
C; 

1
H NMR (400 MHz, DMSO-d6): δ 7.47 - 

7.75 (m, 5H), 7.90 - 8.13 (m, 3H), 8.27 - 8.43 (m, 1H); 
13

C NMR (101 MHz, DMSO-d6) : δ 

125.3, 125.5, 126.0, 126.5, 127.0, 128.6, 130.1, 130.2, 133.6, 135.1, 171.0; HRMS (ESI) 

calculated [M+H]
+
 for C11H10ON: 172.0757; found: 172.0757. 

3-Nitrobenzamide (19j) 

Yield: 78 mg (71%); white solid; mp: 140-142
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 7.68 - 7.83 

(m, 2H), 8.35 (d, J = 7.3 Hz, 2H), 8.30 (d, J = 7.9 Hz, 2H), 8.68 (s, 1H). 
13

C NMR (101 MHz, 

DMSO-d6): δ 122.3, 125.9, 130.1, 133.9, 135.8, 147.8, 165.9; HRMS (ESI) calculated [M+H]
+
 

for C7H7O3N2: 167.0451; found: 167.0452. 

3-Fluorobenzamide (19k) 

Yield: 83 mg (74%); white solid; mp: 128-130
°
C; 

1
H NMR (400 MHz, DMSO-d6): δ 7.31 (br. s., 

1H), 7.45 (br. s., 1H), 7.52 (br. s., 1H), 7.60 - 7.74 (m, 2H), 8.06 (br. s., 1H);
 13

C NMR (101 

MHz, DMSO-d6): δ  114.6, 118.4, 124.0, 130.8, 137.1, 163.7, 167.1. 

3-(Trifluoromethyl)benzamide (19l) 

Yield: 77 mg (71%); white solid; mp: 182-186
°
C; 

 1
H NMR (400 MHz, DMSO-d6): δ 7.55 - 7.79 

(m, 2H), 7.87 (d, J = 7.3 Hz, 1H), 8.14 - 8.44 (m, 3H); 
13

C NMR (101 MHz, DMSO-d6) : δ 

123.1, 124.6, 125.8, 128.3, 129, 130.0, 132.0, 135.6, 166.9; HRMS (ESI) calculated [M+H]
+
 for 

C8H7ONF3: 190.0447; found:  190.0447. 

3-Methoxybenzamide (19m) 
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Yield: 94 mg (84%); white solid; mp: 182-186
°
C;

  1
H NMR (400 MHz, DMSO-d6): δ 3.79 (s, 

3H), 6.92 - 7.20 (m, 1H), 7.29 - 7.58 (m, 4H), 7.99 (br. s., 1H);
 13

C NMR (101 MHz, DMSO-d6): 

δ  55.5, 112.9, 117.3, 120.0, 129.6, 136.0, 159.4, 168.0; HRMS (ESI) calculated [M+H]
+
 for 

C8H10O2N: 152.0706; found: 152.0706. 

2-Methylbenzamide (19n) 

Yield: 102 mg (91%); white solid; mp:142-146
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 2.36 (s, 

3H), 7.16 - 7.25 (m, 2H), 7.28 - 7.40 (m, 3H), 7.70 (br. s., 1H); 
13

C NMR (101 MHz, DMSO-

d6): δ 20.0, 125.9, 127.4, 129.6, 130.9, 135.6, 137.5, 171.5; HRMS (ESI) calculated [M+H]
+
 for 

C8H10ON: 136.0684; found: 136.0684. 

2-Iodobenzamide (19o) 

Yield: 84 mg (79%); white solid; mp: 180-182
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 7.15 (td, J 

= 7.6, 1.6 Hz, 1H), 7.35 (dd, J = 7.6, 1.6 Hz, 1H), 7.43 (t, J = 7.4 Hz, 1H), 7.52 (br. s., 1H), 7.77 

- 7.94 (m, 2H); 
13

C NMR (101 MHz, DMSO-d6): δ 93.6, 128.3, 128.4, 131.1, 139.6, 143.6, 

171.2; HRMS (ESI) calculated [M+H]
+
 for C7H7ONI: 247.9567; found:  247.9566. 

2-Bromobenzamide (19p) 

Yield: 79 mg (73%); white solid; mp:156-158
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 7.34 (br. s., 

1 H), 7.41 (br. s., 2 H), 7.53 - 7.72 (m, 2H), 7.88 (br. s., 1H); 
13

C NMR (101 MHz, DMSO-d6): δ 

119.1, 128, 129, 131.1, 133.2, 139.8, 169.6. 

2-Hydroxybenzamide (19q) 

Yield: 53 mg (48%); off white solid;
  
mp:137-139

°
C; 

 1
H NMR (400 MHz, DMSO-d6): δ 6.76 - 

6.96 (m, 2H), 7.29 - 7.44 (m, 1H), 7.78 - 8.04 (m, 2H), 8.44 (br. s., 1H); 
13

C NMR (101 MHz, 

DMSO-d6): δ  115.1, 118.1, 119.0, 128.8, 134.7, 161.8, 172.9; HRMS (ESI) calculated [M+H]
+
 

for C7H8O2N: 138.0550; found: 138.0550. 
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2-Aminobenzamide (19r) 

Yield: 30 mg (27%); white solid; mp:111-113
°
C; 

1
H NMR (400 MHz, DMSO-d6): δ 6.46 - 6.61 

(m, 3H), 6.76 (d, J = 7.9 Hz, 1H), 7.09 - 7.33 (m, 2H), 7.62 (d, J = 7.9 Hz, 1H), 7.84 (br. s., 1H); 

13
C NMR (101 MHz, DMSO-d6): δ 114.4, 115.4, 117.2, 129.5, 132.8 , 150.8 , 172.3; HRMS 

(ESI) calculated [M+H]
+
 for C7H9ON2: 137.0709; found: 137.0709. 

2-Ethoxybenzamide (19s) 

Yield: 91 mg (79%); white solid; mp: 130-132 
º
C; 

  1
H NMR (400 MHz, DMSO-d6): δ 1.4 (t, J = 

7.10 Hz, 3H), 4.1 (q, J = 6.87 Hz, 2H), 6.9 - 7.2 (m, 2H), 7.4 (td, J = 7.78, 1.83 Hz, 1H), 7.6 (br. 

s., 2H), 7.9 (dd, J = 7.79, 1.83 Hz, 1H); 
13

C NMR (101 MHz, DMSO-d6): δ 14.5 ,64.3, 112.9, 

120.5, 122.6, 131.0, 132.6, 156.6, 166.5; HRMS (ESI) calculated [M+H]
+
 for C9H12O2N: 

166.0863; found: 167.0862. 

3,5-Dinitrobenzamide (19t) 

Yield: 77 mg (72%); yellow solid;
  
mp:180-182

°
C;

  1
H NMR (400 MHz, DMSO-d6):7.99 (br. s., 

1H), 8.67 (br. s., 1H), 8.85 - 8.99 (m, 2H), 9.04 (d, J = 1.8 Hz, 2H); 
13

C NMR (101 MHz, 

DMSO-d6): δ 121.5, 128.4, 129.2, 137.7, 148.5, 148.8, 164.3; HRMS (ESI) calculated [M+H]
+
 

for C7H6O5N3: 212.0302; found: 212.1181. 

3,5-Dimethylbenzamide (19u) 

Yield: 105 mg (95%); white solid; mp:134-136
°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 2.29 (s, 

7H), 7.12 (s, 1H), 7.26 (br. s., 1H), 7.49 (s, 2H), 7.88 (br. s., 1H); 
13

C NMR (101 MHz, DMSO-

d6): δ 21.3, 125.7, 132.9, 134.7, 137.7, 168.7; HRMS (ESI) calculated [M+H]
+
 for C9H12ON: 

150.0913; found: 150.0913. 

2,3-Difluorobenzamide (19v) 
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Yield: 96 mg (85%); white solid;
  
mp:118-120

°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 7.25 (br. s., 

1H), 7.38 - 7.57 (m, 2H), 7.81 (br. s., 1H), 7.90 (br. s., 1H); 
13

C NMR (101 MHz, DMSO-d6) : δ 

119.4- 119.5 ( 1C J = 17 Hz), 125.0- 125.3 (1C J = 30 Hz), 126.6, 146.3 -146.4 (1C J = 12.5 

Hz), 148.8 -148.9 (1C J = 13.5 Hz), 151.2-151.4 (1C J = 13.5 Hz), 164.7; HRMS (ESI) 

calculated [M+H]
+
 for C7H6ONF2: 158.0412; found: 158.0413. 

2,6-Difluorobenzamide (19w) 

Yield: 89 mg (81%); white solid;
  
mp: 150-154

°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 7.14 (t, J = 

8.0 Hz, 2H), 7.48 (quin, J = 7.6 Hz, 1H), 7.88 (br. s., 1H), 8.18 (br. s., 1H); 
13

C NMR (101 MHz, 

DMSO-d6): δ 112.2-112.3 (1C J = 5 Hz), 112.4-112.4 (1C J = 5 Hz), 116.1, 116.3-116.5 (1C J = 

23 Hz), 131.6, 131.7- 131.8 ( 1C J = 9.5 Hz), 157.9, 158.0 ( 1C J = 8.6 Hz), 160.4-160.5 ( 1C J =  

8.6 Hz), 162.2; HRMS (ESI) calculated [M+H]
+
 for C7H6ONF2: 158.0412; found: 158.0413. 

2-Phenylacetamide (19x) 

Yield: 80 mg (71%); white solid;
  
mp:154- 156

°
C; 

1
H NMR (400 MHz, DMSO-d6): δ 3.48 (br. 

s., 2H), 6.94 (br. s., 1H), 7.21 - 7.26 (m, 1H), 7.28 (br. s., 5H), 7.52 (br. s., 1H); 
13

C NMR (101 

MHz, DMSO-d6) δ ppm 42.8, 126.8, 128.7, 129.6, 137.0, 172.9. 

2-(4-Bromophenyl)acetamide (19y) 

Yield: 79 mg; (74%); yellow solid; 
 
mp: 194 - 196

°
C; 

 1
H NMR (400 MHz, DMSO-d6): δ 3.40 

(br. s., 3H), 6.96 (br. s., 1H), 7.25 (br. s., 3H), 7.41 (br. s., 1H), 7.48 (br. s., 1H), 7.55 (br. s., 1H); 

13
C NMR (101 MHz, DMSO-d6): δ 42.1, 121.8, 128.7, 129.6, 130.7, 132.3, 139.6, 172.2; 

HRMS (ESI) calculated [M+H]
+
 for C8H9ONBr: 213.9862; found: 213.9868. 

2-(4-Hydroxyphenyl)acetamide (19z) 
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Yield: 61 mg (55%); white solid;
  
mp:

 
175- 177

°
C; 

1
H NMR (400 MHz, DMSO-d6): δ 3.28 (br. 

s., 2H), 6.63 - 6.81 (m, 2H), 6.82 - 7.00 (m, 1H), 7.04 - 7.16 (m, 2H), 7.43 (br. s., 1H), 9.19 - 

9.35 (m, 1H); 
13

C NMR (101 MHz, DMSO-d6): δ 41.8, 115.4, 126.9, 130.3, 156.2, 173.6. 

2-(3,4-Dimethoxyphenyl)acetamide (19aa) 

Yield: 93 mg (86%); brown solid;
 
mp: 140-144

°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 3.28 (s, 

2H), 3.72 (s, 3H), 3.71 (s, 3H), 6.74 - 6.79 (m, 1H), 6.80 - 6.89 (m, 3H), 7.37 (br. s., 1H); 
13

C 

NMR (101 MHz, DMSO-d6): δ 42.5, 56.1, 56.2, 112.4 , 113.6, 121.7, 129.6, 148.1, 149.1, 173.2; 

HRMS (ESI) calculated [M+H]
+
 for C10H14O3N: 196.0968; found: 196.0969. 

2-(3,4-Dichlorophenyl)acetamide (19ab) 

Yield: 78 mg (74%); brown solid;
  1

H NMR (400 MHz, DMSO-d6): δ 3.36 - 3.46 (m, 2H), 7.34 

(br. s., 1H), 7.41 (br. s., 2H), 7.56 - 7.67 (m, 2H), 7.88 (br. s., 1H); 
13

C NMR (101 MHz, DMSO-

d6): δ 39, 118.7, 127.6, 128.6, 130.7, 132.8, 139.3, 169.2; HRMS (ESI) calculated [M+H]
+
 for 

C8H8ONCl2: 203.9977; found: 203.9980. 

Octanamide (19ac) 

Yield: 47 mg; (42%); white solid;
 
mp: 107- 109

°
C;

 1
H NMR (400 MHz, CDCl3): δ 0.82 - 0.95 

(m, 3H), 1.30 (s, 4H), 1.27 (s, 5H), 1.56 - 1.70 (m, 2H), 2.21 (t, J = 7.6 Hz, 2 H), 5.54 (br. s., 

1H), 5.86 (br. s., 1H); 
13

C NMR (101 MHz, CDCl3): δ 14.0, 22.5, 25.5, 29.0, 29.1, 31.6, 35.9, 

175.9. 

Decanamide (19ad) 

Yield: 42 mg (39%); white solid;
  
mp: 101- 103

°
C; 

1
H NMR (400 MHz, DMSO-d6): δ 0.85 (t, J 

= 6.4 Hz, 3H), 1.24 (s, 13H), 1.42 - 1.51 (m, 2H), 2.01 (t, J = 7.3 Hz, 2H), 6.66 (br. s., 1H), 7.21 

(br. s., 1H); 
13

C NMR (101 MHz, DMSO-d6): δ 14.0, 22.1, 25.1, 28.7, 28.7, 28.9, 29.0, 31.3, 

35.1, 174.4; HRMS (ESI) calculated [M+H]
+
 for C10H12ON: 172.1696; found: 172.1696. 
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Thiophene-2-carboxamide (19ae) 

Yield: 68 mg (61%); white solid;
  
mp:181- 183

°
C;

 1
H NMR (400 MHz, DMSO-d6): δ 7.12 (br. s., 

1H), 7.39 (br. s., 1H), 7.75 (s, 1H), 7.71 (s, 1H), 7.99 (br. s., 1H); 
13

C NMR (101 MHz, DMSO-

d6): δ 128.4, 129.2, 131.4, 140.7, 163.5; HRMS (ESI) calculated [M+H]
+
 for C5H6ONS: 

128.0165; found: 128.0165. 

2-Picolinamide (19af) 

Yield: 28 mg (25%); white solid;
  
mp: 104- 108

°
C; 

1
H NMR (400 MHz, DMSO-d6): δ 7.52 - 

7.59 (m, 1H), 7.71 (br. s., 1H), 7.92 - 8.00 (m, 1H), 8.06 (d, J = 7.8 Hz, 1H), 8.17 (br. s., 1H), 

8.61 (d, J = 2.7 Hz, 1H); 
13

C NMR (101 MHz, DMSO-d6 ): δ 122.4, 126.9, 138.1, 148.9, 150.7 , 

166.6; HRMS (ESI) calculated [M+H]
+
 for C6H7ON2: 123.0553; found: 123.0555. 

2-Benzoylbenzo[d]isothiazol-3(2H)-one-1,1-dioxide (20) 

  
White solid;

  1
H NMR (400 MHz, DMSO-d6) δ ppm 7.3 - 7.5 (m, 2H), 7.6 - 7.6 (m, 1H), 7.6 - 

7.8 (m, 1H), 7.8 - 8.1 (m, 5H), 8.2 (d, J = 7.33 Hz, 1H).
  13

C NMR (101 MHz, DMSO-d6): δ 121, 

125, 127, 129, 131, 133, 135, 136, 139, 161, 167. 

Moclobemide (24) 

Yield: 5.35 gm (62%); white
 
solid; mp: 135- 137

°
C;

 1
H NMR (500 MHz, CDCl3): δ  2 (br. s., 

4H), 3 (t, J = 5.91 Hz, 2H), 3 - 4 (m, 2H), 4 (t, J = 4.58 Hz, 4H), 7 (br. s., 1H), 7 (m, J = 8.77 Hz, 

2H), 8 - 8 (m, 2H);  
13

C NMR (126 MHz, CDCl3) : δ  36, 53, 57, 67, 128,128, 128, 133, 137, 

166. 
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Substituted piperidines are the most accessible structural motifs found among the biologically 

active N-heterocycles, which occurred naturally and synthetically. It has become the most 

reputed and impressive core structure as it is present in 72 small drug molecules having 

piperidine as an active site. Functional functionalized cyclic ethers are necessary scaffolds found 

in various natural products and pharmaceutical ingredients. Generally, tetrahydrofuran (THF), 

1,4-dioxane, and tetrahydropyrans (THP) are examples of cyclic ethers. These compounds show 

a broad spectrum of biological activity, including antibacterial, anti-inflammatory, anti-cancer, 

and anti-diabetic. The natural and synthetic indolizine alkaloids are extensively used in SAR 

studies and this study reveals that the indolizine derivatives showed a broad spectrum biological 

activities. The amide bond constituting structural backbone of proteins and peptides, is 

abundantly found in natural products, pharmaceuticals, polymers and agrochemicals. 

Chapter 1 includes the short enantioselective total synthesis of (+)-Tofacitinib and process for 

the production of key intermediate of (+)- Tofacitinib. Chapter 2 describes the development of 

metal-Free regioselective cross dehydrogenative coupling of cyclic ethers with aryl carbonyls 

and quinoxalin-2(1H)-ones. In chapter 3 includes development of new synthetic methodologies 

for the C-H functionalization of indolizines. In chapter 4 we have developed Ti-superoxide 

catalysed oxidative amidation of aldehydes and synthesis of congested indolizine amides. 
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ABSTRACT: A highly regioselective, efficient, and metal-free
oxidative cross dehydrogenative coupling (CDC) of aryl carbonyls
with cyclic ethers has been developed. This method offers easy
access to substituted α-arylated cyclic ethers with a high functional
group tolerance in good to excellent yields. The regioselectivity of
this CDC reaction was confirmed by density functional theory
(DFT)-based calculations.

■ INTRODUCTION

Functionalized cyclic ethers are important scaffolds that are
found in a variety of natural products and pharmaceutical
ingredients.1 Generally, tetrahydrofuran (THF), 1,4-dioxane,
and tetrahydropyrans (THP) are the examples of cyclic ethers.
These compounds show a broad spectrum of biological
activity, including antibacterial,2a anti-inflammatory,2b anti-
cancer,2c−e and antidiabetic.2f,g They have also been employed
in the synthesis of agricultural pesticide 1 (Figure 1).3

Lignins are the class of natural compounds that exclusively
contain substituted THF as a core unit.5 Examples of lignins
include sesamin 2 and galbacin 3 (Figure 1). These
compounds are known to exhibit anticancer,4a antioxidant,4b

anti-inflammatory,4c and antiobesity4d properties. Streblus-
lignanol F 4, a natural product, contains 1,4-dioxane as a core
unit and shows potent antihepatitis B virus activity.5a On the
other hand, omaragliptin 5 is an oral antidiabetic drug with
substituted THP as the core moiety.5b

The formation of the C−C bond via C−H bond activation
of sp3 and sp2 hybridized carbons as cross-coupling participants
has generated renewed attention over the last few decades.6a,b

However, sp3 C−H bond activation is a challenging task due to
the inertness, gained from high bond energy and high pKa
values. Hence, CDC reactions have attracted the attention of
organic chemists for the preparation of C−C bonds under
metal and metal-free conditions in academic as well as
industrial research.6c−f

After a careful survey of the literature, we realized that both
metal and metal-free approaches have been employed for the
oxidative cross dehydrogenative coupling of cyclic ethers with
arenes and heteroarenes. Some of these important methods
include the use of transition metals such as Cu(I)-catalyzed
cross coupling between substituted 1,1′-diarylethenes and
cyclic ethers,7 Cu(II)-catalyzed addition of α-oxyalkyl radical
to isoquinolinium salts,8 and Fe(II)-catalyzed α-arylation of
cyclic and acyclic ethers with azoles.9 Also, Doyle and co-
workers have achieved α-arylation of cyclic ethers through
Ni(II)-catalyzed photoredox coupling between aryl halide and
cyclic ethers, as shown in Scheme 1.10

Various electron-deficient heterocyclic arenes were subjected
for α-arylation of cyclic and acyclic ethers under oxidative
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Figure 1. Biologically active cyclic ethers.
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metal-free conditions using a variety of oxidants such as DTBP,
TBHP, BPO, and K2S2O8. These heterocycles contain
substituted pyridines,11 thiophenes,12 indoles,13 quinines,14

azoles,15 and chromanes.16 Although these methods are
efficient toward yielding the CDC product, they are limited
to activated heterocyclic systems. Recently, Shirakawa et al.
reported base-promoted oxidative dehydrogenative coupling
between a substituted benzene derivative and cyclic ethers, as
well as amides, in the presence of DTBP oxidant and NaOt-Bu
base.17 Despite some advantages, the reaction suffers from
certain limitations such as poor yields and poor regioselectivity
when electron-withdrawing substituents were present on the
aryl rings.
To overcome these shortcomings and inspired by metal-free

approaches,18 our motive has been to develop a synthetic
method for the α-functionalization of cyclic ethers with better
yields and regioselectivity (Scheme 1). Thus, we have
described the metal-free CDC reaction via Csp3−Csp2
coupling between various cyclic ethers and aromatic carbonyls
to generate a wide range of α-arylated cyclic ethers. The key
features of this reaction are a short reaction time, good to
excellent yields, and a high regioselectivity.

■ RESULTS AND DISCUSSION
We have started our investigation by taking acetophenone as a
model substrate and 1,4-dioxane as a coupling partner as well
as a solvent. The results are summarized in Table 1.
Initially, when acetophenone 6a (1 equiv) and 1,4-dioxane

(30 equiv, also acts as a solvent) are reacted at 120 °C in the
presence of oxidant K2S2O8 (3 equiv), tetrabutylammonium
bromide (A) (2 equiv) as an additive, and NaOAc (2 equiv),
to our delight we got the expected product 7a in 51% yield
within 4 h (Table 1, entry 1). When the reaction time was
increased from 4 to 12 h, the yield of 7a was reduced to 45%,
as a result of decomposition of the obtained product (Table 1,
entry 2). With an increased equivalence of tetrabutylammo-
nium bromide (A) from 2 to 3 and refluxing at 120 °C, we
obtained 57% yield of the desired product (Table 1, entry 3).
When tetrabutylammonium chloride (B) was used instead of
tetrabutylammonium bromide (A) as an additive and the
mixture refluxed for 4 h, we got the expected product in 81%
yield, which was a significant improvement (Table 1, entry 4)

in comparison to the first 3 entries (Table 1, entries 1−3). It
was also observed that the reaction did not proceed in the
absence of an additive as well as a base (Table 1, entries 5 and
6) and resulted in the recovery of the starting material. By
increasing the additive tetrabutylammonium chloride (B) from
3 to 4 equiv, we observed an increase in yields only by 4%
(Table 1, entry 7). Keeping the tetrabutylammonium chloride
(B) (3 equiv) and K2S2O8 (3 equiv) constant and increasing
the stoichiometry of NaOAc (2 to 4 equiv) led to 79% yield for
the CDC product (Table 1, entry 8). In continuation, the
oxidant Na2S2O8 offers only 31% yield of the desired product
(Table 1, entry 9). No conversion was observed using
(NH4)2S2O8 (Table 1, entry 10). However, no significant
improvement was observed with the use of different
combinations of additives and bases. Instead, most of the
attempts were not fruitful (Table 1, entries 11−23). However,
changing the bases did not lead to an enhancement in the
yields. In order to examine the effect of atmospheric oxygen,
the reaction was conducted under inert atmosphere, which did
not affect the yield. In addition to this, the effect of the solvent
was also studied (see the Supporting Information). Therefore,

Scheme 1. Strategies for the α-Arylation of Cyclic Ethers Table 1. Optimisation Conditions for Cross
Dehydrogenative Coupling

entry
oxidant
(3 equiv)

additive
(equiv) base (equiv)

time
(h)

yield
(%)

1 K2S2O8 A (2) NaOAc (2) 4 51
2 K2S2O8 A (2) NaOAc (2) 12 45
3 K2S2O8 A (3) NaOAc (2) 4 57
4a K2S2O8 B (3) NaOAc (2) 4 81
5 K2S2O8 B (3) 4 NR
6 K2S2O8 NaOAc (2) 12 NR
7 K2S2O8 B (4) NaOAc (2) 4 85
8 K2S2O8 B (3) NaOAc (4) 4 79
9 Na2S2O8 B (3) NaOAc (2) 12 31
10 (NH4)2S2O8 B (3) NaOAc (2) 12 NR
11b K2S2O8 B (3) NaOAc (2) 12 NR
12c K2S2O8 C (3) NaOAc (2) 4 67
13 K2S2O8 B (3) K2CO3 (2) 4 NR
14 K2S2O8 B (3) NaOEt (2) 4 70
15 K2S2O8 B (3) Cs2CO3 (2) 4 NR
16 K2S2O8 B (3) NaOtBu(2) 4 NR
17 K2S2O8 Bu4NOH 4 NR
18 K2S2O8 D (2) NaOAc (2) 12 55
19 K2S2O8 D (2) 12 NR
20 Oxone B (3) NaOAc (2) 4 17
21 TBHP B (3) NaOAc (2) 4 NR
22 DTBP B (3) NaOAc (2) 4 trace
23 BPO B (3) NaOAc (2) 4 NR

aTBACl in 50% aq solution. bTemp = 80 °C. cBu4NF·3H2O. NR =
no reaction.
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the best regioselectivity and the highest yield of isolated
product were achieved by using K2S2O8 (3 equiv),
tetrabutylammonium chloride (B) (3 equiv), and NaOAc (2
equiv) for the reaction at 120 °C for 4 h (Table1, entry 4).
With these optimized reaction conditions in hand (Table 1,

entry 4), the substrate scope of this unique transformation and
limitations of the CDC reaction were studied by evaluating a
variety of aryl carbonyls in order to investigate the generality of
this reaction.
As shown in Scheme 2, the CDC reaction proceeds without

any difficulty for a wide range of substrates bearing various

substituents at different positions on the aryl ketones,
providing the coupling products in moderate to good yields.
When the electron-withdrawing and electron-donating groups
were present at the position meta to the acetyl group and the
reaction was performed under optimized conditions, the
desired products were obtained in excellent yields (7b, 7c,
7f). The unsubstituted acetophenone was subjected to the
standard reaction conditions with THP as a coupling ether and

gave the desired product 7e in 66% yield. 1-Acetonaphthone
also gave the expected α-arylated products of different cyclic
ethers with excellent yields (7d, 7g, 7o). On the other hand,
substituted cyclic ketones such as indanone and tetralone
resulted in moderate yields of the products (7l−7n). It is
noteworthy that thioxanthone successively yielded CDC
product 7k under oxidation conditions without any adverse
effect of the sulfur. When acetophenone was subjected under
the standardized reaction conditions using 1,3-benzodioxole as
a solvent, the corresponding product 7r was formed in 58%
yield. Also, acyclic ethers as coupling partners led to undesired
polymerization. Unfortunately this approach failed to yield the
expected CDC products (7s−7x) when the reaction was
carried out on N-substituted aryl carbonyls and heterocyclic
aryl ketones.
Next, we examined the efficiency of substituted aldehydes as

coupling partners under the optimized experimental con-
ditions. Notably, it was observed that the rate of the CDC
reaction between benzaldehydes and cyclic ethers was faster
than for the aryl ketones.
Various substrates having electron-withdrawing substituents,

such as Cl, Br, and F groups on the aromatic ring of the
aldehydes were efficiently reacted to produce the substituted
para-alkylated benzalehydes with excellent yields (Scheme 3,
entries 9b, 9e, and 9g). Surprisingly, hydroxy-substituted
benaldehydes also offer good yields of alkylated aryl carbonyls
under oxidative conditions (9h and 9i). Benzaldehydes with
different electron-donating substituents also led to the
corresponding product with good to excellent yields. (9c, 9d,

Scheme 2. CDC Reaction between Aromatic Ketones and
Cyclic Ethersa

aReaction conditions: 6a (0.83 mmol), K2S2O8 (2.5 mmol), TBACl
(2.5 mmol 50% aq solution), NaOAc (1.66 mmol), 1,4-dioxane (3
mL), at 120 °C.

Scheme 3. CDC Reaction between Aromatic Aldehydes and
Cyclic Ethersa

aReaction conditions: 8a (0.73 mmol), K2S2O8 (2.20 mmol), TBACl
(2.20 mmol 50% aq solution), NaOAc (1.47 mmol), 1,4-dioxane (3
mL) at 120 °C.
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and 9f). A reaction performed with 2,5-dimethoxy benzalde-
hyde on a 6 mmol scale provided 9d in 79% yield. Cyano-,
nitro-, and carboxylate-substituted aryl derivatives were unable
to give the desired product with our optimized reaction
conditions. (9k−m).
When benzil, α,α′-dimethyl acetal was subjected to the

reaction under standard reaction conditions, it gave
unexpected products. In THF, the acetal group remained
unaffected, whereas, in 1,4-dioxane, it was deprotected to
ketone (Scheme 4). An uncommon phenomenon that has

been observed is that the presence of bromine on the ortho or
para position to the aryl carbonyls delivers unexpected
debrominated products, i.e., 14 and 9e, as shown in Scheme 4.
To show the utility of the reaction, the para-alkylated aryl

carbonyl derivatives were further functionalized under various
reaction conditions, as shown in Scheme 5. The compound 9d

was subjected for the hydrogenation reaction using Pd/C; the
aldehyde group of 9d was reduced to methyl to give the
toluene derivative 16 in a quantitative yield. Subsequently, the
same compound 9d was converted into its 1,2-benzimidazole
derivative under the known protocol.19

In order to understand the mechanism of this CDC reaction,
we carried out control experiments (Scheme 6), where 2 equiv
of TEMPO (2,2,6,6-tetramethylpiperidine-N-oxide) were
added into the reaction system under optimized reaction

conditions. It was observed that the THF radical coupled with
TEMPO to form a TEMPO−THF adduct 18, instead of the
expected product 7a. This indicates that the reaction might be
proceeding via the radical pathway. In the second control
experiment, when the reaction was performed with para-
substituted aryl ketone, we did not obtain the expected ortho-
alkylated product 19.
This indicates that the reaction regioselectively goes only to

the para position. Based on the above control experiments and
the reported literature,20,21 the possible catalytic cycle was then
initially proposed in Scheme 7, as the α-oxyalkyl radical 20 was

generated via hydrogen atom abstraction from 1,4-dioxane by
persulfate.20 Then, this α-oxyalkyl radical 20 reacted with
acetophenone 6a to generate the aryl radical species 21. This
was followed by single-electron oxidation to form the aryl
cation species 22.21 The aryl cationic species further
underwent aromatization to form the desired product 7a.
In order to elucidate the reasons behind the para product

being formed exclusively, quantum chemical calculations have
been done using density functional theory (DFT). (See
Figures S1 and S2 for more details.)

■ CONCLUSION
In conclusion, we have developed the first efficient and metal-
free CDC reaction of aromatic carbonyls with inactive cyclic
ethers to give the desired p-alkylated aryl aldehydes and
ketones in good to excellent yields with a high regioselectivity.
In addition, this reaction tolerates various functional groups
under oxidative conditions and can be applied to obtain a wide
range of substituted aromatic carbonyls. The utility of the
products of CDC were shown by converting them to
benzimidazole heterocycles and the toluene derivative.

Scheme 4. Some Unexpected Result of the CDC Reaction

Scheme 5. Synthetic Transformations of the Products

Scheme 6. Control Experiments

Scheme 7. Expected Reaction Mechanism of
Dehydrogenative Coupling
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■ EXPERIMENTAL SECTION
General Information. Solvents were purified and dried using

standard procedures before use. All air- and moisture-sensitive
reactions were carried out in flame-dried glassware under a positive
pressure of dry argon using standard techniques. Commercially
available chemicals were used without further purification unless
otherwise mentioned. For moisture-sensitive reactions, tetrahydrofur-
an (THF) and dichloromethane (CH2Cl2) were dried using a
standard solvent purification system. The following dry solvents are
commercially available and were used without further purification:
acetonitrile, Acros Organics, 99.9% extra dry, over molecular sieves;
ethanol, Acros Organics, 99.5% extra dry; methanol, Acros Organics,
99.8% extra dry, over molecular sieves. Technical solvents for column
chromatography were used after simple distillation. The reactions
were monitored by TLC visualized by UV (254 nm) and/or with
iodine. The purification was done using column chromatography on
silica 60 (Merck, 230−400 mesh) with the indicated eluent mixtures
(v/v)
Nuclear magnetic resonance spectra were recorded at room

temperature on Bruker AVHD-200, AVHD-400, and AVHD-500
spectrometers in appropriate solvents using TMS as an internal
standard or the solvent signals as secondary standards, and the
chemical shifts are shown in δ scales. Coupling constants (J) are given
in hertz (Hz), and the classical abbreviations are used to describe the
signal multiplicities. 1H NMR spectra were calibrated to the residual
proton signal of chloroform-d1 (δ = 7.27 ppm), and 13C NMR spectra
were referenced to the 13C triplet of CDCl3 (δ = 77.16 ppm).
Apparent multiplets, which occur as a result of coupling constant
equality between magnetically nonequivalent protons, are marked as
virtual (virt). The following abbreviations for single multiplicities were
used: br = broad, s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet. High-resolution mass spectra (HRMS) for all new
compounds were recorded on an ESI+ method and Orbitrap mass
analyzer (Thermo Scientific Q-Exactive, Accela 1250 pump). All
chemicals are purchased from Sigma-Aldrich and used without further
purification.
Typical Experimental Procedure for the Synthesis of 1-(4-(1,4-

Dioxan-2-yl)phenyl)ethan-1-one (7a). To a 25 mL round-bottom
flask were added acetophenone 6a (0.833 mmol, 100 mg), K2S2O8
(2.5 mmol, 676 mg), tetrabutylammonium chloride (TBACl, 2.5
mmol, 1.4 mL), and NaOAc (1.66 mmol, 136 mg) in 1,4-dioxane (3
mL). The round-bottom flask was equipped with a condenser, and the
resulting reaction mixture was refluxed to 120 °C for 4 h. The
progress of the reaction was monitored by TLC. Upon completion of
the reaction, the reaction mixture was dried under a vacuum. Then
the crude reaction mixture was diluted with ethyl acetate (10 mL),
washed with brine, and eluted with EtOAc (25 mL × 2). The organics
were evaporated, and the crude residue was preadsorbed on silica gel
and purified by column chromatography (100−200 mesh silica using
80:20 petroleum ether/ethyl acetate as the eluent to afford the
corresponding compound 7a in 81% yield.
1-(4-(1,4-Dioxan-2-yl)phenyl)ethan-1-one (7a): white solid, 81%

yield (139 mg); mp 91−93 °C; 1H NMR (500 MHz, CDCl3) δ 7.99−
7.87 (m, J = 8.4 Hz, 2H), 7.54−7.39 (m, J = 8.0 Hz, 2H), 4.68 (dd, J
= 2.3, 9.9 Hz, 1H), 3.98−3.94 (m, 1H), 3.92 (dd, J = 2.3, 11.1 Hz,
1H), 3.89−3.86 (m, 1H), 3.83−3.79 (m, 1H), 3.74 (dd, J = 3.1, 11.4
Hz, 1H), 3.41 (t, J = 10.9 Hz, 1H), 2.59 (s, 3H); 13C{1H} NMR (126
MHz, CDCl3) δ 197.6, 143.4, 136.7, 128.4, 126.2, 77.3, 72.1, 66.9,
66.2, 26.5; HRMS (ESI) m/z calcd for C12H15O3 [M + H]+ 207.1016,
found 207.1019.
1-(3-Bromo-4-(1,4-dioxan-2-yl)phenyl)ethan-1-one (7b): white

solid, 80% yield (114 mg); mp 87−89 °C; 1H NMR (500 MHz,
CDCl3) δ 8.02 (d, J = 1.5 Hz, 1H), 7.83 (dd, J = 1.5, 8.0 Hz, 1H),
7.60 (d, J = 8.0 Hz, 1H), 4.92 (dd, J = 2.5, 9.7 Hz, 1H), 4.01 (dd, J =
2.5, 11.6 Hz, 1H), 3.91 (s, 1H), 3.90−3.88 (m, 1H), 3.77−3.74 (m,
1H), 3.69−3.63 (m, 1H), 3.15 (dd, J = 9.7, 11.6 Hz, 1H), 2.51 (s,
3H); 13C{1H} NMR (126 MHz, CDCl3) δ 196.3, 142.6, 137.8, 132.4,
128.2, 127.4, 122.0, 77.0, 70.5, 67.1, 66.3, 26.6; HRMS (ESI) m/z
calcd for C12H14O3Br [M + H]+ 285.0121, found 285.0127.

1-(4-(1,4-Dioxan-2-yl)-3-fluorophenyl)ethan-1-one (7c): white
solid, 84% yield (136 mg); mp 116−118 °C; 1H NMR (500 MHz,
CDCl3) δ 7.72−7.78 (m, 1H), 7.57−7.66 (m, 2H), 4.97 (dd, J = 9.9,
2.3 Hz, 1H), 3.91−4.00 (m, 3H), 3.80−3.84 (m, 1H), 3.70−3.77 (m,
1H), 3.36 (dd, J = 11.4, 9.9 Hz, 1H), 2.59 (s, 3H); 13C{1H} NMR
(126 MHz, CDCl3) δ 196.4, 160.4−158.4 (d, JF−C = 247.96 Hz),
138.4−138.3 (d, JF−C = 6.68 Hz), 130.8−130.7 (d, JF−C = 14.31 Hz),
128.04−128.01 (d, JF−C = 3.81 Hz), 124.4, 114.8−114.6 (d, JF−C =
22.89 Hz), 71.9, 70.9, 67.2, 66.3, 26.6; HRMS (ESI) m/z calcd for
C12H14O3F [M + H]+ 225.0921, found 225.0928.

1-(4-(1,4-Dioxan-2-yl)naphthalen-1-yl)ethan-1-one (7d): gummy
liquid, 75% yield (113 mg); 1H NMR (200 MHz, CDCl3) δ 8.87−
8.64 (m, 1H), 8.15−8.05 (m, 1H), 7.93 (d, J = 7.6 Hz, 1H), 7.75 (d, J
= 7.6 Hz, 1H), 7.66−7.51 (m, 2H), 5.43 (dd, J = 2.4, 9.7 Hz, 1H),
4.18−4.04 (m, 3H), 3.95−3.76 (m, 2H), 3.50 (dd, J = 10.0, 11.9 Hz,
1H), 2.75 (s, 3H); 13C{1H} NMR (126 MHz, CDCl3) δ 201.7, 138.7,
135.5, 130.4, 129.9, 127.7, 127.3, 126.6, 126.5, 122.5, 122.1, 74.7,
71.9, 67.2, 66.4, 29.8; HRMS (ESI) m/z calcd for C16H17O3 [M +
H]+ 257.1172, found 257.1171.

1-(4-(Tetrahydro-2H-pyran-2-yl)phenyl)ethan-1one (7e): whitish
semisolid, 66% yield (112 mg); 1H NMR (200 MHz, CDCl3) δ 7.97−
7.86 (m, J = 8.3 Hz, 2H), 7.49−7.38 (m, J = 8.2 Hz, 2H), 4.39 (d, J =
10.6 Hz, 1H), 4.17 (dd, J = 2.9, 10.9 Hz, 1H), 3.71−3.56 (m, 1H),
2.60 (s, 3H), 1.86 (d, J = 12.3 Hz, 1H), 1.75−1.47 (m, 5H); 13C{1H}
NMR (101 MHz, CDCl3) δ 197.9, 148.7, 136.1, 128.4, 125.8, 79.5,
68.9, 34.1, 26.6, 25.7, 23.9; HRMS (ESI) m/z calcd for C13H17O2 [M
+ H]+ 205.1223, found 205.1222.

1-(3-Bromo-4-(tetrahydro-2H-pyran-2-yl)phenyl)ethan-1-one
(7f): clear oil, 79% yield (113 mg); 1H NMR (500 MHz, CDCl3) δ
8.08 (s, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 4.65
(d, J = 10.7 Hz, 1H), 4.16 (d, J = 11.1 Hz, 1H), 3.65 (t, J = 10.7 Hz,
1H), 2.57 (s, 3H), 2.03 (d, J = 13.4 Hz, 1H), 1.93 (br s, 1H), 1.74−
1.65 (m, 2H), 1.60 (d, J = 8.4 Hz, 1H), 1.31−1.24 (m, 1H); 13C{1H}
NMR (126 MHz, CDCl3) δ 196.4, 147.7, 137.1, 132.3, 127.5, 127.4,
121.5, 78.9, 69.0, 32.6, 26.5, 25.7, 23.7; HRMS (ESI) m/z calcd for
C13H16O2Br [M + H]+ 283.0328, found 283.0333.

1-(4-(Tetrahydro-2H-pyran-2-yl)naphthalen-1-yl)ethan-1-one
(7g): gummy oil, 82% yield (123 mg); 1H NMR (400 MHz, CDCl3) δ
8.78 (d, J = 7.9 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.93 (d, J = 7.9 Hz,
1H), 7.71 (d, J = 7.3 Hz, 1H), 7.62−7.51 (m, 2H), 5.09 (d, J = 11.0
Hz, 1H), 4.31−4.22 (m, 1H), 3.85−3.73 (m, 1H), 2.74 (s, 3H),
2.11−1.99 (m, 2H), 1.86−1.78 (m, 2H), 1.72−1.64 (m, 2H);
13C{1H} NMR (101 MHz, CDCl3) δ 201.6, 143.8, 134.5, 130.2,
130.0, 128.0, 126.9, 126.3, 125.9, 122.9, 121.0, 76.6, 69.0, 33.2, 29.7,
25.6, 23.8; HRMS (ESI) m/z calcd for C17H19O2 [M + H]+ 255.1380,
found 255.1378

(4-(1,4-Dioxan-2-yl)phenyl)(phenyl)methanone (7h): white solid,
72% yield (106 mg); mp 70−72 °C; 1H NMR (200 MHz, CDCl3) δ
7.84−7.77 (m, 4H), 7.65−7.55 (m, 1H), 7.54−7.44 (m, 4H), 4.73
(dd, J = 2.7, 10.2 Hz, 1H), 4.01−3.93 (m, 2H), 3.92−3.85 (m, 1H),
3.85−3.69 (m, 2H), 3.48 (dd, J = 10.2, 11.5 Hz, 1H); 13C{1H} NMR
(101 MHz, CDCl3) δ 195.6, 142.5, 137.3, 137.0, 132.0, 129.9, 129.7,
128.0, 126.3, 125.6, 125.1, 77.1, 72.0, 66.7, 66.0; HRMS (ESI) m/z
calcd for C17H17O3 [M + H]+ 269.1172, found 269.1174.

(4-(1,4-Dioxan-2-yl)phenyl)(4-bromophenyl)methanone (7i):
white solid, 67% yield (89 mg); mp 88−90 °C; 1H NMR (200
MHz, CDCl3) δ 7.81−7.74 (m, J = 8.3 Hz, 2H), 7.71−7.60 (m, 4H),
7.54−7.43 (m, J = 8.1 Hz, 2H), 4.73 (dd, J = 2.6, 10.0 Hz, 1H), 4.01−
3.92 (m, 2H), 3.89 (d, J = 2.7 Hz, 1H), 3.84−3.69 (m, 2H), 3.46 (dd,
J = 10.2, 11.6 Hz, 1H); 13C{1H} NMR (50 MHz, CDCl3) δ 194.5,
142.4, 136.1, 135.6, 131.0, 130.8, 129.4, 127.6, 126.9, 126.6, 125.5,
76.7, 71.6, 66.3, 65.7; HRMS (ESI) m/z calcd for C17H16O3Br [M +
H]+ 347.0277, found 347.0285.

(4-(1,4-Dioxan-2-yl)phenyl)(4-chlorophenyl)methanone (7j):
white solid, 61% yield (85 mg); mp 90−92 °C; 1H NMR (500
MHz, CDCl3) δ 7.75 (d, J = 8.4 Hz, 2H), 7.77 (d, J = 8.0 Hz, 2H),
7.48 (dd, J = 9.9, 8.4 Hz, 4H), 4.73 (dd, J = 10.3, 2.7 Hz, 1H), 3.97−
4.00 (m, 1H), 3.90−3.95 (m, 2H), 3.82−3.86 (m, 1H), 3.76 (td, J =
11.3, 3.2 Hz, 1H), 3.47 (dd, J = 11.4, 10.3 Hz, 1H); 13C{1H} NMR
(101 MHz, CDCl3) δ 194.7, 142.7, 138.6, 136.5, 135.5, 131.1, 129.8,

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.8b03048
J. Org. Chem. 2019, 84, 2039−2047

2043

http://dx.doi.org/10.1021/acs.joc.8b03048


128.3, 125.8, 77.1, 71.9, 66.7, 66.0; HRMS (ESI) m/z calcd for
C17H16O3Cl [M + H]+ 303.0782, found 303.0789.
3-(1,4-Dioxan-2-yl)-9H-thioxanthen-9-one (7k): white solid, 74%

yield (104 mg); mp 163−165 °C; 1H NMR (400 MHz, CDCl3) δ
8.54−8.66 (m, 2H), 7.56−7.66 (m, 3H), 7.46−7.53 (m, 1H), 7.42
(dd, J = 8.2, 1.8 Hz, 1H), 4.76 (dd, J = 10.1, 2.7 Hz, 1H), 3.91−4.05
(m, 3H), 3.85 (dd, J = 11.4, 2.7 Hz, 1H), 3.76 (td, J = 11.3, 3.4 Hz,
1H), 3.46 (dd, J = 11.9, 10.1 Hz, 1H); 13C{1H} NMR (101 MHz,
CDCl3) δ 179.7, 142.9, 137.6, 137.2, 132.3, 130.0, 129.8, 129.2, 128.8,
126.4, 126.0, 124.1, 123.2, 72.1, 67.0, 66.3; HRMS (ESI) m/z calcd
for C17H15O3S [M + H]+ 299.0736, found 299.0733.
5-(1,4-Dioxan-2-yl)-2,3-dihydro-1H-inden-1-one (7l): white solid,

67% yield (110 mg); mp 128−130 °C; 1H NMR (400 MHz, CDCl3)
δ 7.50−7.70 (m, 2H), 7.39 (d, J = 6.7 Hz, 1H), 5.68 (d, J = 9.2 Hz,
1H), 3.92−4.08 (m, 3H), 3.82 (d, J = 11.0 Hz, 1H), 3.72 (td, J = 11.0,
3.7 Hz, 1H), 3.22 (t, J = 10.4 Hz, 1H), 3.05−3.17 (m, 2H), 2.58−2.83
(m, 2H); 13C{1H} NMR (101 MHz, CDCl3) δ 207.0, 155.7, 138.5,
134.6, 132.6, 125.9, 124.6, 73.2, 71.7, 67.0, 66.3, 36.6, 25.6; HRMS
(ESI) m/z calcd for C13H15O3 [M + H]+ 219.1016, found 219.1018.
4-Bromo-5-(tetrahydrofuran-2-yl)-2,3-dihydro-1H-inden-1-one

(7m): off white solid, 70% yield (93 mg); mp 116−118 °C; 1H NMR
(200 MHz, CDCl3) δ 7.62 (d, J = 8.2 Hz, 1H), 7.39 (d, J = 8.1 Hz,
1H), 5.64 (t, J = 6.9 Hz, 1H), 4.06 (q, J = 7.1 Hz, 1H), 3.79−3.97 (m,
1H), 2.92−3.06 (m, 2H), 2.43−2.69 (m, 3H), 1.72−2.06 (m, 2H),
1.34−1.55 (m, 1H); 13C{1H} NMR (126 MHz, CDCl3) δ 206.5,
155.1, 144.2, 137.1, 134.5, 125.2, 120.1, 76.4, 69.1, 36.4, 34.0, 26.9,
25.8; HRMS (ESI) m/z calcd for C13H14O2Br [M + H]+ 281.0172,
found 281.0170.
6-(Tetrahydrofuran-2-yl)-3,4-dihydronaphthalen-1(2H)-one

(7n). clear oil, 62% yield (91 mg); 1H NMR (400 MHz, CDCl3) δ
7.93 (d, J = 8.5 Hz, 1H), 7.13−7.24 (m, 2H), 4.85 (d, J = 6.7 Hz,
1H), 4.04 (d, J = 7.9 Hz, 1H), 3.89 (d, J = 7.3 Hz, 1H), 2.85−2.97
(m, 2H), 2.52−2.64 (m, 2H), 2.21−2.36 (m, 1H), 2.01−2.13 (m,
2H), 1.91−2.00 (m, 2H), 1.65−1.79 (m, 1H); 13C{1H} NMR (101
MHz, CDCl3) δ 197.9, 149.1, 144.4, 131.3, 127.0, 125.2, 123.6, 79.9,
68.6, 38.8, 34.3, 29.5, 29.4, 25.7, 23.0; HRMS (ESI) m/z calcd for
C14H17O2 [M + H]+ 217.1223, found 217.1222.
1-(4-(Tetrahydrofuran-2-yl)naphthalen-1-yl)ethan-1-one (7o):

white solid, 87% yield (123 mg); mp 65−67 °C; 1H NMR (400
MHz, CDCl3) δ 8.80 (d, J = 8.5 Hz, 1H), 7.94 (d, J = 7.3 Hz, 1H),
7.98 (d, J = 7.9 Hz, 1H), 7.70 (d, J = 7.3 Hz, 1H), 7.52−7.65 (m,
2H), 5.61−5.76 (m, 1H), 4.20−4.37 (m, 1H), 4.06 (q, J = 7.7 Hz,
1H), 2.75 (s, 3H), 2.54−2.70 (m, 1H), 1.96−2.13 (m, 2H), 1.87 (dt,
J = 12.5, 6.6 Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3) δ 201.8,
144.9, 134.7, 130.6, 130.4, 128.5, 127.4, 126.8, 126.3, 123.4, 120.2,
77.7, 68.9, 34.0, 30.0, 25.9; HRMS (ESI) m/z calcd for C16H17O2 [M
+ H]+ 241.1223, found 241.1226.
1-(3-Methoxy-4-(tetrahydrofuran-2-yl)phenyl)ethan-1-one (7p):

clear oil, 78% yield (114 mg); 1H NMR (400 MHz, CDCl3) δ 7.48−
7.43 (m, 2H), 7.38 (s, 1H), 5.09 (t, J = 7.0 Hz, 1H), 4.10−4.00 (m,
1H), 3.90−3.85 (m, 1H), 3.84−3.80 (m, 3H), 2.52 (s, 3H), 2.36 (dd,
J = 6.7, 12.8 Hz, 1H), 1.88 (qd, J = 6.9, 14.2 Hz, 2H), 1.62−1.55 (m,
1H); 13C{1H} NMR (101 MHz, CDCl3) δ 197.8, 156.2, 138.4, 137.0,
125.3, 121.6, 108.6, 75.8, 68.6, 55.4, 33.0, 26.5, 25.8; HRMS (ESI) m/
z calcd for C13H17O3 [M + H]+ 221.1172, found 221.1177.
1-(3-Bromo-4-(tetrahydrofuran-2-yl)phenyl)ethan-1-one (7q):

clear oil, 84% yield (113 mg); 1H NMR (400 MHz, CDCl3) δ 8.08
(d, J = 1.5 Hz, 1H), 7.86 (dd, J = 8.0, 1.5 Hz, 1H), 7.59 (d, J = 8.0 Hz,
1H), 5.15 (t, J = 7.1 Hz, 1H), 4.17 (td, J = 7.6, 6.1 Hz, 1H), 3.97 (q, J
= 7.2 Hz, 1H), 2.51−2.64 (m, 4H), 1.98 (td, J = 14.0, 7.1 Hz, 2H),
1.65 (dd, J = 12.6, 7.6 Hz, 1H); 13C{1H} NMR (126 MHz,CDCl3) δ
196.4, 148.5, 137.2, 132.4, 127.3, 126.6, 121.5, 79.7, 69.2, 33.2, 26.5,
25.7; HRMS (ESI) m/z calcd for C12H14O2Br [M + H]+ 269.0172,
found 269.0178.
1-(4-(Benzo[d][1,3]dioxol-2-yl)phenyl)ethan-1-one (7r): white

solid, 58% yield (116 mg); mp 70−72 °C; 1H NMR (500 MHz,
CDCl3) δ 8.04 (s, 1H), 8.02 (s, 1H), 7.70 (s, 1H), 7.68 (s, 1H), 7.01
(s, 1H), 6.89 (s, 4H), 2.63 (s, 3H); 13C{1H} NMR (126 MHz,
CDCl3) δ 197.5, 147.2, 140.9, 138.4, 128.6, 126.6, 121.9, 108.8, 108.7,

26.7; HRMS (ESI) m/z calcd for C15H13O3 [M + H]+ 241.0859,
found 241.0864.

Typical Experimental Procedure for the Synthesis of 4-(1,4-
Dioxan-2-yl)-3-methoxybenzaldehyde (9a). To a 25 mL round-
bottom flask were added 3-methoxybenzaldehyde 8a (0.73 mmol),
K2S2O8 (2.20 mmol, 594 mg), tetrabutylammonium chloride (TBACl,
2.20 mmol, 1.2 mL), and NaOAc (1.47 mmol, 121 mg) in 1,4-dioxane
(3 mL). The round-bottom flask was equipped with a condenser, and
the resulting reaction mixture was refluxed to 120 °C for 1.5 h. The
progress of the reaction was monitored by TLC. Upon completion of
the reaction, the reaction mixture was dried under a vacuum. Then
the crude reaction mixture was diluted with ethyl acetate (10 mL),
washed with brine, and eluted with EtOAc (20 mL × 2). The organics
were evaporated, and the crude residue was preadsorbed on silica gel
and purified by column chromatography (100−200 mesh silica using
85:15 petroleum ether/ethyl acetate as the eluent to afford the
corresponding compound 9a in 79% yield.

4-(1,4-Dioxan-2-yl)-3-methoxybenzaldehyde (9a): clear oil, 79%
yield (128 mg); 1H NMR (500 MHz, CDCl3) δ 9.97 (s, 1H), 7.67 (d,
J = 7.6 Hz, 1H), 7.46−7.52 (m, 1H), 7.33−7.39 (m, 1H), 5.03 (dd, J
= 9.7, 2.5 Hz, 1H), 4.02 (dd, J = 11.4, 2.7 Hz, 1H), 3.92−4.00 (m,
2H), 3.90 (s, 3H), 3.79−3.84 (m, 1H), 3.69−3.76 (m, 1H), 3.26 (dd,
J = 11.3, 9.7 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3) δ 191.6,
156.2, 136.7, 133.8, 127.0, 124.4, 107.9, 72.6, 70.7, 67.1, 66.2, 55.3;
HRMS (ESI) m/z calcd for C12H15O4 [M + H]+ 223.0965, found
223.0964.

3-Chloro-4-(1,4-dioxan-2-yl)benzaldehyde (9b): pale yellow solid,
85% yield (137 mg); mp 72−74 °C; 1H NMR (400 MHz, CDCl3) δ
9.96 (s, 1H), 8.04−7.75 (m, 3H), 5.18−5.00 (m, 1H), 4.08 (d, J =
11.6 Hz, 1H), 4.04−3.93 (m, 2H), 3.84 (d, J = 12.2 Hz, 1H), 3.75
(dd, J = 4.0, 10.1 Hz, 1H), 3.36−3.17 (m, 1H); 13C{1H} NMR (101
MHz, CDCl3) δ 190.1, 142.1, 136.5, 132.4, 129.6, 128.1, 127.9, 74.5,
70.1, 66.8, 66.0; HRMS (ESI) m/z calcd for C11H12O3Cl [M + H]+

227.0469, found 227.0467.
4-(1,4-Dioxan-2-yl)-2-methoxybenzaldehyde (9c): clear oil, 92%

yield (150 mg); 1H NMR (500 MHz, CDCl3) δ 10.43 (s, 1H), 7.79
(d, J = 8.0 Hz, 1H), 7.04 (s, 1H), 6.95 (d, J = 8.0 Hz, 1H), 4.66 (dd, J
= 2.7, 10.3 Hz, 1H), 3.98−3.93 (m, 4H), 3.91 (t, J = 3.4 Hz, 1H),
3.89−3.87 (m, 1H), 3.83−3.79 (m, 1H), 3.76−3.72 (m, 1H), 3.41
(dd, J = 10.3, 11.4 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3) δ
189.1, 161.7, 146.5, 128.3, 124.0, 117.9, 108.8, 77.1, 71.8, 66.6, 66.0,
55.4; HRMS (ESI) m/z calcd for C12H15O4 [M + H]+ 223.0965,
found 223.0963.

4-(1,4-Dioxan-2-yl)-2,5-dimethoxybenzaldehyde (9d): yellow
solid, 82% yield (124 mg); mp 118−120 °C; 1H NMR (500 MHz,
CDCl3) δ 10.43 (s, 1H), 7.27 (s, 1H), 7.19 (s, 1H), 4.98 (dd, J = 9.5,
2.3 Hz, 1H), 4.04 (dd, J = 11.3, 2.5 Hz, 1H), 3.96−3.99 (m, 1H),
3.92−3.96 (m, 4H), 3.82 (s, 3H), 3.79−3.81 (m, 1H), 3.69−3.76 (m,
1H), 3.22 (dd, J = 11.1, 9.9 Hz, 1H); 13C{1H} NMR (126 MHz,
CDCl3) δ 189.2, 156.9, 149.9, 135.5, 123.8, 110.8, 108.1, 73.1, 70.9,
67.3, 66.4, 56.2, 55.7; HRMS (ESI) m/z calcd for C13H17O5 [M +
H]+ 253.1071, found 253.1069.

3-Fluoro-4-(tetrahydrofuran-2-yl) benzaldehyde (9e): clear oil,
86% yield (135 mg) and 67% yield (105 mg); 1H NMR (200 MHz,
CDCl3) δ 9.96 (s, 1H), 7.72−7.61 (m, 2H), 7.52 (d, J = 9.9 Hz, 1H),
5.16 (t, J = 7.1 Hz, 1H), 4.12 (q, J = 6.8 Hz, 1H), 4.03−3.87 (m, 1H),
2.59−2.39 (m, 1H), 2.09−1.93 (m, 2H), 1.75 (dd, J = 7.6, 12.1 Hz,
1H); 13C{1H} NMR (50 MHz, CDCl3) δ 190.7, 162.3−157.3 (d, J =
248.82 Hz), 138.4−138.1 (d, J = 14.27 Hz), 137.0−136.9 (d, J = 6.22
Hz), 127.4−127.3 (d, J = 4.39 Hz), 126.3−126.2 (d, J = 2.93 Hz),
115.0−114.6 (d, J = 22.32 Hz), 74.9−74.8 (d, J = 1.83 Hz), 68.8,
33.4, 25.9; HRMS (ESI) m/z calcd for C11H12O2F [M + H]+

195.0816, found 195.0815.
3,5-Dimethoxy-4-(tetrahydrofuran-2-yl)benzaldehydes (9f): clear

oil, 70% yield (99 mg); 1H NMR (500 MHz, CDCl3) δ 10.43 (s, 1H),
7.27 (s, 1H), 7.19 (s, 1H), 4.98 (dd, J = 2.3, 9.5 Hz, 1H), 4.04 (dd, J
= 2.5, 11.3 Hz, 1H), 3.99−3.97 (m, 1H), 3.96−3.91 (m, 4H), 3.82 (s,
3H), 3.81−3.79 (m, 1H), 3.75−3.70 (m, 1H), 3.22 (dd, J = 9.9, 11.1
Hz, 1H); 13C{1H} NMR (101 MHz, CDCl3) δ 191.4, 158.8, 136.2,
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124.5, 104.9, 71.8, 68.7, 55.6, 29.9, 27.4; HRMS (ESI) m/z calcd for
C13H17O4 [M + H]+ 237.1121, found 237.1119.
3-Chloro-4-(tetrahydrofuran-2-yl)benzaldehydes (9g): clear oil,

89% yield (134 mg); 1H NMR (400 MHz, CDCl3) δ 9.86 (s, 1H),
7.75 (d, J = 1.5 Hz, 1H), 7.60−7.70 (m, 2H), 5.14 (t, J = 7.1 Hz, 1H),
4.03−4.17 (m, 1H), 3.90 (q, J = 7.3 Hz, 1H), 2.50 (dd, J = 12.5, 6.4
Hz, 1H), 1.83−2.02 (m, 2H), 1.51−1.65 (m, 1H); 13C{1H} NMR
(101 MHz, CDCl3) δ 190.3, 148.2, 135.9, 132.0, 129.6, 127.9, 126.6,
77.4, 68.8, 32.7, 25; HRMS (ESI) m/z calcd for C11H12O2Cl [M +
H]+ 211.0520, found 211.0519
3-Hydroxy-4-(tetrahydrofuran-2-yl)benzaldehydes (9h): yellow

oil, 71% yield (111 mg); 1H NMR (200 MHz, CDCl3) δ 9.98 (s,
1H), 9.80 (s, 1H), 7.20−7.46 (m, 2H), 7.10 (dd, J = 7.5, 1.8 Hz, 1H),
5.89 (dd, J = 9.6, 6.2 Hz, 1H), 4.09−4.35 (m, 1H), 3.77−4.04 (m,
1H), 2.49−2.70 (m, 1H), 1.96−2.23 (m, 2H), 1.63−1.84 (m, 1H);
13C{1H} NMR (50 MHz, CDCl3) δ 193.3, 157.2, 134.0, 128.5, 127.8,
124.7, 123.5, 80.2, 68.6, 32.9, 25.6; HRMS (ESI) m/z calcd for
C11H11O3 [M − H]+ 191.0703, found 191.0702
2-Hydroxy-4-(tetrahydrofuran-2-yl)benzaldehydes (9i): clear oil,

62% yield (98 mg); 1H NMR (200 MHz, CDCl3) δ 11.07 (s, 1H),
9.86 (s, 1H), 7.52 (d, J = 8.5 Hz, 1H), 6.89−7.07 (m, 2H), 4.92 (t, J =
7.1 Hz, 1H), 3.90−4.16 (m, 2H), 2.37 (dd, J = 11.9, 6.3 Hz, 1H),
1.93−2.07 (m, 2H), 1.70−1.87 (m, 1H); 13C{1H} NMR (50 MHz,
CDCl3) δ 195.3, 161.1, 153.7, 133.1, 119.0, 116.4, 113.5, 79.3, 68.4,
33.9, 25.2; HRMS (ESI) m/z calcd for C11H12O3 [M + H]+ 193.0859,
found 193.0858.
4-(1,4-Dioxan-2-yl)-1-naphthaldehyde (9j): clear oil, 80% yield

(131 mg); 1H NMR (200 MHz, CDCl3) δ 10.29 (s, 1H), 9.17−9.35
(m, 1H), 8.01−8.10 (m, 1H), 7.93 (d, J = 7.5 Hz, 1H), 7.82 (d, J =
7.5 Hz, 1H), 7.50−7.68 (m, 2H), 5.37 (dd, J = 9.9, 2.3 Hz, 1H),
3.98−4.11 (m, 3H), 3.73−3.84 (m, 2H), 3.41 (dd, J = 11.9, 9.9 Hz,
1H); 13C{1H} NMR (50 MHz, CDCl3) δ 192.7, 141.0, 135.7, 130.4,
130.0, 129.7, 128.0, 126.6, 125.1, 122.3, 122.2, 74.4, 71.5, 66.8, 66.0;
HRMS (ESI) m/z calcd for C15H14O3Na [M + Na]+ 265.0835, found
265.0832.
2,2-Dimethoxy-2-phenyl-1-(4-(tetrahydrofuran-2-yl)phenyl)-

ethan-1-one (11): white semisolid, 90% yield (114 mg); 1H NMR
(400 MHz, CDCl3) δ 8.04 (d, J = 7.9 Hz, 2H), 7.61 (d, J = 7.3 Hz,
2H), 7.20−7.46 (m, 5H), 4.74−4.98 (m, 1H), 4.00−4.12 (m, 1H),
3.81−3.98 (m, 1H), 3.21 (s, 6H), 2.21−2.40 (m, 1H), 1.90−2.07 (m,
2H), 1.72 (dt, J = 12.4, 7.9 Hz, 1H); 13C{1H} NMR (50 MHz,
CDCl3) δ 194.6, 148.8, 136.9, 133.0, 130.2, 128.8, 128.4, 126.9, 125.2,
103.5, 80.1, 68.8, 50.0, 34.4, 25.9; HRMS (ESI) m/z calcd for
C20H22O4Na [M + Na]+ 349.1410, found 349.1406.
1-(4-(1,4-Dioxan-2-yl)phenyl)-2-phenylethane-1,2-dione (12):

yellow oil, 61% yield (70 mg); 1H NMR (500 MHz, CDCl3) δ
7.97 (d, J = 7.6 Hz, 4H), 7.61−7.73 (m, 1H), 7.43−7.58 (m, 4H),
4.61−4.81 (m, 1H), 3.86−4.00 (m, 3H), 3.82 (d, J = 10.7 Hz, 1H),
3.73 (td, J = 11.3, 2.9 Hz, 1H), 3.40 (t, J = 10.9 Hz, 1H); 13C{1H}
NMR (50 MHz, CDCl3) δ 194.4, 194.0, 145.5, 134.9, 132.9, 132.5,
130.0, 129.9, 129.0, 126.6, 77.2, 72.1, 66.9, 66.3; HRMS (ESI) m/z
calcd for C18H16O4Na [M + Na]+ 319.0941, found 319.0936.
1-(4-(Tetrahydrofuran-2-yl)phenyl)ethan-1-one (14): clear oil,

77% yield (121 mg) and 53% yield (83 mg); 1H NMR (400 MHz,
CDCl3) δ 7.93 (d, J = 8.5 Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H), 4.95 (t, J
= 7.3 Hz, 1H), 4.14−4.07 (m, 1H), 3.97 (q, J = 7.3 Hz, 1H), 2.60 (s,
3H), 2.37 (dd, J = 6.4, 12.5 Hz, 1H), 2.02 (td, J = 7.0, 14.0 Hz, 2H),
1.81−1.74 (m, 1H); 13C{1H} NMR (101 MHz, CDCl3) δ 197.8,
149.2, 136.1, 128.4, 125.6, 80.1, 68.9, 34.7, 26.6, 25.9; HRMS (ESI)
m/z calcd for C12H14O2 [M + H]+ 191.1067, found 191.1062.
Experimental Procedure for the Synthesis of 2-(2,5-Dimethoxy-

4-methylphenyl)-1,4-dioxane (16). Degassed methanol (4.0 mL) was
added to the mixture of Pd/C (10 wt %) and 9d (0.3 mmol, 76 mg).
After stirring under 1 atm pressure of hydrogen for 12 h at room
temperature, the reaction mixture was filtered and then evaporated
under reduced pressure. The crude product was then purified by flash
column chromatography (eluent 90:10 petroleum ether/ethyl
acetate) to give hydrogenated product 16 (67 mg) as a clear oil.
2-(2,5-Dimethoxy-4-methylphenyl)-1,4-dioxane (16): clear oil,

94% yield (71 mg); 1H NMR (400 MHz, CDCl3) δ 6.89 (s, 1H),

6.59 (s, 1H), 4.95−4.82 (m, 1H), 3.92−3.83 (m, 3H), 3.75 (s, 3H),
3.72−3.62 (m, 5H), 3.22 (t, J = 10.4 Hz, 1H), 2.14 (s, 3H); 13C{1H}
NMR (101 MHz, CDCl3) δ 151.6, 149.2, 126.1, 124.1, 113.2, 108.8,
72.5, 71.2, 67.1, 66.1, 55.7, 55.6, 15.9; HRMS (ESI) m/z calcd for
C13H18O4Na [M + Na]+ 261.1097, found 261.1093.

Experimental Procedure for the Synthesis of 2-(4-(1,4-Dioxan-2-
yl)-2,5-dimethoxyphenyl)-1H-benzo[d]imidazole (17). To a 25 mL
round-bottom flask were added 4-(1,4-dioxan-2-yl)-2,5-dimethoxy-
benzaldehyde (0.396 mmol, 100 mg), o-phenylenediamine (0.396
mmol, 42 mg), 30% H2O2 in water (94 mg, 0.82 mL), and 37% HCl
in water (50.5 mg, 0.15 mL) in acetonitrile (3 mL). After stirring for 1
h at rt, the reaction mixture was evaporated under reduced pressure.
Then the crude reaction mixture was diluted with ethyl acetate (10
mL), washed with brine, and eluted with EtOAc (15 mL × 2). The
organics were evaporated, and the crude residue was preadsorbed on
silica gel and purified by column chromatography (100−200 mesh
silica using 70:30 petroleum ether/ethyl acetate as the eluent) to
afford the corresponding compound 17 in 78% yield as a white solid.

2-(4-(1,4-Dioxan-2-yl)-2,5-dimethoxyphenyl)-1H-benzo[d]-
imidazole (17): white solid, 78% yield (159 mg); 1H NMR (500
MHz, CDCl3) δ 10.80 (br s, 1H), 8.08 (s, 1H), 7.84 (br s, 1H), 7.52
(br s, 1H), 7.13−7.35 (m, 3H), 5.05 (dd, J = 9.7, 2.5 Hz, 1H), 4.07−
4.13 (m, 4H), 3.96−4.05 (m, 2H), 3.95 (s, 3H), 3.82−3.87 (m, 1H),
3.74−3.81 (m, 1H), 3.31 (dd, J = 11.1, 10.3 Hz, 1H); 13C{1H} NMR
(126 MHz, CDCl3) δ 151.1, 150.2, 149.6, 129.7, 122.6, 122.1, 118.9,
116.9, 110.7, 110.5, 110.3, 72.7, 71.0, 67.1, 66.2, 56.3, 55.8; HRMS
(ESI) m/z calcd for C19H21O4N2 [M + H]+ 341.1496, found
341.1502.
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A visible light mediated, metal and oxidant free
highly efficient cross dehydrogenative coupling
(CDC) reaction between quinoxalin-2(1H)-ones
and ethers†

Kishor D. Mane,‡ab Rohit B. Kamble‡ab and Gurunath Suryavanshi *ab

The efficient and metal free, white light mediated 3C alkylation of quinoxalin-2(1H)-ones via a cross

dehydrogenative coupling reaction with cyclic ethers using eosin Y as a photocatalyst is described. This

reaction has broad substrate scope and strong functional group tolerance with good to excellent yields.

Carbon–carbon (C–C) bond formation has always been one of
the most useful and fundamental reactions in the development
of organic chemistry, the C–C bond being considered a back-
bone of nearly every organic molecule. Hence C–C bond formation
reactions have consistently contributed in the advancement of
organic chemistry. The application of C–C bond formation is
found in fine chemicals, agrochemicals, medicinal and pharma-
ceutical ingredients, therefore making this transformation one of
the very crucial classes of reaction in organic chemistry.1 Among
the methods developed over the years,2 metal-catalyzed and
metal-free cross-dehydrogenative coupling (CDC) reactions have
been reported as a straightforward and strong approach for the
preparation of C–C bonds.3 Recently, photocatalyzed CDC
reactions are emerging as a powerful tool with transition metals
as they have become an effective way for coupling of two C–H
bonds with different chemical properties. Moreover photocatalytic
C–H functionalization has attracted more attention due to its high
atom economy and its following the green chemistry principle. The
major advantage in performing CDC reactions as compared to
traditional metal-catalyzed methods is the elimination of the most
important step, i.e. prefunctionalization of starting materials.

Furthermore cyclic ethers follow the green chemistry principle
and ethers are important synthons in organic chemistry which
serve as a most versatile CDC reaction partner which we generally
observe in various natural as well as synthetic molecules.4

In the metal and metal-free CDC reactions, various electron
deficient heterocyclic, cyclic as well as acyclic ethers have been
studied comprehensively. These heterocycles contain substituted
pyridines, thiophenes, indoles, quinines, isoquinines, azoles and

chromanes.5 In addition to this some attempts have been made
for C–N bond formation using photocatalytic CDC reaction.6

Recently, Adimurthy et al. studied C–H amination of imidazo-
[1,2-a]pyridines under photocatalytic conditions using benzotri-
azoles, benzoimidazoles, triazoles, pyrazoles, imidazoles and
indazoles as amine source7a with K2S2O8 as external oxidant,
whereas Wei et al. efficiently carried out CDC amination reac-
tions of quinoxalin-2(1H)-ones using blue LED and eosin Y as
photocatalyst.7b Furthermore Wu and co-workers have developed
photocatalyzed hydrogen atom transfer (HAT) reaction for C–H
activation of ethers and subsequent 1,4-addition to various
SOMO-philes as shown in Scheme 1.8a

Recently, Wei et al. have reported the photocatalytic CDC
reaction between substituted quinoxalin-2(1H)-ones and ethers.
However, this approach needs TBHP as oxidant and DABCO as
base in stoichiometric amount.8b

The 3-alkyl-substituted quinoxalin-2(1H)-ones and their
derivatives show a broad range of biological activities as pharma-
ceuticals and agrochemicals.9 Some important activities include
MDR antagonist (1),10 antitumor (2),11 antiviral, antimicrobial12

and antidiabetic activity (3)13 (Fig. 1). These molecules are widely
used in organic synthesis as well as in synthesis of advanced
materials. The high importance of these moieties attracts more
attention of chemist towards new and easy routes for alkylation/
arylation of quinoxalin-2(1H)-ones.14 Numerous reports are acces-
sible in the literature for 3C activation of quinoxalin-2(1H)-ones via
C–H bond activation under metal-free condition.15 Keeping in
mind the importance of CDC reactions and our previous efforts
towards developing metal-free approaches,16 herein we report
a metal-free photocatalytic CDC reaction for 3C alkylation of
quinoxalin-2(1H)-ones with ethers.

To investigate our assumption concerning the CDC reaction, our
initial attempts commenced with coupling between 1-methyl-
quinoxalin-2(1H)-one (5a) and THF, using as photocatalyst rose

a Chemical Engineering and Process Development Division, CSIR-National Chemical

Laboratory, Pune, 411 008, India. E-mail: gm.suryavanshi@ncl.res.in
b Academy of Scientific and Innovative Research, Ghaziabad 201 002, India

† Electronic supplementary information (ESI) available. See DOI: 10.1039/c9nj00075e
‡ These authors contribute equally.

Received 6th January 2019,
Accepted 29th March 2019

DOI: 10.1039/c9nj00075e

rsc.li/njc

NJC

PAPER

Pu
bl

is
he

d 
on

 0
1 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 N
at

io
na

l C
he

m
ic

al
 L

ab
or

at
or

y,
 P

un
e 

on
 4

/2
/2

02
2 

6:
48

:1
1 

A
M

. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-6299-0914
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nj00075e&domain=pdf&date_stamp=2019-04-13
http://rsc.li/njc
https://doi.org/10.1039/c9nj00075e
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ043019


7404 | New J. Chem., 2019, 43, 7403--7408 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

Bengal (1 mol%) at 25 1C for 24 hrs. To our delight, the desired
C-alkylated product was formed in 27% yield (Table 1, entry 1).

With this result in hand, to enhance the yield of product
we varied the time and concentration of rose Bengal. Unfortu-
nately yields were not promising and increased only up to 43%
(entries 2–4). Hence, after careful analysis we speculated to use
eosin Y as photocatalyst as an alternative to rose Bengal. When
eosin Y (1 mol%) was used as catalyst, surprisingly, the yield
of desired product increased to 68% in comparison with rose
Bengal (entry 5). Further addition of TBHP as additive did
not enhance the yield (entry 6) whereas on increasing the
concentration of eosin Y to 2 mol% for 18 h the desired product
was obtained in 88% yield (entry 7).

Moreover, on increasing the reaction time from 18 to 24 h
keeping the concentration of eosin Y at 1 mol%, the yield of
product was boosted dramatically to 95% (entry 8). With these
results it can be concluded that the time of the reaction plays an
important role in the formation of product (entries 9 and 10).

It is noteworthy that the reaction works well in the presence
of water to afford 3C-alkylated product in 61% yield (entry 11).

However, no reaction was observed in the absence of photo-
catalyst (entry 12). The reaction was attempted with eosin B as
photocatalyst, affording only 30% yield of the desired product
(entry 13). From the above observations it was concluded that
entry 8 represents the suitable conditions for the CDC reaction
between 1-methylquinoxalin-2(1H)-one (5a) and ethers.

With the optimized reaction conditions in hand, we next
examined the substrate scope for this CDC reaction with various
substituted quinoxalin-2(1H)-one derivatives. To our delight, the
reaction serves as a really useful protocol for the syntheses of
various 3C substituted quinoxalin-2(1H)-ones, affording moderate
to excellent yields bearing both electron-donating and electron-
withdrawing substituents.

When the amide group of quinoxalin-2(1H)-one was alkylated
with groups such as methyl, benzyl and allyl groups subjected to
photocatalytic CDC reaction conditions, high yields of desired
products were observed without any adverse effect (6a–6h, Table 2).

We were glad to find that various cyclic ethers such as THF,
THP and 1,4-dioxanes were compatible with the reaction conditions
and yields of the corresponding 3C alkylated quinoxalin-2(1H)-one
products were satisfactory. It is noteworthy that quinoxalin-2(1H)-
ones bearing electron-donating groups such as methyl and dimethyl
provided the highest yields (6i–6m, Table 2) whereas quinoxalin-
2(1H)-ones with electron-withdrawing groups such as –Br and –Cl
gave slightly lower yields of desired products (6n–6o).

Also, 6-benzoyl-substituted quinoxalin-2(1H)-one under the
optimized reaction conditions forms the desired product in 81%
yield (6p). The N-propylated quinoxalin-2(1H)-one derivative when
subjected to optimized reaction conditions affords 3C alkylated
product in 83% yield (6q, Table 2).

To show the synthetic utility of the developed protocol, 3C
alkylated quinoxalin-2(1H)-one derivatives were further functio-
nalized as shown in Scheme 2. 1-Allyl-3-(1,4-dioxan-2-yl)quinoxalin-
2(1H)-one was subjected to hydrogenation using Pd/C as the catalyst

Fig. 1 Biologically active compounds.

Table 1 Optimization table for the CDC reaction

Entry Photocatalyst Time (h) Yielda (%)

1 Rose Bengal (1 mol%) 24 27
2 Rose Bengal (1 mol%) 36 35
3 Rose Bengal (2 mol%) 24 42
4 Rose Bengal (2 mol%) 48 43
5 Eosin Y (1 mol%) 18 68
6b Eosin Y (1 mol%) 18 69
7 Eosin Y (2 mol%) 18 88
8 Eosin Y (1 mol%) 24 95
9 Eosin Y (2 mol%) 24 94
10 Eosin Y (2 mol%) 36 96
11c Eosin Y (1 mol%) 24 61
12 — 36 nr
13 Eosin B (1 mol%) 24 30

a Isolated yields. b Oxidant TBHP using 2 equivalents. c Water : THF
used in a ratio of 1 : 0.3. nr = no reaction.

Scheme 1 The cross dehydrogenative coupling reaction.
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to give compound 7 in 94% yield. Next, 1-allyl-3-(1,4-dioxan-2-
yl)quinoxalin-2(1H)-one was subjected to oxidative 1,3-dipolar
addition17 with 4-methoxybenzaldehyde oxime using PIDA as
oxidant under nitrogen atmosphere to afford compound 8 in
75% yield (Scheme 2).

Besides, 1-allyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one
(6c) could also be converted into the dihydroxylated product 9
in 89% yield which appears as a b-blocker type core structure
(Scheme 2).

In order to gain insight into the reaction mechanism, a
control experiment was performed between 1-methylquinoxalin-
2(1H)-one (5a) and THF by the addition of 2 equivalents of
TEMPO as a radical scavenger (Fig. 2). We observed the formation
TEMPO-THF adduct 10 with trace amount of desired product.
The formation of TEMPO-THF adduct 10 was confirmed by
LCMS. From this experiment it can be concluded that the
reaction works by formation of radicals. On the basis of control
experiment and known literature, we propose a plausible reaction
pathway for the eosin Y catalyzed CDC reaction.

The anionic eosin Y species A is activated in the presence of
white light which promotes the HAT process8 for the formation

of carbon-centered radical C. The formed radical C adds to
1-methylquinoxalin-2(1H)-one (5a) to generate N-centered radical
D. Then species D undergoes dehydrogenative aromatization
reaction to give the desired product 6a and eosin Y which will
be further used for the next catalytic cycle.

In conclusion, we have developed an efficient white light
mediated, eosin Y catalyzed C–C bond formation reaction between
ethers and quinoxalin-2(1H)-ones to give 3C-alkylated quinoxalin-
2(1H)-ones. This approach has a wide substrate scope with high
functional group tolerance. Also it is a base- and oxidant-free
approach under milder reaction conditions compared to previously
reported methods. Further applications of the present methodology
are underway in our laboratory.

Table 2 Substrate scope for the CDC reaction

Reaction conditions: substituted quinoxalin-2(1H)-ones (5.1 mmol),
eosin Y (0.01 mmol), in THF (15 mmol) at 25 1C under air for 24 h.
The isolated yields were calculated based on quinoxalin-2(1H)-ones.

Scheme 2 Synthetic transformations of the products.

Fig. 2 Control experiment and a plausible reaction mechanism.
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Experimental section
General information

Solvents were purified and dried by standard procedures before
use. 1H NMR spectra and 13C NMR spectra were recorded with
Bruker AV 200/400/500 MHz spectrometers in appropriate
solvents using TMS as internal standard or the solvent signals
as secondary standards and the chemical shifts are shown as d
values. Purification was done using column chromatography
(100–120 mesh) and/or with neutral alumina. The reactions
were monitored by TLC visualized by UV (254 nm) and/or with
iodine. Coupling constants are given in hertz (Hz) and the classical
abbreviations are used to describe the signal multiplicities. HRMS
data for all new compounds were recorded with a Thermo Scientific
Q-Exactive, Accela 1250 pump. All chemicals are purchased from
Sigma-Aldrich and used without further purification.

General procedure for the cross dehydrogenative coupling of
quinoxalin-2(H)-ones with ethers

To a solution of quinoxalin-2(H)-one 5 (0.2 mmol), eosin Y
(1 mol%) and ether (3 mL) were added and the reaction mixture
was kept open to the air and stirred under irradiation of 3 W
white LEDs at room temperature (27 1C) for 24 h. After
completion of the reaction (monitored by TLC), the reaction
mixture was dried under vacuum. Then the crude reaction
mixture was diluted with ethyl acetate (10 mL) and washed
with brine. It was eluted with EtOAc (10 mL � 2) and dried over
anhydrous Na2SO4. The organics were evaporated and the crude
residue was purified by flash column chromatography using a
mixture of petroleum ether and ethyl acetate (70 : 30) as eluent
to give the desired product 6.

1-Methyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (6a).
Yield: 95% (95 mg); white solid; 1H NMR (400 MHz, CDCl3): d
7.88–7.98 (m, 1H), 7.44–7.59 (m, 1H), 7.20–7.37 (m, 2H), 5.36
(dd, J = 7.32, 6.10 Hz, 1H), 4.21 (d, J = 6.71 Hz, 1H), 3.92–4.06
(m, 1H), 3.67 (s, 3H), 2.48 (d, J = 5.49 Hz, 1H), 1.95–2.08 (m, 3H).
13C NMR (101 MHz, CDCl3): d 159.3, 153.9, 133.0, 132.3, 130.3,
130.0, 123.5, 113.4, 77.4, 69.0, 30.3, 28.7, 25.5.

1-Benzyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (6b).
Yield: 90% (70 mg); white solid; 1H NMR (200 MHz, CDCl3): d
8.10 (dd, J = 8.02, 1.58 Hz, 1H), 7.85 (dd, J = 7.96, 1.64 Hz, 1H),
7.48–7.72 (m, 4H), 7.30–7.48 (m, 3H), 5.50–5.72 (m, 2H), 5.43
(dd, J = 7.45, 6.06 Hz, 1H), 4.13–4.33 (m, 1H), 3.92–4.11 (m, 1H),
2.34–2.57 (m, 1H), 1.94–2.23 (m, 3H). 13C NMR (50 MHz,
CDCl3): d 154.7, 149.7, 139.8, 138.2, 136.3, 129.3, 128.9, 128.3,
127.9, 126.5, 126.4, 76.8, 69.0, 67.9, 30.6, 25.6; HRMS (ESI)
calculated [M + H]+ for C19H19O2N2: 307.1441, found: 307.1442.

1-Allyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (6c). Yield:
92% (88 mg); yellow gummy oil; 1H NMR (500 MHz, CDCl3): d 7.85

(d, J = 8.01 Hz, 1H), 7.33–7.48 (m, 1H), 7.13–7.30 (m, 2H), 5.73–5.95
(m, 1H), 5.26–5.35 (m, 1H), 5.15 (d, J = 10.30 Hz, 1H), 5.06 (d,
J = 17.55 Hz, 1H), 4.80 (br s, 2H), 4.13 (q, J = 6.61 Hz, 1H),
3.82–3.98 (m, 1H), 2.26–2.48 (m, 1H), 1.83–2.05 (m, 3H). 13C NMR
(126 MHz, CDCl3): d 159.2, 153.3, 132.3, 132.1, 130.3, 130.2, 129.8,
123.3, 117.8, 113.8, 77.2, 68.9, 44.0, 30.2, 25.4.

3-(1,4-Dioxan-2-yl)-1-methylquinoxalin-2(1H)-one (6d). Yield:
49% (52 mg); yellow solid; 1H NMR (400 MHz, CDCl3): d 7.94
(d, J = 7.93 Hz, 1H), 7.50 (t, J = 7.93 Hz, 1H), 7.21–7.32 (m, 2H),
5.21 (dd, J = 9.46, 2.14 Hz, 1H), 4.19 (dd, J = 10.99, 1.83 Hz, 1H),
4.03 (d, J = 11.60 Hz, 1H), 3.86–3.95 (m, 1H), 3.75 (d, J = 6.10 Hz,
2H), 3.62 (s, 3H), 3.53–3.60 (m, 1H). 13C NMR (101 MHz, CDCl3):
d 155.0, 153.5, 133.0, 132.4, 130.7, 130.5, 123.7, 113.5,
74.5, 69.3, 67.4, 66.2, 28.9; HRMS (ESI) calculated [M + Na]+

for C13H14O3N2Na: 269.0897, found: 269.0898.
1-Benzyl-3-(1,4-dioxan-2-yl)quinoxalin-2(1H)-one (6e). Yield:

42% (35 mg); white solid; 1H NMR (500 MHz, CDCl3): d 8.07 (d,
J = 8.01 Hz, 1H), 7.76 (d, J = 8.01 Hz, 1H), 7.57 (t, J = 7.63 Hz,
1H), 7.46–7.51 (m, 1H), 7.43 (d, J = 7.25 Hz, 2H), 7.29–7.35 (m,
2H), 7.23–7.28 (m, 1H), 5.38–5.61 (m, 2H), 5.19 (dd, J = 9.54,
2.29 Hz, 1H), 4.00–4.10 (m, 2H), 3.91 (td, J = 11.44, 3.05 Hz, 1H),
3.71–3.82 (m, 2H), 3.64 (t, J = 10.68 Hz, 1H). 13C NMR (126 MHz,
CDCl3): d 154.1, 144.8, 139.7, 138.3, 135.8, 129.8, 128.9, 128.3,
127.9, 127.9, 126.5, 126.5, 73.8, 69.2, 68.0, 67.2, 66.0; HRMS (ESI)
calculated [M + H]+ for C19H19O3N2: 323.1390, found: 323.1391.

1-Allyl-3-(1,4-dioxan-2-yl)quinoxalin-2(1H)-one (6f). Yield: 52%
(53 mg); yellow solid; 1H NMR (500 MHz, CDCl3): d 7.95 (dd,
J = 8.20, 1.34 Hz, 1H), 7.39–7.55 (m, 1H), 7.10–7.33 (m, 2H),
5.74–5.95 (m, 1H), 5.15–5.27 (m, 2H), 5.08 (d, J = 17.17 Hz, 1H),
4.74–4.88 (m, 2H), 4.19 (dd, J = 11.44, 2.67 Hz, 1H), 4.03 (d,
J = 11.44 Hz, 1H), 3.86–3.94 (m, 1H), 3.70–3.80 (m, 2H), 3.60
(dd, J = 11.06, 9.54 Hz, 1H). 13C NMR (126 MHz, CDCl3): d 155.1,
153.2, 132.7, 132.2, 130.7, 130.7, 130.3, 123.7, 118.2, 114.1, 74.4,
69.3, 67.4, 66.2, 44.4.

1-Methyl-3-(tetrahydro-2H-pyran-2-yl)quinoxalin-2(1H)-one (6g).
Yield: 51% (54 mg); yellow solid; 1H NMR (500 MHz, CDCl3): d 8.05
(d, J = 8.0 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.25–7.41 (m, 2H), 5.00
(d, J = 10.7 Hz, 1H), 4.29 (d, J = 10.7 Hz, 1H), 3.62–3.80 (m, 4H), 2.15
(d, J = 12.6 Hz, 1H), 1.98 (d, J = 10.3 Hz, 1H), 1.72–1.90 (m, 2H),
1.52–1.68 (m, 2H). 13C NMR (126 MHz, CDCl3): d 158.5, 153.3,
132.7, 132.4, 130.3, 129.9, 123.4, 113.2, 76.1, 69.1, 29.9, 28.6, 25.3,
23.3; HRMS (ESI) calculated [M + H]+ for C14H17O2N2: 245.1285
found: 245.1279.

1-Benzyl-3-(tetrahydro-2H-pyran-2-yl)quinoxalin-2(1H)-one (6h).
Yield: 39% (32 mg); white solid; 1H NMR (200 MHz, CDCl3): d
8.06 (dd, J = 7.89, 1.58 Hz, 1H), 7.37–7.47 (m, 1H), 7.22–7.36
(m, 7H), 5.32–5.68 (m, 2H), 4.87–5.20 (m, 1H), 4.32 (dd,
J = 10.55, 3.09 Hz, 1H), 3.60–3.89 (m, 1H), 2.20 (d, J = 10.74
Hz, 1H), 1.53–2.08 (m, 6H). 13C NMR (50 MHz, CDCl3): d 158.3,
153.1, 134.5, 132.3, 131.7, 130.0, 129.6, 128.2, 127.0, 126.1,
123.1, 113.6, 68.8, 45.1, 29.6, 24.9, 23.0.

1-Methyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (6i). Yield:
89% (79 mg); colorless oil; 1H NMR (200 MHz, CDCl3): d 7.54–
7.91 (m, 1H), 7.06–7.33 (m, 7H), 5.30–5.52 (m, 2H), 3.86–4.07
(m, 1H), 2.39–2.56 (m, 1H), 2.26–2.38 (m, 3H), 2.12–2.25
(m, 1H), 1.89–2.11 (m, 3H).
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1-Benzyl-7-methyl-3-(tetrahydro-2H-pyran-2-yl)quinoxalin-2(1H)-
one (6j). Yield: 55% (51 mg); colorless oil; 1H NMR (200 MHz,
CDCl3): d 7.73–7.91 (m, 1H), 6.93–7.28 (m, 7H), 5.17–5.57 (m, 2H),
4.89–5.07 (m, 1H), 4.14–4.31 (m, 1H), 3.54–3.76 (m, 1H), 2.30 (s,
3H), 2.01–2.16 (m, 1H), 1.39–1.99 (m, 5H). 13C NMR (50 MHz,
CDCl3): d 157.5, 153.6, 141.0, 135.2, 133.5, 131.4, 131.1, 130.4,
130.3, 128.8, 127.6, 126.9, 126.7, 125.0, 114.2, 114.0, 69.4, 45.7,
30.2, 25.6, 23.6, 22.0, 20.5; HRMS (ESI) calculated [M + H]+ for
C21H23O2N2: 335.1754, found: 335.1741.

1-Benzyl-3-(1,4-dioxan-2-yl)-7-methylquinoxalin-2(1H)-one (6k).
Yield: 59% (55 mg); colorless oil; 1H NMR (400 MHz, CDCl3): d
7.77 (s, 1H), 7.17–7.26 (m, 4H), 7.13 (t, J = 6.49 Hz, 2H), 7.04–7.10
(m, 1H), 5.41–5.51 (m, 1H), 5.23–5.40 (m, 2H), 4.23 (dd, J = 11.44,
2.29 Hz, 1H), 4.01–4.10 (m, 1H), 3.86–3.98 (m, 1H), 3.72–3.84
(m, 2H), 3.63 (dd, J = 11.06, 9.54 Hz, 1H), 2.32 (s, 3H). 13C NMR
(101 MHz, CDCl3): d 154.7, 153.4, 141.4, 134.6, 133.5, 132.4, 131.7,
130.2, 130.1, 129.8, 128.6, 127.4, 126.4, 125.0, 114.0, 113.8, 74.2,
69.1, 67.2, 67.1, 66.0, 45.4, 45.4, 29.3, 20.2; HRMS (ESI) calculated
[M + H]+ for C20H21O3N2: 337.1547, found: 337.1534.

3-(1,4-Dioxan-2-yl)-1-ethyl-6,7-dimethylquinoxalin-2(1H)-one
(6l). Yield: 41% (40 mg); white solid; 1H NMR (400 MHz, CDCl3):
d 7.89 (s, 1H), 7.55 (s, 1H), 5.21 (dd, J = 9.77, 2.44 Hz, 1H),
4.42–4.68 (m, 2H), 4.07–4.19 (m, 2H), 3.99 (td, J = 11.29, 3.05 Hz,
1H), 3.79–3.92 (m, 2H), 3.69 (t, J = 10.68 Hz, 1H), 2.41 (d,
J = 6.10 Hz, 6H), 1.46 (t, J = 7.02 Hz, 3H). 13C NMR (101 MHz,
CDCl3): d 154.1, 143.4, 139.9, 138.4, 136.8, 136.0, 128.2, 125.8,
73.8, 69.3, 67.2, 65.9, 62.0, 29.3, 19.9, 19.6, 14.1; HRMS (ESI)
calculated [M + H]+ for C16H21O3N2: 289.1547, found: 289.1543.

1-Ethyl-6,7-dimethyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-
one (6m). Yield: 84% (79 mg); semi solid; 1H NMR (200 MHz,
CDCl3): d 7.73 (s, 1H), 7.48 (s, 1H), 5.19–5.42 (m, 1H), 4.34–4.60
(m, 2H), 4.08–4.25 (m, 1H), 3.86–4.02 (m, 1H), 2.34 (d, J = 2.40 Hz,
7H), 1.95–2.11 (m, 3H), 1.39 (t, J = 7.07 Hz, 3H). 13C NMR (101
MHz, CDCl3): d 155.0, 148.5, 139.5, 138.7, 136.9, 136.0, 128.4,
126.1, 77.2, 69.1, 62.1, 30.7, 25.9, 20.2, 19.9, 14.5; HRMS (ESI)
calculated [M + H]+ for C16H21O2N2: 273.1598, found: 273.1598.

1-Benzyl-6-bromo-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-
one (6n). Yield: 89% (76 mg); white solid; 1H NMR (200 MHz,
CDCl3): d 7.88 (q, J = 2.06 Hz, 2H), 7.21–7.50 (m, 6H), 5.38–5.53
(m, 3H), 4.14 (q, J = 7.33 Hz, 1H), 3.96 (td, J = 7.67, 5.75 Hz,
1H), 2.20–2.31 (m, 2H), 1.89–2.16 (m, 2H). 13C NMR (101 MHz,
CDCl3): d 155.6, 150.8, 141.1, 135.6, 134.7, 132.6, 128.6, 128.3,
128.0, 127.9, 124.5, 122.6, 76.2, 68.9, 68.4, 29.6, 25.3; HRMS
(ESI) calculated [M + H]+ for C19H18O2N2Br: 385.0546, found:
385.0543.

1-Benzyl-7-chloro-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-
one (6o). Yield: 86% (76 mg); reddish viscous oil; 1H NMR (200 MHz,
CDCl3): d 7.75–8.12 (m, 1H), 7.17–7.40 (m, 7H), 5.32–5.65 (m, 3H),
4.17–4.34 (m, 1H), 3.97–4.16 (m, 1H), 2.40–2.67 (m, 1H), 1.95–2.26
(m, 3H). 13C NMR (50 MHz, CDCl3): d 160.5, 153.2, 134.1, 132.6,
130.9, 130.5, 129.5, 129.2, 128.4, 127.2, 126.1, 123.5, 114.9,
113.6, 76.8, 68.6, 62.7, 45.2, 29.9, 25.0; HRMS (ESI) calculated
[M + H]+ for C19H18O2N2Cl: 341.1051, found: 341.1040.

6-Benzoyl-1-benzyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-
one (6p). Yield: 81% (68 mg); gummy oil; 1H NMR (200 MHz,
CDCl3): d 7.95–8.19 (m, 1H), 7.70–7.83 (m, 2H), 7.59–7.68 (m, 2H),

7.36–7.57 (m, 3H), 7.26–7.34 (m, 3H), 7.14–7.26 (m, 2H), 5.31–5.69
(m, 3H), 4.19–4.42 (m, 1H), 3.93–4.16 (m, 1H), 2.41–2.80 (m, 1H),
1.97–2.21 (m, 3H). 13C NMR (101 MHz, CDCl3): d 194.8, 161.9, 153.7,
137.8, 136.4, 134.6, 134.5, 132.9, 132.4, 132.2, 131.7, 130.9, 130.2,
129.6, 129.5, 128.8, 128.1, 127.7, 127.6, 126.7, 126.5, 124.7, 116.3,
77.3, 69.0, 45.3, 30.4, 25.4; HRMS (ESI) calculated [M + H]+ for
C26H23O3N2: 411.1703, found: 411.1715.

1-Propyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (6q).
Yield: 83% (79 mg); gummy oil; 1H NMR (400 MHz, CDCl3): d
7.97 (d, J = 7.9 Hz, 1H), 7.54 (t, J = 7.6 Hz, 1H), 7.23–7.39 (m, 2H),
5.29–5.53 (m, 1H), 4.15–4.38 (m, 3H), 3.94–4.10 (m, 1H), 2.42–2.64
(m, 1H), 2.05 (br s, 3H), 1.74–1.88 (m, 2H), 1.05 (t, J = 7.6 Hz, 3H). 13C
NMR (101 MHz, CDCl3): d 159.5, 153.8, 132.8, 132.3, 130.7, 130.0,
123.4, 113.6, 77.6, 69.2, 43.6, 30.5, 25.6, 20.6, 11.4; HRMS (ESI)
calculated [M + H]+ for C15H19O2N2: 259.1441, found: 259.1435.

3-(1,4-Dioxan-2-yl)-1-propylquinoxalin-2(1H)-one (7). Yield:
94% (57 mg); off-white solid; 1H NMR (500 MHz, CDCl3): d
8.04 (d, J = 7.6 Hz, 1H), 7.57 (t, J = 7.4 Hz, 1H), 7.26–7.41 (m,
2H), 5.23–5.44 (m, 1H), 4.17–4.31 (m, 3H), 4.12 (d, J = 11.4 Hz,
1H), 3.95–4.04 (m, 1H), 3.84 (d, J = 5.0 Hz, 2H), 3.67 (t, J = 10.3 Hz,
1H), 1.73–1.88 (m, 2H), 1.05 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz,
CDCl3): d 154.8, 153.1, 132.5, 132.0, 130.6, 130.4, 123.3, 113.3, 74.2,
69.1, 67.2, 66.0, 43.4, 20.3, 11.0; HRMS (ESI) calculated [M + H]+ for
C15H18N2O3: 274.1308, found: 274.1309.

3-(1,4-Dioxan-2-yl)-1-((3-(4-methoxyphenyl)-4,5-dihydroisoxazol-
5-yl)methyl)quinoxalin-2(1H)-one (8). Yield: 75% (65 mg); white
solid; 1H NMR (200 MHz, CDCl3): d 7.80–8.32 (m, 1H), 7.39–7.77
(m, 4H), 7.25–7.39 (m, 1H), 6.50–7.04 (m, 2H), 5.00–5.42 (m, 2H),
4.55 (td, J = 13.8, 4.3 Hz, 1H), 3.86–4.45 (m, 4H), 3.70–3.86 (m, 5H),
3.12–3.70 (m, 3H); 13C NMR (50 MHz, CDCl3): d 161.4, 156.8,
154.6, 154.1, 132.8, 131.1, 130.8, 128.5, 124.2, 121.4, 114.7, 114.3,
78.2, 74.5, 67.6, 66.4, 55.4, 46.1, 39.2, 29.7; HRMS (ESI) calculated
[M + H]+ for C23H24O5N3: 422.1710, found: 422.1698.

1-(2,3-Dihydroxypropyl)-3-(tetrahydrofuran-2-yl)quinoxalin-
2(1H)-one (9). Yield: 89% (60 mg); colorless gummy oil; 1H NMR
(200 MHz, CDCl3): d 7.87 (d, J = 7.83 Hz, 1H), 7.47 (d, J = 3.79 Hz,
2H), 7.23–7.36 (m, 1H), 5.21–5.37 (m, 1H), 4.35–4.50 (m, 1H),
3.86–4.32 (m, 4H), 3.63 (d, J = 9.35 Hz, 2H), 3.51 (br s, 1H), 3.00
(s, 1H), 2.22–2.49 (m, 1H), 1.81–2.11 (m, 3H), 1.18 (s, 1H). 13C
NMR (50 MHz, CDCl3): d 158.1, 154.3, 132.2, 131.8, 129.9, 129.9,
123.6, 113.5, 76.6, 68.9, 68.5, 62.7, 62.7, 44.0, 42.6, 29.6, 29.5,
29.0, 25.0; HRMS (ESI) calculated [M + H]+ for C15H19O4N2:
291.1339, found: 291.1345.
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Ti-superoxide catalyzed oxidative amidation of
aldehydes with saccharin as nitrogen source:
synthesis of primary amides†

Rohit B. Kamble, ‡ab Kishor D. Mane, ‡ab Bapurao D. Rupanawar, ab

Pranjal Korekar,c A. Sudalaiab and Gurunath Suryavanshi *ab

A new heterogeneous catalytic system (Ti-superoxide/saccharin/TBHP) has been developed that efficiently

catalyzes oxidative amidation of aldehydes to produce various primary amides. The protocol employs

saccharin as amine source and was found to tolerate a wide range of substrates with different functional

groups. Moderate to excellent yields, catalyst reusability and operational simplicity are the main

highlights. A possible mechanism and the role of the catalyst in oxidative amidation have also been

discussed.

Introduction

The amide bond constituting the structural backbone of
proteins and peptides is abundantly found in natural products,
pharmaceuticals, polymers and agrochemicals.1 In particular,
primary amides (RCONH2) play an important role in organic
synthesis as building blocks exhibiting a wide range of indus-
trial applications and pharmacological interests2 (Fig. 1).

Traditionally, amide synthesis has been achieved by the
reaction of an amine with an activated carboxylic acid deriva-
tive, that oen employs coupling reagents.3 Subsequently,
several alternate strategies4 emerged for amide formation that
include: (i) the Staudinger reaction; (ii) the Schmidt reaction;
(iii) the Beckmann rearrangement; (iv) hydroamination of
alkynes; (v) dehydrogenative amidation of alcohols; (vi) hydro-
amino carbonylation of alkenes; (vii) iodonium promoted
nitroalkene amine coupling reaction; (viii) transamidation of
primary amides; etc. In this context, oxidative amidation of
aldehydes with amine salts is synthetically preferred and has
been achieved with a variety of reagent systems5 (e.g. I2, NBS,
MnO2, 3,30,5,50-tetra-tert-butyldiphenoquinone and TBHP as
oxidant, N-heterocyclic carbene, transition metals such as Pd,
Rh, Ru, Ni, Cu/Ag, Fe. Au, Pt and lanthanides). It may also be
noted that several researchers have developed catalyst-free
methods using TBHP and H2O2 as oxidants.6 Quite recently,
visible light was utilized to trigger a photoredox catalytic

oxidative amidation of aldehydes.7 This reaction, however,
relied on phenazinium salt, rose bengal or anthraquinone-
based organophotocatalyst and air as the oxidant. Also, oxida-
tive amidation of methylarenes catalyzed by Mn or Fe in
combination with NH3 or urea as amine source and oxidants
has been reported8 for amide synthesis (Scheme 1). The existing
methods utilize homogeneous, rare and costly transitionmetals
as catalyst. Also, these homogeneous reaction mixtures did not
allow recyclability of used metals. To the best of our knowledge,
metal catalyzed direct oxidative amidation of aldehydes under
heterogeneous conditions has not explored. In this strategy, we
wish to report Ti-superoxide catalyzed oxidative amidation of
aldehydes and catalyst reused for more than three catalytic
cycles (Scheme 1).

Fig. 1 Some biologically important primary amides.
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Saccharin (2) is an articial sweetener used in the production
of various foods and pharmaceutical products. It is also used in
the preparation of disubstituted amines from halides via
nucleophilic substitution followed by Gabriel synthesis.9

Sometime ago, we have reported an elegant synthesis and
catalytic applications of exceptionally stable titanium

superoxide for C–O, C–N and C–Br bond forming reactions.10

Keeping this in mind, it was of interest to explore the cross
dehydrogenative coupling between benzaldehyde and saccharin
under Ti-superoxide catalysis in the presence of TBHP as
oxidant to produce N-benzoylsaccharin (8). Surprisingly, the
reaction underwent oxidative amidation to produce benzamide
(56%). Thus, in seeking to develop a general condition for
amide synthesis, we proposed that saccharin (2) could serve as
nitrogen source. In this paper, we wish to report, for the rst
time, that titanium superoxide efficiently catalyzes oxidative
amidation of aldehydes, under truly heterogeneous conditions,
to produce primary amides (3) in excellent yields employing
saccharin (2) as amine source and TBHP as oxidant (Scheme 1).

Table 1 shows the results of optimization studies of oxidative
amidation of anisaldehyde with saccharin as amine source over
Ti-superoxide using TBHP as oxidant.

When they were combined in equimolar amounts in 1,2-
dichloroethane with Ti-superoxide (10 wt%) as catalyst at RT, no
reaction took place. However, with increase in TBHP concen-
tration (2–3 equiv.) and temperature at 90 �C, amide 3c was
indeed obtained in low yields (19–22%). With change of solvent
to 1,4-dioxane, considerable improvement in yield of 3c was
achieved (41%). Further, increase of temperature to 110 �C,
however, had a deleterious effect on yield (22%) (entry 3). When
the catalyst concentration was increased to 20 wt%, yield of 3c
was increased to 65%. Interestingly, a substantial improvement
in yield was observed from 65 to 83% as the reaction time was
decreased from 12 h to 4 h. Finally, a dramatic improvement in
yield (95%) was realized with the reduction in time to 1 h.
Further, reduction in TBHP concentration to 2 equiv. resulted in
lowered yield of amide 3c (51%) (entry 5). Unfortunately, other
solvents such as CH3CN, DMSO, DMF and THF were found to be
unsuitable for the reaction. Also, several oxidants such as DTBP,
K2S2O8 and H2O2 and other Ti catalysts (titanium silicalite-1
and TiO2) were found to be less favoured for oxidative amida-
tion. It may be noted that the reaction failed to proceed with

Scheme 1 Primary amide synthesis via direct oxidative amidation of
aldehydes or methyl arenes.

Table 1 Optimization of oxidative amidation of anisaldehyde with saccharin as amine source over Ti-superoxidea

No. Catb (wt%) Oxidant (equiv.) Solvent T (�C) T (h) Yieldc (%)

1 10 TBHP (1)d DCEe 25 12 N R
2 10 TBHP (2) DCE 90 12 19 (22)f

3 10 TBHP (3) 1,4-Dioxane 90 12 41 (22)g

4 20 TBHP (3) 1,4-Dioxane 90 12 65 (71)h, (83)i

5 20 TBHP (3) 1,4-Dioxane 90 1 95 (51)j

6 20 DTBP (3)k or K2S2O8 (3) 1,4-Dioxane 90 1 N R
7 20 30% H2O2 (3) 1,4-Dioxane 90 1 11

a Reaction conditions: anisaldehyde (1 mmol), saccharin (1.2 mmol), solvent (4 mL). b Titanium superoxide. c Isolated yield. d 5�6 M TBHP in
hexane was used. e 1,2-Dichloroethane. f 3 equiv. of TBHP was used. g Temperature was 110 �C. h Time was 8 h. i Time was 4 h. j 2 equiv. of
TBHP was used. k Di-tert-butylperoxide.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 724–728 | 725
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other amine sources such as ammonia or its salts (Cl�, OAc� or
NO3

�) as well.
To determine the scope and limitations of this reaction,

a wide range of aldehydes were reacted under the optimized
reaction conditions (Table 2). In general, good to excellent
yields of primary amides were obtained in most cases. For
instance, aromatic aldehydes, bearing electron–donating and
electron withdrawing groups in different ring positions, gave
the desired products (3a–w) in good to excellent yields (27–
95%), indicating that the reaction is not sensitive to electronic
effects. Thus, various functional groups with potential synthetic
applications are well-suited for this reaction, although
substrates having sensitive NH2 and OH groups gave a dimin-
ished yield (27–36%). Interestingly, phenyl acetaldehydes pos-
sessing a variety of substituents with different electronic effect
(Br, OH, OMe and Cl) gave the desired primary amides (3x–z &
3aa-3ab) in high yields (36–86%). Aliphatic (C8- and C10-), het-
eroaryl (2-thienyl and 2-pyridyl), and naphthyl aldehydes were
tolerated as well, thus providing the desired amides (3ae, 3af &
3i) in good yields (25–78%). Nevertheless, it should be noted
that unsaturated aldehydes such as cinnamaldehyde and acro-
lein are less favoured substrates under the oxidative amidation
condition.

In order to get an insight into the mechanism of this reaction,
we have conducted the following two experiments (Scheme 2).
When N-benzoyl saccharin 8 was subjected to the optimized
reaction conditions, benzamide (3a) was indeed isolated in 39%
yield, conrming the involvement of 8 as the key intermediate.
Also, when oxidative amidation of anisaldehyde was carried out
in the presence of radical scavenger TEMPO (1.1 equiv.), the
corresponding TEMPO adduct 10 was detected and conrmed by
LCMS, thus establishing the formation of benzoyl radical that
underwent radical coupling in the reaction. On the basis of the
above experiments and literature precedence,11 a plausible cata-
lytic cycle is proposed in Scheme 3. Initially, combination of acyl
radical, generated from aldehyde on oxidation with TBHP, in the
presence of Ti catalyst A produces Ti peroxo species B. Subse-
quently, B undergoes displacement with saccharin to produce
N-acylsaccharin C along with TiOOH. Finally, 2 equiv. of TBHP
are utilized: (i) to regenerate Ti catalyst A; (ii) to form amides from
intermediate C via oxidative hydrolysis.

Table 2 Substrate scope for the oxidative amidation of aldehydesa

a Reaction conditions: aldehyde (1 mmol), saccharin (1.2 mmol), 5–6 M
TBHP in hexane (3 mmol), Ti-superoxide (20 wt%), 1,4-dioxane (4 mL),
90 �C, 1 h. b Isolated yield.

Scheme 2 Mechanistic studies to establish the involvement of radical
pathway.

Scheme 3 Catalytic cycle for the oxidative amination of aldehydes.

Scheme 4 Synthesis of moclobemide on 5 g scale.

726 | RSC Adv., 2020, 10, 724–728 This journal is © The Royal Society of Chemistry 2020

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 4
/2

/2
02

2 
6:

49
:1

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra10413e


This methodology is amply demonstrated in the synthesis of
drugs namely ethenzamide 3s and moclobemide 7. Scheme 4
shows the single step synthesis of moclobemide, a reversible
inhibitor of monoamine oxidase A via N-alkylation of 3e with 6.

Fig. 2 shows the results on reusability studies. Ti-superoxide
catalyst was readily recovered quantitatively by simple ltration
and reused again at least for 3 cycles without the loss of catalytic
activity (runs 1–3). The catalyst performed under truly hetero-
geneous manner as no leaching of Ti was observed in the
aqueous part.

Conclusions

In conclusion, we have described here a simple, convenient and
environment-friendly protocol for primary amide synthesis
directly from aldehydes using Ti-superoxide as a mild and
cheap catalyst and saccharin as amine source using TBHP as
oxidant. The presented strategy has several advantages that
include: (i) Ti catalyst is recyclable; (ii) good functional group
compatibility; (iii) wide range of substrate scope; (iv) mild
reaction conditions; (v) no additives and can be easily scaled up;
(vi) saccharin as cheaply available amine source. We envisage
that this new catalytic method would be used as an alternative
to other existing methods for the primary amide synthesis.
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a b s t r a c t

An enantioselective total synthesis of Tofacitinib (CP-690,550), a Janus tyrosine kinase (JAK3) specific
inhibitor has been achieved from the readily available 4-piperidone. Proline catalysed hydroxylation is
the key step for the synthesis of enantiopure 1-benzyl-4-methylpiperidin-3-ol.

� 2021 Elsevier Ltd. All rights reserved.

Introduction

Substituted piperidines are the most accessible structural
motifs found among the biologically active N-heterocycles which
occurred naturally as well as synthetically [1]. It has become the
most reputed and impressive core structure as it is present in 72
small drug molecules having piperidine as active site [2]. Due to
the impact of piperidines in pharmaceutical industry it has
attracted the attention of chemists towards its synthesis [3]. The
Janus protein tyrosine kinase also known as jakinibs, are a type
of medication that act for inhibiting the movement of one or more
of the Janus kinase family of enzymes (JAK1, JAK2 and JAK3)
thereby interrupting with the JAK-STAT signalling pathway [4].
Hence it has become an important task to develop JAK inhibitors
which will prevent such uncontrolled inflammation [5].

In recent studies, 3, 4-disubstituted piperidines has shown a
promising candidate as JAK inhibitors [6a]. Whereas in 2012, tofac-
itinib (1) became the first JAK inhibitor drug approved by the Food
and Drug Administration (FDA) for the treatment of rheumatoid
arthritis, also in 2017 it was further approved for the treatment
of active rheumatoid arthritis (RA) [6b], psoriatic arthritis [6c],
and ulcerative colitis [6d].

It is a promising immunosuppressant, developed by Pfizer and
approved for treatment during the organ transplant rejection [7].
Tofacitinib (CP-690,550) (1) with two chiral centers having the

substituted piperidines and amino deazapurine core as shown in
Fig. 1. Also, it shows promising clinical activities against autoim-
mune related diseases such as psoriasis, inflammatory bowel dis-
ease and Crohn’s disease [8].

Due to the increasing importance of tofacitinib in medicinal and
pharmaceutical fields, several synthetic approaches have been well
reported in the literature [9a]. Among the reported methods,
asymmetric synthesis of tofacitinib is rarely explored [9b-d].

In 2013, Maricán et al. reported the preparation of key synthetic
intermediate tert-butyl-(3S,4R)-3-hydroxy-4-methyl piperidine-1-
carboxylate from (S)-5-hydroxypiperidin-2-one in 6 steps [10].
Preliminary the key steps of this route are selenoxide elimination,
Grignard methyl cuprate addition, with an overall yield of 18%.

Initially, Ripin and co-workers from Pfizer has developed a syn-
thetic route for the preparation of key intermediate 2 from 4-pico-
line, followed by late stage resolution to achieve the enantiomeric
purity [11a]. In 2017, Uang et al. accomplished the formal asym-
metric synthesis of tofacitinib via a stereoselective Michael addi-
tion of the corresponding enolate of chiral 1,3-dioxolanone to
methyl crotonate. The enantioselectivity was introduced by using
chiral auxiliary i.e. homochiral 1,3-dioxolanon synthesized from
derivative of camphor sulfonic acid and glycolic acid [9d].

For the synthesis of enantiopure piperidine moiety above
method requires late stage resolution techniques which results in
the loss of yield. Furthermore, use of chiral auxiliary and harsh
reaction conditions make the above approaches impractical.
Hence, to overcome this limitation, we have developed an enan-
tioselective synthesis of key intermediate 2awith 18% overall yield
and high enantiopurity of the 2a was achieved by hydrolytic
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kinetic resolution starting from crotyl alcohol as shown in
Scheme 1 [12b].

The presence of enantiopure piperidine moiety as a core struc-
ture in tofacitinib and our continuous efforts towards the synthesis
of these moieties [12], we have outlined a retro synthetic approach
for the tofacitinib (1). As shown in Scheme 2, the synthesis of tofac-
itinib (1) could be accomplished from stereoselective inversion of
1-benzyl-4-methylpiperidin-3-yl methanesulfonate 2b via
nucleophilic substitution reaction with N-methyl dezapurine
amine 3. Further, the key intermediate 2a can be synthesized from
the N-protected piperidone 5 by using proline catalysed one pot
a-aminoxylation and Wittig reaction, followed by reduction of
allylic alcohol 4.

Our approach towards the synthesis of key intermediate 2a
commences from N-benzyl protection of 4-piperidone 6 under
basic condition using K2CO3, BnBr in H2O and chloroform, gives
N-benzyl protected 4-piperidone 5 in 87% yield [13]. The com-
pound 5 was then subjected for direct proline-catalyzed asymmet-

ric a-aminoxylation reaction using L-proline as organocatalyst and
nitrosobenzene as aminoxylating source in DMF under N2 atmo-
sphere for 62 hrs, followed by one carbon Wittig reaction using
methyl triphenylphosphonium iodide (CH3PPh3I) and t-BuOK as
base in THF for 12 hrs which gives intermediate 7 as shown in
Scheme 3.

After consumption of starting material, the OAN bond cleavage
of intermediate 7 was achieved in situ by addition of CuSO4�5H2O
in the reaction mixture and kept for another 12 h to give the cor-
responding chiral allylic alcohol 4 in 47% yield over three steps
with 97% ee [14].

Furthermore, the formed allylic alcohol 4 was subjected for
diastereoselective hydrogenation reaction using 1 atm pressure
of hydrogen and 10% Pd on carbon to form the compound 2a in

Scheme 4. Synthesis of (+)-Tofacitinib: (a) MsCl, TEA, DCM, 0 �C, 1 h, 97%; (b) 3,
K2CO3, DMF, 60 �C, 12 h, 81%; (c) 20 wt% Pd(OH)2, H2 (1 atm), TFA, MeOH, 45 �C 12 h
then, ClCOCH2CN, DCM, TEA, 0 �C to rt, 2 h.

Scheme 1. Various Routes for synthesis of intermediate 2 from pyridines.

Scheme 2. Retrosynthetic Analysis of Tofacitinib (CP-690,550).

Scheme 3. Synthesis of Enantiopure Hydroxypiperidine via Proline Catalysed a-
aminoxylation; Reaction Conditions: (a) BnBr, K2CO3, H2O:CHCl3 (1:1), 12 h, rt 87%;
(b) (i) L-proline, PhNO, DMF, 0 �C, 62 h; (ii) CH3PPh3I, t-BuOK, LiCl (1.1 eq.), THF,
50 �C; (c) CuSO4�5H2O (30 mol %), MeOH, 25 �C, 12 h; (d) 10% Pd/C, H2 (1 atm),
AcOEt, 5 h, rt, 93%.

Fig. 1. Structure of Tofacitinib and Key Intermediate.
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93% yield with 96.8% ee. The formation of compound 2a was con-
firmed by previous literature report and its optical rotation is in
well agreement with the reported value. Then the enantiopure
piperidine alcohol 2a was utilized for the synthesis of tofacitinib
as shown in the Scheme 4.

Further, the compound 2a was utilized for mesylation reaction
using MsCl and Et3N, followed by base mediated SN2 reaction with
N-Methyl dezapurine 3 under basic condition to give compound 8
in 81% yield. Then N-benzyl deprotection of compound 8 was car-
ried out under hydrogenation condition using 20 wt% Pd(OH)2 and
1 atm H2 pressure followed by in situ N-acylation using 2-cyanoa-
cetyl chloride to give (+)-tofacitinib (1) in 75% yield over two steps.
The formation of tofacitinib (1) was confirmed by 1H, 13C NMR and
its values are in well agreement with previous reports [15].

In conclusion, the (+)-tofacitinib (1) was synthesized in 8 steps
commenced from 4-piperidinone in 22.4% overall yield with 96.8%
ee. The key steps involved are L-proline catalyzed a-aminohydrox-
ylation followed by Wittig olefination and hydrogenation
reactions.
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ABSTRACT: An atom economical and environmentally benign protocol has been developed for the regioselective C(sp2)−H bond
functionalization of indolizines. The acetic acid-catalyzed cross-coupling reaction proceeds under metal-free conditions, producing a
wide range of synthetically useful indolizine derivatives. The present protocol showed good functional group tolerance and broad
substrate scope in good to excellent yields. Quantum mechanical investigation using density functional theory (DFT) has played a
crucial role in understanding that acetic acid is the key player in determining the actual pathway as the catalyst and its ultrafast
nature. Different pathways involving inter- and intramolecular proton transfer, with or without acetic acid, were investigated.
Calculated results revealed that a proton shuttle mechanism is involved for the least energetic, most favorable acetic acid-catalyzed
pathway. Furthermore, regioselectivity has also been explained theoretically.

■ INTRODUCTION

N-heterocyclic compounds are found ubiquitously in many
natural products and the core structure of active pharmaceut-
ical ingredients. The indolizines are one of the most important
fused N-heterocyclic compounds isolated from different plants
and fungal sources1 and, furthermore, these compounds have
been drawn into the spotlight due to their unique physical and
pharmacological properties. Natural and synthetic indolizine
alkaloids are extensively used in structure−activity relationship
(SAR) studies. In this study, various biological activities of
indolizine derivatives are reported, including anticancer,
antibiotic, antitubercular, antioxidant, antimicrobial, anti-
inflammatory, and antimycobacterial properties (Figure 1).2,3

The fluorescent indolizine derivatives are effectively used in
Alzheimer’s disease (a neurodegenerative disorder) to detect
accumulated amyloid-β (Aβ) peptide monomers, dimers, and
plaques in the brain of the 5XFAD Alzheimer transgenic
mouse model.4 To determine the mode of action of the
antiangiogenic drug, a fluorescent indolizine core derivative
was used to prepare a drug−biotin conjugate.5 Additionally,
substituted indolizine derivatives exhibit fluorescence proper-
ties that make them ideal candidates in dye-sensitized solar
cells as organic sensitizers,6 FRET fluorescence sensors for

detecting Hg2+ and Cu2+ in the living cell,7 pH fluorescent
probe for imaging living cells,8 and fluorescent blue-emitting
indolizines for organic light-emitting devices.9 Indolizine β-
cyclodextrin compounds are used as molecular chemosensors
for detecting volatile organic compounds and biological
markers.10

The unique physical and pharmacological properties of
indolizine derivatives were able to draw attention among
research groups. A variety of strategies have been reported for
the synthesis11 and functionalization of indolizines,12 and
among these reactions, metal-free and visible light-mediated
reactions are particularly effective in providing a new set of
indolizines.13 Quinone monoimines show excellent electro-
philic properties and are effectively used with various
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nucleophiles such as indoles,17 naphthols,17b,c and napthyla-
mines.17d

In 2004, Gevorgyan and co-workers developed C−H
functionalization of heteroaryl such as indolizines with
heteroaryl bromides using a palladium catalyst, and it provided
a wide range of biheteroaryl structural motifs in excellent yields
(Scheme 1).13e To the best of our knowledge, there are very
few reports present so far for the metal-free C−H
functionalization of indolizines.14 Continuing our research
efforts on developing efficient and straightforward methods,15

we have developed a metal-free, regioselective C−H
functionalization of indolizines using a catalytic amount of
acetic acid.
As the reaction involves only two starting materials and

solvent while investigating the reaction pathway theoretically,
our initial assumption was that a simple nucleophilic attack of
indolizine to the electrophilic monoimine might take place,

followed by the intramolecular four or five-membered proton
abstractions. Based on prior research,16 upon calculating the
energetics against our initial hypothesis using DFT, it was
observed that the activation barriers for different transition
states did not fit with the reaction conditions. Hence, this
hypothesis will not stand. At this point, the complexity arises
and we started connecting the missing dots; it came out of the
discussion that the monoimine we were using is the crude
mixture for which we did not do the column. For the synthesis
of the quinone monoimine, (diacetoxyiodo)benzene (PIDA)
was used and we obtained acetic acid as a byproduct in the
system, which can also be easily recognized by its smell. Since
we were using the crude monoimine with acetic acid for the
reported reaction, the presence of acetic acid might cause the
reaction to occur very fast, our next assumption. Based on this
hypothesis, we again performed DFT quantum mechanical
studies that showed the energetics to fit finely with the reaction

Figure 1. Fluorescent and biologically active indolizines.

Scheme 1. Different Approaches on C−H Functionalization of Indolizines
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conditions, which have a global activation barrier of only 17.67
kcal mol−1. With these computational results in our hands, we
now started looking into the synthetic evidence and support.
We removed acetic acid impurity present in the starting
material. The purified quinone monoimine was subjected to
optimized reaction conditions, but the yield of the product
reduced drastically. This is the first and direct support of our
hypothesis and theory. The yield was significantly increased by
the addition of one drop of acetic acid externally into the
reaction mixture. Hence, we have shown a delicate control over
synthesis and computation: a computation-driven synthesis
and a synthesis-driven computation. We were now interested
in finding the origin of regioselectivity, which upon
investigation showed that the transition state for the
nucleophilic attack from the C-3 position is 5.68 kcal mol−1

more stabilized than from the C-1 position of indolizine. Three
different gauche conformations have been studied to identify
the most stable transition state for the nucleophilic attack.

■ RESULTS AND DISCUSSION
As an initial investigation, indolizine (1a) and quinone
monoimine (2a) were used as a model substrate for the
optimization of reaction conditions (Table 1). First, the
desired product C-3-functionalized indolizine 3a was observed
in a trace amount of isolated yield in the presence of HCl or
without any additive at rt in 12 h (Table 1, entries 1 and 2).
Furthermore, we found that the reaction works well in
acetonitrile with a catalytic amount of acetic acid as an
additive (Table 1, entry 3). With CH3CN as a solvent, we
investigated different concentrations of acetic acid and reaction
times at room temperature, which resulted in comparative
yields of the expected product (see Table 1, entries 3−6).
Excellent yields were obtained even when reactions were
conducted for a short period of time, beginning with 1 h, 20,
10, and 2 min (Table 1, entries 7−10). Furthermore, different
solvents were screened to promote the reaction yields (Table
1, entries 11−13). Entries 11−13 demonstrate that the

reaction works well in all of the solvents but not better than
acetonitrile. With lowering reaction temperature, the rate of
the reaction slows down (Table 1, entry 14). Thus, we choose
entry 10 as the most optimal reaction condition to form 3a.
With optimized reaction conditions in hand (Table 1, entry

10), we investigated the scope of the reported reaction by
screening a wide range of indolizine and quinone monoimine
derivatives (Scheme 2). In the reaction of N-sulfonyl quinone
monoimines with substituted indolizines containing electron-
withdrawing, electron-donating, halo, and hetero substituents,
coupled products (3a−3w) were obtained in good to excellent
yields, as shown in Scheme 2. Using standard reaction
conditions, N-tosyl-, mesyl-, and sulfonyl-protected quinone
monoimines gave 90−96% yields for the expected products
(3a−3c) upon reaction with indolizine. With ortho-, meta-,
and para-substituted electron-donating groups on the phenyl
rings of indolizines, we obtained the desired products (3e, 3g,
3h, 3o) in good yields (up to 91%). Halogen substitutions at
ortho-, meta-, and para-positions on indolizines were also
examined under optimized reaction conditions that gave the
corresponding products (3d, 3i, 3j, 3p, 3q) with good to
excellent yields.
In addition, electron-withdrawing substitution on indolizine

offered the desired products (3f, 3k) in 86 and 94% yields,
respectively. With substituents present at the C-1, C-6, and C-
7 positions of indolizines, the reaction gave the coupled
products (3l-3n, 3r-3s) with 59−77% yields. Furthermore,
indolizines with heterocyclic rings are also capable of forming
coupled products (3t and 3u) with comparable yields. The
substituted quinone monoimines also gave moderate yields of
the coupled products 3v and 3w. Unfortunately, N-acyl-
protected quinone monoimine and various electron-rich
heterocycles failed to give the expected products (3x−3ab).
Additionally, we investigated the effect of other quinone

monoimine reactions with different indolizines, and the results
are summarized in Schemes 3 and 4. For the quinone
monoimine derivative (5), the standard reaction conditions

Table 1. Reaction Optimizationa

entry additive solvent time yield (%)

1 CH3CN 12 h trace
2 HCl CH3CN 12 h trace
3 AcOH (10 mol %) CH3CN 12 h 88
4 AcOH (20 mol %) CH3CN 12 h 87
5 AcOH (50 mol %) CH3CN 12 h 74
6 AcOH (100 mol %) CH3CN 12 h 69
7 AcOH (20 mol %) CH3CN 1 h 88
8 AcOH (20 mol %) CH3CN 20 min 89
9 AcOH (20 mol %) CH3CN 10 min 92
10 AcOH (20 mol %) CH3CN 2 min 92
11 AcOH (20 mol %) DCE 10 min 71
12 AcOH (20 mol %) THF 10 min 78
13 AcOH (20 mol %) DCM 10 min 81
14 AcOH (20 mol %) CH3CN 10 min 55b

aReaction conditions: 1a (1 equiv), 2a (1 equiv), AcOH (20 mol %), CH3CN, rt, 2 min. bReaction carried out at 0 °C.
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were applied to produce a wide range of synthetically
important molecules of axially chiral BINOLs with substituted
indolizine cores.
As shown in Scheme 3, several indolizines with electron-

donating, electron-withdrawing, and halo groups reacted well
with quinone monoimine 5 under standard reaction conditions
and provided corresponding products (6a−6f) in 57−74%
yields. For the axially chiral BINOL products, four possible
stereoisomers are possible. Since we have used a racemic
starting material, a pair of diastereomers have formed, each of
which exists as a racemic mixture.

We also synthesized symmetric indolizine 8 and one-pot
synthesis 3a from N-tosyl-p-aminophenol 9, as shown in
Scheme 4. Compound 3u is oxidized to give quinonone
monoimine derivative 7, followed by the addition of
heterocyclic indolizine 1u, which yields symmetric indolizine
8 in 67% yield. Additionally, we successfully synthesized
product 3a directly from N-tosyl-p-aminophenol 9 in a one-pot
reaction using PIDA with 61% yield. In a scale-up reaction of
1u with quinone monoimine 2a, 1.27 grams of compound 3u
was obtained with 90% yield.

Density Functional Theory (DFT) Studies. Design of
Reaction Pathways. The selected model structures of quinone

Scheme 2. Substrate Scope for C-3-Functionalized Indolizines with Quinone Monoimine Derivativesa

aReaction conditions: 1a (1 equiv, 0.191 mmol), 2a (1 equiv, 0.191 mmol), AcOH (20 mol %), CH3CN, rt, 2−10 min.
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monoimine S1 and indolizine S2 in Figure 2 have been used to
investigate the probable mechanistic pathways for the reaction.
The investigated pathways are shown in Schemes 5, 6, and 7,
respectively.
In pathway 1, the reaction proceeds via a [1, 4] proton

transfer, whereas a [1, 3] proton abstraction mechanism is seen
in pathway 2 (Scheme 5). Pathways 3, 4, 5, and 6 show an
acetic acid-catalyzed proton shuttle mechanism (Scheme 6) as
well as substrate activation (Scheme 7). The potential energy
surface (PES) of the studied pathways are shown in Figure S1
(refer Supporting Information), 5, and 6, respectively.
Stationary points for the minima have been designated using
the letters “S”, “I”, and “P”. “TS” is used for the saddle point.
Subscript on the right- and left-hand sides, respectively,
indicates the species number and the pathway it belongs. “F”
in subscript represents “final,” “Ac” represents “acetic acid-
catalyzed pathway”, and ’PT′ represents proton transfer.
Analysis of the Pathways. Conformational Analysis for

the Nucleophilic Attack. Initially, the indolizine S2 from its C-
3 position makes the nucleophilic attack to the electrophilic
monoimine S1 through TS1 to produce the intermediate I1. We
found that three different gauche conformations can be
possible for TS1, which are indicated as TS1a, TS1b, and TS1c

in Figure 3. DFT quantum mechanical calculations revealed
that the activation barriers for TS1a, TS1b, and TS1c are 24.09,
20.54, and 17.67 kcal mol−1, respectively. Hence, TS1c is the
most stable conformer for the nucleophilic attack.

Pathways 1 and 2. We suspect that two different ways of
proton transfer could be possible after the nucleophilic attack
(Scheme 5). In pathway 1, an intramolecular [1, 4] proton
transfer is observed, which has an activation barrier of 27.5 kcal
mol−1, whereas a [1, 3] intramolecular proton transfer is
associated with pathway 2. The TS for [1, 3] proton
abstraction has an energy barrier of 71.48 kcal mol−1. (Energy
profile for pathways 1 and 2 are given in the Supporting
Information; refer to Figure S1 in the Supporting Informa-
tion.) Therefore, the observed energetics did not fit with the
current reaction conditions. Hence, our initial hypothesis for
the intramolecular proton abstraction pathways did not stand
anymore.

Pathway 3. At this point, we again started understanding
the system and found that acetic acid has an important role in
making the reaction catalytic and very fast, which led us to
pathway 3 (Scheme 6 and Figure 4). After the initial
nucleophilic attack, intermediate I1 is formed through TS1c
associated with an activation barrier of 17.67 kcal mol−1. Here,

Scheme 3. Synthesis of Indolizine-Functionalized BINOLsa

aReaction conditions: 1n (1 equiv, 0.197 mmol), 5 (1 equiv, 0.197 mmol), AcOH (20 mol %), DCM, rt, 5 min.
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in this pathway 3, I1 is getting far more stabilized than
pathways 1 and 2 due to the acetic acid support in the system
through hydrogen bonding (AcI2). An eight-membered proton

shuttle mechanism was observed in the very next step by which
an intermolecular proton abstraction from acetic acid to I1 and
from I1 to acetic acid is occurring simultaneously through
AcTS2 to form AcI3 and, therefore, we are getting acetic acid
back (Scheme 6 and Figure 4). This step has an activation
barrier of 10.48 kcal mol−1. The intermediate AcI3 forms AcI4,
followed by AcI5 and acetate anion through AcIPT. Finally, the
aromatization occurs through a proton transfer from AcI3 to
acetate anion via AcTS3, which has an activation barrier of 0.18
kcal mol−1 and, hence, we obtain the final product AcPF with

Scheme 4. Synthetic Utility and Scale-Up Experiment

Figure 2. Structures of the model starting materials.

Scheme 5. Initial Hypothesis for the Probable Pathways
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the recovery of the acetic acid, which is further used to perform
the next catalytic cycle.
Hence, this pathway 3 is a direct support for the crucial role

of acetic acid to make the reaction very fast and the energetics
for pathway 3 now exactly fits with our current reaction
conditions. However, as shown in Scheme 6 and in pathway 3,
the acetic acid participates after the initial nucleophilic attack,
and also, there are various negatively charged intermediates
and TS in the mechanistic route. At this point, a few questions
may arise, viz. why acetic acid is not taking part in the initial
nucleophilic attack step by activating the reactant and also why
the negatively charged intermediates and TS are not getting
stabilized by the acetic acid in the catalytic cycle. Considering
these facts, our further investigation led us to three different
pathways (pathways 4, 5, and 6), as shown in Scheme 7 and
Figure 5. Based on our conformational analysis, as shown in
Figure 3, we chose the most stable conformer TS1c to probe
the effect of activation by acetic acid.
Pathway 4. In pathway 4, the quinone monoimine gets

protonated (AcS1b) for activation at the very first step. This
protonation leads to a barrierless TS for the nucleophilic attack
by indolizine S2 to form the intermediate AcI1b. The proton
abstraction takes place by a proton shuttle mechanism through
AcTS2b with an activation barrier of 13.57 kcal mol−1. The
intermediate AcI2b is further stabilized when one acetate
molecule got inserted by replacing one molecule of acetic
acid, forming the intermediate AcI3b. Next, protonation occurs
to give rise to the hydrogen-bonded aromatized intermediate
AcI4b through AcTS3b having a −0.18 kcal mol−1 activation
energy barrier. Finally, AcPF is formed.

Pathway 5. In pathway 5, the quinone monoimine S1
initially gets activated by the acetic acid through hydrogen
bonding (AcS1a), which facilitates the nucleophilic attack by the
indolizine S2 through AcTS1a with an energy barrier of 8.48 kcal
mol−1 forming the intermediate AcI1a that undergoes a proton
shuttle mechanism through AcTS2a, which has an activation
barrier of 17.85 kcal mol−1, to end up with intermediate AcI2a.
At this point, the nitrogen on the quinone monoimine moiety
gets protonated by the acetic acid and forms the intermediate
AcI3b. Further proton abstraction to give the aromatized
hydrogen-bonded intermediate AcI4b occurs through AcTS3b
with an activation barrier of −0.18 kcal mol−1. Finally, AcPF
is formed.

Pathway 6. Pathway 6 also follows the common step up to
intermediate AcI2a. Then, instead of protonating the nitrogen
(pathway 5), one acetic acid molecule goes out and one acetate
molecule gets inserted to provide intermediate AcI3a that
undergoes proton abstraction through AcTS3a by crossing an
activation barrier of only 0.18 kcal mol−1. Furthermore, the
hydrogen-bonded negatively charged aromatized intermediate
AcI4a gets protonated to provide the final product AcPF with
initializing another catalytic cycle. Comparing all of the
possible mechanistic pathways, it can be concluded from the
energy profile that pathway 6 has the least energetic or most
favorable geometries of intermediates and transition states.
Therefore, pathway 6 is the most plausible investigated path
for the reported reaction, which has a global free energy barrier
of 19.73 kcal mol−1.

Regioselectivity. The indolizine S2 has two reactive sites for
the nucleophilic attack. In our current reaction conditions, we

Scheme 6. Proposed Catalytic Cycle for the Acetic Acid-Catalyzed Pathway
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have shown a selective control for the functionalization of C-3
hydrogen over C-1 (Figure 2). To understand such

regioselectivity, we again performed DFT quantum mechanical
calculations for determining the transition state involving the

Scheme 7. Outline of Pathways 4, 5, and 6

Figure 3. Conformation analysis for the nucleophilic attack.
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C-1 site of indolizine and compared the energetics between C-
1 and C-3. It can be clearly seen from the energy profile in
Figure 6 that after activating by acetic acid the quinone
monoimine (AcS1a) when comes into contact with the
indolizine S2, the drop of energy leading to the respective
transition states is much more in the case of C-3 than C-1,
which is due to the additional pi-stacking interaction between
the molecules. Furthermore, the transition state involving the
C-3 site is more stabilized by an amount of 3.91 kcal mol−1.
Finally, the thermodynamic stability of the intermediate
(C‑3AcI1a) via C-3 TS is much higher than the intermediate
(C‑1AcI1a) via C-1 TS. Hence, the C-3 site is the chosen one for
the reported reaction.

■ CONCLUSIONS

We have developed an operationally simple and environ-
mentally friendly protocol for the regioselective C−H
functionalization of indolizines using a catalytic amount of
acetic acid. We have demonstrated the application of the
present methodology by synthesizing functionally important
BINOL-substituted derivatives of indolizines. The energetics
from DFT quantum mechanical investigations showed that our
preliminary hypothesis of intramolecular proton abstractions
did not fit with the current reaction conditions; instead, it gave
rise to some complex path that revealed the role of acetic acid

toward unfolding the inherent mechanism for this ultrafast
catalytic reaction. This theoretical result was also confirmed by
synthetic experiments. Additionally, the choice of regioselec-
tivity was also addressed.

■ EXPERIMENTAL SECTION
General Information. All solvents were purified and dried by

standard procedures before use. 1H and 13C NMR spectra were
recorded with Jeol 400 (1H 400 MHz,13C 101 MHz) and Bruker AV
200/400/500 MHz spectrometers in suitable solvents using TMS as
the internal standard or the solvent signals as secondary standards,
and the chemical shifts are shown as δ scales. Purification was
performed using column chromatography (100−120 and 230−400
mesh). The reactions were monitored by TLC visualized by UV (254
nm) and/or with iodine. Coupling constants are given in hertz (Hz),
and the classical abbreviations are used to describe the signal
multiplicities (m, multiplet; q, quartet; t, triplet; d, doublet, and s,
singlet). HRMS data for all purified compounds were recorded by the
ESI+ method and an Orbitrap mass analyzer with a Thermo Scientific
Q-Exactive, Accela 1250 pump.

Typical Procedure for the Synthesis of Quinone Monoimines. N-
tosyl-p-aminophenol (2.64 g) was added in 50 mL of DCM, followed
by the addition of PhI(OAc)2 (1 equiv, 3.23 g) and stirred for 1 h at
room temperature. Then, 25 mL of water was added to the mixture
and extracted with EtOAc (25 mL × 3). The combined organic layers
were washed with brine and dried over sodium sulfate. The solvent
evaporated under reduced pressure. The crude residue is purified
using flash column chromatography (100−200 mesh silica) using 85/

Figure 4. PES along with structures and thermodynamic parameters for pathway 3.
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15 petroleum ether/ethyl acetate as the eluent to afford the
corresponding compound as an orange solid. All quinone monoimines
(2a-2c, 5, and 7) are synthesized using the above method.
General Procedure for the Synthesis of 3a. To a 25 mL oven-

dried round-bottom flask containing CH3CN (1 mL) were added
indolizine 1a (0.191 mmol, 37 mg), quinone monoimine 2a (0.191
mmol, 50 mg), and AcOH (0.038 mmol, 0.2 mL). Then, the resulting
reaction mixture was stirred at 25 °C for 2 min. Upon completion of
the reaction, the reaction mixture was dried under vacuum. Then, the
crude reaction mixture was diluted with ethyl acetate (5 mL), washed
with brine, and eluted with EtOAc (5 mL × 2). The organic layer was
evaporated, and the crude residue was preadsorbed on silica gel and
purified by column chromatography (100−200 mesh silica) using 80/
20 to 80/30 petroleum ether/ethyl acetate as the eluent to afford the

corresponding compound 3a in 94% yield as a faint yellow semisolid
(81 mg).

N-(4-Hydroxy-3-(2-phenylindolizin-3-yl)phenyl)-4-methylbenze-
nesulfonamide (3a). White semisolid, 94% yield (81 mg). 1H NMR
(400 MHz, CDCl3) δ 7.57 (d, J = 8.4 Hz, 2H), 7.35−7.44 (m, 2H),
7.20−7.29 (m, 5H), 7.11−7.19 (m, 3H), 6.95 (d, J = 2.6 Hz, 1H),
6.89 (d, J = 8.8 Hz, 1H), 6.65−6.81 (m, 3H), 6.34−6.45 (m, 1H),
5.21 (br. s., 1H), 2.36 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ
152.7, 143.4, 135.3, 134.3, 133.8, 129.2, 128.9, 128.8, 128.2, 127.4,
127.0, 127.0, 126.6, 126.6, 122.2, 118.6, 118.2, 117.9, 116.7, 112.7,
110.6, 98.7, 21.2. HRMS (ESI) m/z calcd for C27H23O3N2S [(M +
H)+] 455.1424 found 455.1417.

N - ( 4 -H yd r o x y - 3 - ( 2 - ph en y l i n do l i z i n - 3 - y l ) p h en y l ) -
methanesulfonamide (3b). White solid, 96% yield (94 mg). MP.
92−94 °C. 1H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 7.2 Hz, 1H),

Figure 5. PES along with structures and thermodynamic parameters for pathways 4, 5, and 6.
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7.45 (d, J = 9.2 Hz, 1H), 7.34 (d, J = 7.6 Hz, 2H), 7.24−7.29 (m,
4H), 7.17−7.23 (m, 1H), 7.11 (d, J = 2.3 Hz, 1H), 7.04 (d, J = 8.8
Hz, 1H), 6.70−6.87 (m, 2H), 6.52 (t, J = 6.7 Hz, 1H), 6.38 (br. s.,
1H), 2.84 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 153.0, 134.6,
133.9, 129.3, 129.0, 128.3, 127.9, 127.1, 126.6, 125.9, 122.6, 118.8,
118.6, 118.3, 117.1, 113.3, 111.0, 99.2, 38.7. HRMS (ESI) m/z calcd
for C21H18O3N2NaS [(M + Na)+] 401.0930 found 401.0911.
N - ( 4 -H yd r o x y - 3 - ( 2 - ph en y l i n do l i z i n - 3 - y l ) p h en y l ) -

benzenesulfonamide (3c). White amorphous solid, 90% yield (101
mg). 1H NMR (500 MHz, CDCl3) δ 7.70 (d, J = 8.0 Hz, 2H), 7.47−
7.58 (m, 1H), 7.33−7.45 (m, 4H), 7.18−7.31 (m, 5H), 7.14 (dd, J =
8.8, 2.7 Hz, 1H), 6.95 (d, J = 2.3 Hz, 1H), 6.89 (d, J = 8.8 Hz, 1H),
6.67−6.78 (m, 2H), 6.40 (t, J = 6.7 Hz, 1H). 13C{1H} NMR (126
MHz, CDCl3) δ 152.8, 138.3, 134.3, 133.9, 132.6, 128.8, 128.8, 128.7,
128.3, 127.5, 127.1, 127.1, 126.8, 126.7, 122.3, 118.7, 118.3, 118.0,
116.9, 112.6, 110.8, 98.8. HRMS (ESI) m/z calcd for C26H21O3N2S
[(M + H)+] 441.1267 found 441.1260.
N-(3-(2-(3-Bromophenyl)indolizin-3-yl)-4-hydroxyphenyl)-4-

methylbenzenesulfonamide (3d). White amorphous solid, 76% yield
(74 mg). 1H NMR (500 MHz, CDCl3) δ 7.58 (m, J = 8.4 Hz, 2H),
7.51 (t, J = 1.5 Hz, 1H), 7.40−7.47 (m, 2H), 7.36 (d, J = 8.0 Hz, 1H),
7.20 (m, J = 8.0 Hz, 2H), 7.13−7.17 (m, 2H), 7.06−7.11 (m, 1H),
6.93−6.99 (m, 2H), 6.79 (dd, J = 8.6, 7.1 Hz, 1H), 6.72 (s, 1H),

6.44−6.50 (m, 1H), 6.41 (s, 1H), 5.11 (s, 1H), 2.38 (s, 3H). 13C{1H}
NMR (126 MHz, CDCl3) δ 153.1, 147.3, 143.8, 136.9, 135.8, 134.2,
130.7, 130.0, 129.8, 129.6, 129.3, 127.6, 127.5, 127.3, 126.1, 122.7,
122.6, 119.1, 118.8, 117.8, 117.2, 113.2, 111.3, 99.1, 21.6. HRMS
(ESI) m/z calcd for C27H22O3N2BrS [(M + H)+] 533.0529 found
533.0527.

N-(4-Hydroxy-3-(2-(3-methoxyphenyl)indolizin-3yl)-phenyl)-4-
methylbenzenesulfonamide (3e). White solid, 91% yield (98 mg).
1H NMR (500 MHz, CDCl3) δ 7.52−7.62 (m, 2H), 7.38−7.45 (m,
2H), 7.10−7.19 (m, 4H), 6.96 (d, J = 2.7 Hz, 1H), 6.87−6.92 (m,
2H), 6.81−6.85 (m, 1H), 6.71−6.78 (m, 3H), 6.65−6.68 (m, 1H),
6.36−6.45 (m, 1H), 5.22 (br. s., 1H), 3.62 (s, 3H), 2.36 (s, 3H).
13C{1H} NMR (126 MHz, CDCl3) δ 159.6, 153.1, 143.8, 135.9,
135.7, 134.1, 129.6, 129.5, 129.3, 128.9, 127.4, 127.3, 127.1, 125.7,
122.5, 120.2, 119.0, 118.6, 118.3, 117.0, 115.9, 113.0, 112.7, 111.0,
99.1, 55.0, 21.5. HRMS (ESI) m/z calcd for C28H25O4N2S [(M +
H)+] 485.1530 found 485.1524.

N-(4-Hydroxy-3-(2-(3-nitrophenyl)indolizin-3-yl)phenyl)-4-meth-
ylbenzenesulfonamide (3f). Yellow solid, 86% yield (89 mg). MP.:
98−100 °C. 1H NMR (400 MHz, CDCl3) δ 8.20 (t, J = 2.0 Hz, 1H),
8.05 (ddd, J = 8.3, 2.3, 1.0 Hz, 1H), 7.54−7.61 (m, 3H), 7.43−7.50
(m, 2H), 7.37 (t, J = 8.0 Hz, 1H), 7.20 (d, J = 8.0 Hz, 2H), 7.10 (dd, J
= 8.8, 2.8 Hz, 1H), 7.03 (d, J = 2.5 Hz, 1H), 6.94 (d, J = 8.8 Hz, 1H),

Figure 6. PES for regioselectivity.
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6.78−6.85 (m, 2H), 6.59 (s, 1H), 6.50 (td, J = 6.9, 1.0 Hz, 1H), 2.38
(s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.6, 148.2, 143.6,
136.4, 135.4, 134.0, 133.0, 129.3, 129.0, 127.2, 127.0, 126.9, 126.2,
122.4, 122.0, 121.1, 118.9, 118.8, 117.2, 116.9, 113.5, 111.3, 98.7,
21.2. HRMS (ESI) m/z calcd for C27H22O5N3S [(M + H)+] 500.1275
found 500.1268.
N-(4-Hydroxy-3-(2-(4-methoxyphenyl)indolizin-3yl)-phenyl)-4-

methylbenzenesulfonamide (3g). White solid, 82% yield (88 mg).
MP.: 100−102 °C. 1H NMR (500 MHz, CDCl3) δ 7.5−7.6 (m, 2H),
7.3−7.5 (m, 2H), 7.2−7.2 (m, 4H), 7.1 (dd, J = 8.4, 2.7 Hz, 1H), 7.0
(d, J = 2.7 Hz, 1H), 6.9 (d, J = 8.8 Hz, 1H), 6.8−6.8 (m, 2H), 6.7−6.8
(m, 1H), 6.7 (s, 1H), 6.3−6.5 (m, 2 H), 5.1 (s, 1 H), 3.8 (s, 3 H), 2.4
(s, 3 H). 13C{1H} NMR (101 MHz, CDCl3) δ 158.7, 153.0, 143.7,
135.7, 134.1, 129.6, 129.2, 128.8, 127.4, 127.3, 126.9, 125.7, 122.5,
118.8, 118.4, 118.4, 117.1, 115.9, 114.1, 112.5, 110.7, 98.7, 55.2, 21.5.
HRMS (ESI) m/z calcd for C28H25O4N2S [(M + H)+] 485.1530
found 485.1509.
N-(4-Hydroxy-3-(2-(p-tolyl)indolizin-3-yl)phenyl)-4-methylben-

zenesulfonamide (3h). White semisolid, 73% yield (82 mg). 1H
NMR (500 MHz, CDCl3) δ 7.60 (m, J = 7.6 Hz, 2H), 7.35−7.48 (m,
2H), 7.15−7.24 (m, 5H), 7.04−7.10 (m, 2H), 6.98 (br. s., 1H), 6.92
(d, J = 8.4 Hz, 1H), 6.68−6.80 (m, 2H), 6.50 (s, 1H), 6.42 (t, J = 6.7
Hz, 1H), 5.17 (br. s., 1H), 2.39 (s, 3H), 2.34 (s, 3H). 13C{1H} NMR
(126 MHz, CDCl3) δ 153.0, 143.7, 136.7, 135.8, 134.2, 131.6, 129.6,
129.4, 129.2, 129.1, 127.6, 127.4, 127.1, 126.4, 122.5, 118.9, 118.5,
118.4, 117.1, 112.6, 110.9, 99.0, 21.6, 21.2. HRMS (ESI) m/z calcd
for C28H25O3N2S [(M + H)+] 469.1580 found 469.1577.
N-(3-(2-(4-Chlorophenyl)indolizin-3-yl)-4-hydroxyphenyl)-4-

methylbenzenesulfonamide (3i). White solid, 85% yield (90 mg).
MP.: 188−190 °C. 1H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.0
Hz, 2H), 7.38−7.46 (m, 2H), 7.26 (s, 1H), 7.21 (s, 1H), 7.18 (s, 4H),
7.14 (dd, J = 8.8, 2.7 Hz, 1H), 6.89−7.01 (m, 2H), 6.73−6.81 (m,
1H), 6.69 (s, 1H), 6.54 (s, 1H), 6.37−6.49 (m, 1H), 5.15 (s, 1H),
2.39 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 153.0, 143.9,
135.7, 134.2, 133.2, 132.7, 129.6, 129.4, 128.9, 128.7, 127.9, 127.4,
127.2, 126.9, 122.6, 119.0, 118.8, 118.0, 117.1, 113.0, 111.2, 98.9,
21.6. HRMS (ESI) m/z calcd for C27H22O3N2SCl [(M + H)+]
489.1034 found 489.1025.
N-(3-(2-(4-Fluorophenyl)indolizin-3-yl)-4-hydroxyphenyl)-4-

methylbenzenesulfonamide (3j).White solid, 80% yield (87 mg). 1H
NMR (500 MHz, CDCl3) δ 7.58 (d, J = 8.0 Hz, 2H), 7.38−7.46 (m,
2H), 7.18−7.25 (m, 4H), 7.14 (dd, J = 8.8, 2.7 Hz, 1H), 6.98 (d, J =
2.7 Hz, 1H), 6.89−6.96 (m, 3H), 6.77 (dd, J = 9.0, 6.7 Hz, 1H), 6.68
(s, 1H), 6.39−6.52 (m, 2H), 2.39 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 163.1, 160.7, 152.9, 148.2, 147.3, 145.5, 143.8, 143.6, 135.7,
134.1, 131.3, 130.7, 129.7, 129.6, 129.5, 129.3, 129.3, 129.2, 128.8,
128.2, 127.4, 127.3, 127.2, 126.9, 126.4, 125.7, 122.6, 118.9, 118.7,
118.0, 117.1, 115.9, 115.6, 115.4, 112.9, 111.1, 98.9, 21.5.19F NMR
(376 MHz, CDCl3) δ −115.41 (s, 1F). HRMS (ESI) m/z calcd for
C27H22O3N2FS [(M + H)+] 473.1330 found 473.1321.
N-(3-(2-(4-Cyanophenyl)indolizin-3-yl)-4-hydroxyphenyl)-4-

methylbenzenesulfonamide (3k). White solid, 94% yield (103 mg).
MP.: 185−187 °C. 1H NMR (500 MHz, DMSO-d6) δ 9.75 (d, J = 9.5
Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.49−7.56 (m, 1H), 7.46 (m, J =
8.0 Hz, 2H), 7.36−7.43 (m, 2H), 7.25−7.34 (m, 3H), 7.13 (dd, J =
8.8, 2.7 Hz, 1H), 6.96 (d, J = 8.8 Hz, 1H), 6.83−6.87 (m, 1H), 6.79
(dd, J = 8.8, 6.9 Hz, 1H), 6.64 (d, J = 2.7 Hz, 1H), 6.51−6.59 (m,
1H), 2.34 (s, 3H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 153.9,
142.9, 140.6, 136.4, 132.2, 129.4, 127.9, 126.6, 126.4, 125.6, 125.0,
123.9, 123.1, 119.1, 118.9, 118.4, 118.0, 117.5, 116.8, 115.5, 110.9,
108.2, 98.6, 21.0. HRMS (ESI) m/z calcd for C28H22O3N3S [(M +
H)+] 480.1376 found 480.1371.
N-(4-Hydroxy-3-(7-methyl-2-phenylindolizin-3-yl)phenyl)-4-

methylbenzenesulfonamide (3l).White solid, 66% yield (74 mg). 1H
NMR (500 MHz, CDCl3) δ 7.60 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 6.9
Hz, 1H), 7.24−7.31 (m, 5H), 7.18−7.23 (m, 3H), 7.16 (dd, J = 8.8,
2.7 Hz, 1H), 6.98 (d, J = 2.7 Hz, 1H), 6.93 (d, J = 8.8 Hz, 1H), 6.61
(s, 1H), 6.54 (s, 1H), 6.28 (dd, J = 7.2, 1.5 Hz, 1H), 5.20 (br. s., 1H),
2.40 (s, 3H), 2.32 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ
152.8, 143.5, 135.5, 134.5, 134.3, 129.3, 128.9, 128.8, 128.6, 128.3,

127.4, 127.2, 127.1, 126.7, 126.6, 121.8, 118.2, 116.7, 113.5, 111.7,
97.3, 21.3, 20.7. HRMS (ESI) m/z calcd for C28H25O3N2S [(M +
H)+] 469.1580 found 469.1566.

N-(4-Hydroxy-3-(7-methyl-2-phenylindolizin-3-yl)phenyl)-meth-
anesulfonamide (3m). White semisolid, 72% yield (67 mg). 1H
NMR (500 MHz, CD3CN) δ 7.55 (d, J = 7.1 Hz, 1H), 7.47 (s, 1H),
7.39 (d, J = 2.7 Hz, 1H), 7.31−7.34 (m, 2H), 7.26 (d, J = 7.6 Hz,
2H), 7.21−7.23 (m, 2H), 7.15−7.18 (m, 1H), 7.03 (d, J = 8.7 Hz,
1H), 6.92 (d, J = 2.7 Hz, 1H), 6.60 (s, 1H), 6.38 (d, J = 5.5 Hz, 1H),
2.67 (s, 3H), 2.28 (s, 4H). 13C{1H} NMR (101 MHz, CD3CN) δ
155.1, 137.1, 134.4, 131.0, 130.1, 129.4, 129.3, 129.2, 129.1, 128.7,
127.6, 127.2, 126.4, 124.2, 120.1, 118.0, 117.6, 114.0, 98.4, 38.8, 21.0.
HRMS (ESI) m/z calcd for C22H21O3N2S [(M + H)+] 393.1267
found 393.1259.

N-(4-Hydroxy-3-(8-methyl-2-phenylindolizin-3-yl)phenyl)-4-
methylbenzenesulfonamide (3n). White semisolid, 71% yield (80
mg). MP.: 108−110 °C. 1H NMR (400 MHz, CD3CN) δ 7.54−7.59
(m, 1H), 7.45−7.50 (m, 2H), 7.28−7.32 (m, 2H), 7.19−7.26 (m,
6H), 7.11 (dd, J = 8.7, 2.7 Hz, 1H), 6.91 (d, J = 8.6 Hz, 1H), 6.75 (s,
1H), 6.71 (d, J = 2.6 Hz, 1H), 6.58 (d, J = 6.6 Hz, 1H), 6.43 (t, J = 6.8
Hz, 1H), 2.44 (s, 3H), 2.32 (s, 3H). 13C{1H} NMR (101 MHz,
CD3CN) δ 155.2, 144.9, 137.1, 136.9, 134.9, 130.8, 130.6, 129.4,
129.0, 128.9, 128.9, 128.2, 127.3, 127.0, 122.0, 120.1, 117.9, 117.8,
117.5, 116.9, 111.7, 98.5, 21.6, 18.2. HRMS (ESI) m/z calcd for
C28H25O3N2S [(M + H)+] 469.1580 found 469.1566.

N-(3-(2-(3,4-Dimethoxyphenyl)indolizin-3-yl)-4-hydroxyphenyl)-
4-methylbenzenesulfonamide (3o). White solid, 69% yield (69 mg).
1H NMR (500 MHz, CDCl3) δ 7.61 (m, J = 8.4 Hz, 2H), 7.39−7.46
(m, 2H), 7.22 (m, J = 8.0 Hz, 2H), 7.16 (dd, J = 8.8, 2.7 Hz, 1H),
7.01−7.08 (m, 1H), 6.92−6.98 (m, 2H), 6.76−6.84 (m, 3H), 6.73 (s,
1H), 6.53 (s, 1H), 6.36−6.47 (m, 1H), 5.23 (br. s., 1H), 3.89 (s, 3H),
3.59 (s, 3H), 2.40 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ
153.0, 148.7, 148.0, 143.8, 135.7, 134.1, 129.6, 129.3, 129.2, 128.8,
127.3, 127.2, 127.0, 126.6, 122.4, 119.9, 118.7, 118.5, 116.9, 115.9,
112.5, 111.3, 110.8, 98.5, 55.7, 55.4, 21.5. HRMS (ESI) m/z calcd for
C29H27O5N2S [(M + H)+] 515.1635 found 515.1619.

N-(3-(2-(2,4-Dichlorophenyl)indolizin-3-yl)-4hydroxyphenyl)-4-
methylbenzenesulfonamide (3p). White solid, 76% yield (75 mg).
1H NMR (500 MHz, CDCl3) δ 7.49−7.58 (m, 3H), 7.46 (d, J = 8.8
Hz, 1H), 7.42 (d, J = 1.9 Hz, 1H), 7.24 (d, J = 8.0 Hz, 2H), 7.09 (dd,
J = 8.4, 2.3 Hz, 1H), 7.04 (d, J = 8.4 Hz, 1H), 6.97−7.01 (m, 2H),
6.79−6.85 (m, 2H), 6.75 (s, 1H), 6.45−6.56 (m, 1H), 5.23 (br. s.,
1H), 2.43 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 152.4, 143.5,
135.5, 133.8, 133.3, 133.2, 132.6, 132.4, 129.3, 128.8, 127.0, 126.8,
126.6, 126.0, 125.7, 122.5, 118.9, 118.3, 117.3, 116.7, 115.0, 111.0,
101.2, 21.3. HRMS (ESI) m/z calcd for C27H21O3N2Cl2S [(M + H)+]
523.0644 found 523.0630.

N-(3-(2-(2-Fluorophenyl)indolizin-3-yl)-4-hydroxyphenyl)-4-
methylbenzenesulfonamide (3q). White solid, 70% yield (77 mg).
MP.: 86−88 °C. 1H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 8.4 Hz,
2H), 7.38−7.49 (m, 2H), 7.15−7.24 (m, 3H), 7.11 (td, J = 7.6, 1.5
Hz, 1H), 7.02−7.08 (m, 2H), 6.96−7.00 (m, 1H), 6.93 (d, J = 2.7 Hz,
1H), 6.87 (d, J = 8.8 Hz, 1H), 6.73−6.81 (m, 2H), 6.54 (br. s., 1H),
6.39−6.49 (m, 1H), 5.19 (br. s., 1H), 2.38 (s, 3H). 13C{1H} NMR
(126 MHz, CDCl3) δ 160.8, 158.8, 153.0, 143.7, 135.8, 133.8, 131.0,
131.03, 131.0, 129.7, 129.5, 129.1, 128.8, 128.7, 127.4, 127.3, 126.9,
125.8, 124.0, 123.2, 122.6, 122.5, 119.1, 118.4, 118.1, 116.9, 116.0,
115.9, 115.8, 114.5, 111.1, 101.1, 21.6. 19F NMR (376 MHz, CDCl3)
δ −115.13 (s, 1F). HRMS (ESI) m/z calcd for C27H22O3N2FS [(M +
H)+] 473.1330 found 473.1314.

N-(4-Hydroxy-3-(1-methyl-2-phenylindolizin-3-yl)phenyl)-4-
methylbenzenesulfonamide (3r). White semisolid, 77% yield (87
mg). 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.3 Hz, 2H), 7.42
(d, J =7.1 Hz, 1H), 7.36−7.39 (m, 1H), 7.23−7.28 (m, 3H), 7.13−
7.21 (m, 4H), 6.94−7.02 (m, 2H), 6.78 (d, J = 8.5 Hz, 1H), 6.70 (dd,
J = 8.8, 7.3 Hz, 1H), 6.33−6.41 (m, 1H), 2.38 (s, 3H), 2.37 (s, 3H).
13C{1H} NMR (101 MHz, CDCl3) δ 152.8, 148.1, 147.2, 145.5,
143.6, 135.7, 134.2, 131.6, 129.7, 129.5, 128.9, 128.3, 127.3, 126.7,
126.4, 122.3, 118.1, 117.4, 116.9, 116.8, 113.5, 110.7, 106.9, 21.6, 9.4.
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HRMS (ESI) m/z calcd for C28H25O3N2S [(M + H)+] 469.1580
found 469.1576.
N-(4-Hydroxy-3-(1-methyl-2-(naphthalen-2-yl)indolizin-3-yl)-

phenyl)-4-methylbenzenesulfonamide (3s). White solid, 59% yield
(58 mg). MP.: 129−131 °C. 1H NMR (500 MHz, CDCl3) δ 7.79−
7.86 (m, 1H), 7.68−7.77 (m, 3H), 7.42−7.55 (m, 6H), 7.18−7.30
(m, 2H), 7.03−7.11 (m, 3H), 6.97 (dd, J = 8.8, 2.7 Hz, 1H), 6.70−
6.81 (m, 2H), 6.42 (t, J = 6.7 Hz, 2H), 2.43 (s, 3H), 2.34 (s, 3H).
13C{1H} NMR (126 MHz, CDCl3) δ 152.6, 143.4, 135.6, 133.1,
131.9, 131.6, 129.2, 128.7, 128.6, 128.3, 127.7, 127.6, 127.6, 127.4,
127.3, 127.0, 126.3, 125.8, 125.6, 122.1, 118.0, 117.3, 116.8, 116.6,
113.3, 110.6, 107.0, 21.3, 9.2. HRMS (ESI) m/z calcd for
C32H26O3N2NaS [(M + Na)+] 541.1556 found 541.1538.
N-(4-Hydroxy-3-(2-(thiophen-2-yl)indolizin-3-yl)phenyl)-metha-

nesulfonamide (3t).White solid, 95% yield (91 mg). MP.: 95−97 °C.
1H NMR (500 MHz, CDCl3) δ 7.55 (d, J = 6.9 Hz, 1H), 7.38 (d, J =
8.8 Hz, 1H), 7.33 (dd, J = 8.8, 2.7 Hz, 1H), 7.19 (d, J = 2.7 Hz, 1H),
7.11−7.15 (m, 1H), 7.07 (d, J = 8.4 Hz, 1H), 6.96−7.00 (m, 1H),
6.92 (dd, J = 5.0, 3.8 Hz, 1H), 6.67−6.84 (m, 2H), 6.55 (br. s., 1H),
6.43−6.51 (m, 1H), 5.33 (br. s., 1H), 2.93 (s, 3H). 13C{1H} NMR
(126 MHz, CDCl3) δ 153.7, 137.0, 134.1, 129.5, 127.4, 126.7, 124.6,
124.2, 123.2, 122.8, 118.9, 118.8, 118.1, 117.5, 112.7, 111.3, 98.5,
39.0. HRMS (ESI) m/z calcd for C19H16O3N2NaS2 [(M + H)+]
407.0495 found 407.0479.
N-(4-Hydroxy-3-(2-(thiophen-2-yl)indolizin-3-yl)phenyl)-4-meth-

ylbenzenesulfonamide (3u). White solid, 89% yield (102 mg). MP.:
90−92 °C. 1H NMR (500 MHz, CDCl3) δ 7.59 (m, J = 8.0 Hz, 2H),
7.31−7.38 (m, 2H), 7.22 (dd, J = 8.8, 2.7 Hz, 1H), 7.17 (m, J = 8.4
Hz, 2H), 7.13 (dd, J = 5.0, 1.1 Hz, 1H), 6.97 (d, J = 8.8 Hz, 1H),
6.89−6.94 (m, 2H), 6.87 (dd, J = 3.6, 1.0 Hz, 1H), 6.70−6.77 (m,
2H), 6.62 (s, 1H), 6.35−6.48 (m, 1H), 5.21 (s, 1H), 2.35 (s, 3H).
13C{1H} NMR (126 MHz, CDCl3) δ 153.4, 143.5, 136.7, 135.4,
133.8, 129.3, 129.2, 127.5, 127.4, 127.2, 124.2, 123.7, 122.8, 122.3,
118.6, 118.5, 117.3, 116.9, 112.0, 110.8, 98.1, 21.3. HRMS (ESI) m/z
calcd for C25H21O3N2S2 [(M + H)+] 461.0988 found 461.0971.
N-(4-Hydroxy-3-(2-phenylindolizin-3-yl)-5-(phenylthio)- phenyl)-

4-methylbenzenesulfonamide (3v). White semisolid, 65% yield (92
mg). 1H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 7.6 Hz, 2H), 7.39−
7.46 (m, 2H), 7.23−7.35 (m, 10H), 7.12−7.20 (m, 3H), 7.06−7.12
(m, 2H), 6.98−7.04 (m, 1H), 6.81−6.88 (m, 1H), 6.70−6.80 (m,
1H), 6.44 (t, J = 6.5 Hz, 1H), 2.39 (s, 3H). 13C{1H} NMR (126
MHz, CDCl3) δ 153.4, 143.7, 135.7, 135.5, 134.5, 133.6, 130.7, 129.3,
129.2, 129.0, 128.3, 128.2, 128.1, 127.9, 127.4, 127.3, 127.2, 126.8,
126.4, 125.5, 122.8, 121.9, 120.3, 119.4, 118.9, 117.9, 114.9, 110.6,
99.1, 21.5. HRMS (ESI) m/z calcd for C33H27O3N2S2 [(M + H)+]
563.1458 found 563.1446.
N-(3-Bromo-4-hydroxy-5-(2-phenylindolizin-3-yl)phenyl)-benze-

nesulfonamide (3w). White semisolid, 58% yield (76 mg). 1H NMR
(500 MHz, CDCl3) δ 7.69−7.77 (m, 2H), 7.48−7.55 (m, 2H), 7.36−
7.44 (m, 4H), 7.33 (d, J = 7.6 Hz, 1H), 7.10−7.17 (m, 2H), 7.03−
7.08 (m, 1H), 6.89−6.99 (m, 2H), 6.71−6.79 (m, 2H), 6.68 (s, 1H),
6.43 (t, J = 6.7 Hz, 1H). 13C{1H} NMR (126 MHz, CDCl3) δ 153.1,
138.6, 136.9, 134.1, 132.9, 130.6, 130.0, 129.8, 129.1, 129.0, 128.4,
127.5, 127.3, 126.1, 123.3, 122.6, 119.1, 118.8, 117.9, 117.2, 113.2,
111.3, 99.1. HRMS (ESI) m/z calcd for C26H20O3N2BrS [(M + H)+]
519.0373 found 519.0358.
Experimental Procedure for the Synthesis of 6. To a 25 mL oven-

dried round-bottom flask containing DCM (3 mL) were added
quinone monoimine 5 (0.197 mmol, 80 mg), indolizine 1n (0.197
mmol, 45 mg), and AcOH (0.039 mmol). Then, the resulting reaction
mixture was stirred at room temperature for 5 min. Upon completion
of the reaction (monitored by TLC), the reaction mixture was dried
under vacuum. Then, the crude reaction mixture was diluted with
ethyl acetate (5 mL), washed with brine, and eluted with EtOAc (5
mL × 3). The organic layer was evaporated, and the crude residue was
preadsorbed on silica gel and purified by column chromatography
(100−200 mesh silica) using 80/20 to 80/50 petroleum ether/ethyl
acetate as the eluent to afford the corresponding product 6a in 69%
yield (91 mg).

N-(4-Hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(8-methyl-2-phe-
nylindolizin-3-yl)phenyl)-4-methylbenzenesulfonamide (6a). White
gummy semisolid, 69% yield (91 mg). 1H NMR (500 MHz, CDCl3) δ
8.13 (d, J = 6.9 Hz, 1H), 8.10 (d, J = 6.9 Hz, 1H), 7.89−7.84 (m,
2H), 7.84−7.79 (m, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.47−7.43 (m, J =
8.4 Hz, 2H), 7.41−7.36 (m, 4H), 7.36−7.30 (m, 5H), 7.26−7.21 (m,
5H), 7.20−7.14 (m, 5H), 7.13−7.06 (m, 5H), 7.05−7.00 (m, J = 8.0
Hz, 2H), 6.97 (d, J = 9.2 Hz, 4H), 6.67−6.61 (m, 2H), 6.61−6.50 (m,
4H), 2.45 (s, 3H), 2.43 (s, 3H), 2.33 (s, 3H), 2.30 (s, 3H). 13C{1H}
NMR (101 MHz, CDCl3) δ 152.5, 152.4, 151.8, 151.8, 144.1, 144.0,
137.5, 136.3, 135.7, 135.4, 134.6, 134.5, 132.8, 132.6, 132.3, 132.2,
131.0, 130.4, 130.2, 129.3, 129.3, 129.1, 129.1, 129.1, 128.4, 128.4,
128.3, 128.3, 128.1, 128.1, 128.0, 127.8, 127.5, 127.4, 127.4, 127.4,
127.3, 127.2, 127.1, 126.8, 126.7, 126.3, 126.2, 126.0, 123.9, 123.9,
120.4, 120.3, 119.9, 119.9, 118.4, 118.4, 118.0, 117.9, 117.3, 117.3,
115.9, 115.8, 113.3, 113.2, 111.5, 111.5, 97.3, 97.3, 21.5, 21.5, 17.6,
17.6. HRMS (ESI) m/z calcd for C38H31O4N2S [(M + H)+] 611.1999
found 611.1984.

N-(4-Hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(7-methyl-2-phe-
nylindolizin-1-yl)phenyl)-4-methylbenzenesulfonamide (6b). White
solid, 60% yield (45 mg). MP.: 142−144 °C. 1H NMR (500 MHz,
CDCl3) δ 8.22 (s, 1H), 8.14 (dd, J = 14.8, 7.2 Hz, 1H), 7.82−7.87
(m, 2H), 7.77−7.81 (m, 2H), 7.74 (dd, J = 9.0, 5.3 Hz, 1H), 7.60−
7.67 (m, 1H), 7.55 (dd, J = 8.1, 4.1 Hz, 1H), 7.47 (d, J = 8.5 Hz, 1H),
7.43 (d, J = 8.2 Hz, 1H), 7.33−7.39 (m, 7H), 7.27−7.32 (m, 7H),
7.19−7.26 (m, 4H), 7.13−7.18 (m, 5H), 7.08−7.12 (m, 1H), 7.03−
7.07 (m, 1H), 6.99 (d, J = 7.9 Hz, 3H), 6.86−6.96 (m, 3H), 6.62−
6.66 (m, 1H), 6.58 (d, J = 11.9 Hz, 1H), 6.43−6.50 (m, 2H), 6.38−
6.42 (m, 1H), 6.26 (d, J = 2.7 Hz, 1H), 2.43 (s, 3H), 2.31 (s, 3H),
2.27−2.30 (m, 6H). 13C{1H} NMR (126 MHz, CDCl3) δ 151.8,
151.5, 147.8, 142.4, 141.6, 139.7, 136.2, 134.5, 132.8, 132.2, 131.5,
131.0, 130.8, 130.7, 129.7, 129.4, 129.2, 129.1, 129.0, 128.7, 128.6,
128.3, 128.1, 128.0, 127.9, 127.8, 127.6, 127.4, 127.3, 127.3, 127.1,
127.0, 126.7, 126.6, 126.3, 126.1, 125.8, 125.0, 124.2, 124.1, 123.9,
123.9, 123.8, 123.5, 122.0, 121.9, 121.5, 120.1, 118.0, 117.9, 117.7,
117.4, 117.3, 117.1, 116.6, 116.5, 115.7, 114.1, 106.3, 97.2, 29.7, 29.3,
21.4, 21.0. HRMS (ESI) m/z calcd for C38H31O4N2S [(M + H)+]
611.1999 found 611.1990.

HPLC: (Chiralpak IC Column, i PrOH/hexane = 05/95, flow rate
= 1 mL/min, λ = 254 nm, 23 °C): tR1 = 35.78 min, tR2 = 39.16 min,
dr = 1:1.

N-(3-(2-(4-Fluorophenyl)indolizin-1-yl)-4-hydroxy-5-(2-hydroxy-
naphthalen-1-yl)phenyl)-4-methylbenzenesulfonamide (6c). Off-
white solid, 57% yield (52 mg). MP.: 132−134 °C. 1H NMR (500
MHz, CDCl3) δ 8.21 (d, J = 6.9 Hz, 1H), 8.17 (d, J = 6.9 Hz, 1H),
7.85−7.88 (m, 2H), 7.78−7.84 (m, 2H), 7.64 (d, J = 8.0 Hz, 1H),
7.50 (d, J = 8.4 Hz, 2H), 7.46 (m, J = 8.0 Hz, 2H), 7.33−7.42 (m,
7H), 7.30−7.33 (m, 2H), 7.18−7.25 (m, 4H), 7.13−7.16 (m, 2H),
7.08−7.11 (m, 1H), 7.05 (m, J = 8.0 Hz, 2H), 6.96−7.03 (m, 6H),
6.85−6.92 (m, 2H), 6.80−6.85 (m, 2H), 6.75−6.79 (m, 2H), 6.57−
6.67 (m, 2H), 6.52 (d, J = 4.2 Hz, 2H), 6.40−6.49 (m, 1H), 2.35 (s,
3H), 2.32 (s, 3H).13C{1H} NMR (126 MHz, CDCl3) δ 162.9, 162.7,
160.9, 160.7, 152.4, 152.4, 151.5, 151.2, 147.7, 147.6, 144.0, 143.8,
142.5, 141.0, 139.1, 138.6, 138.2, 136.0, 135.2, 134.9, 132.5, 132.3,
132.2, 130.8, 130.5, 130.3, 129.8, 129.7, 129.5, 129.4, 129.1, 128.8,
128.1, 128.0, 127.7, 127.5, 127.3, 127.1, 126.9, 126.1, 125.9, 125.6,
125.3, 123.7, 123.6, 123.5, 123.3, 122.1, 122.0, 121.6, 120.7, 120.5,
120.3, 120.0, 119.0, 118.7, 117.8, 117.7, 117.4, 117.2, 117.1, 116.4,
116.2, 116.2, 115.6, 115.4, 114.8, 114.8, 114.6, 114.4, 113.1, 112.9,
111.2, 110.8, 106.7, 102.8, 98.4, 21.3, 21.2. 19F NMR (376 MHz,
CDCl3) δ −113.77 (s, 1F), −114.58 (s, 1F), −115.56 (s, 1F). HRMS
(ESI) m/z calcd for C37H28O4N2FS [(M + H)+] 615.1748 found
615.1734.

HPLC: (Chiralpak IC Column, i PrOH/hexane = 20/80, flow rate
= 1 mL/min, λ = 254 nm, 23 °C): tR1 = 17.94 min, tR2 = 21.62 min,
dr = 1:1.

N-(3-(2-(4-Cyanophenyl)indolizin-1-yl)-4-hydroxy-5-(2-hydroxy-
naphthalen-1-yl)phenyl)benzenesulfonamide (6d). Off-white
gummy semisolid, 65% yield (40 mg). 1H NMR (500 MHz,
CDCl3) δ 8.13 (dd, J = 6.5, 4.6 Hz, 1H), 7.81−7.85 (m, 2H),
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7.77−7.80 (m, 2H), 7.65−7.75 (m, 3H), 7.56−7.63 (m, 4H), 7.44−
7.50 (m, 6H), 7.36−7.41 (m, 6H), 7.29−7.34 (m, 4H), 7.22−7.26
(m, 6H), 7.12−7.20 (m, 4H), 7.08−7.11 (m, 1H), 7.02−7.07 (m,
1H), 6.97 (d, J = 9.5 Hz, 2H), 6.87−6.92 (m, 1H), 6.81−6.87 (m,
2H), 6.74−6.81 (m, 1H), 6.66−6.73 (m, 1H), 6.54−6.65 (m, 3H),
6.34−6.47 (m, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.5,
152.4, 151.2, 151.0, 147.7, 138.9, 138.9, 138.8, 138.8, 134.5, 134.3,
133.1, 132.5, 132.3, 131.9, 131.8, 131.6, 131.6, 131.2, 131.0, 130.7,
130.7, 128.7, 128.7, 128.6, 128.6, 128.4, 128.3, 128.1, 128.0, 127.7,
127.4, 127.4, 126.9, 126.9, 126.9, 126.8, 125.7, 125.3, 125.3, 125.2,
123.6, 123.6, 123.5, 123.5, 123.3, 121.9, 121.9, 120.6, 120.5, 119.4,
118.9, 118.4, 118.3, 117.6, 117.6, 117.4, 117.2, 117.2, 115.4, 115.4,
113.2, 113.2, 111.8, 109.7, 109.7, 98.4. HRMS (ESI) m/z calcd for
C37H26O4N3S [(M + H)+] 608.1639 found 608.1629.
N-(4-Hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(1-methyl-2-

(naphthalen-2-yl)indolizin-3-yl)phenyl)-4-methylbenzenesulfona-
mide (6e). Gummy semisolid, 74% yield (57 mg). 1H NMR (400
MHz, CDCl3) δ 8.12 (d, J = 6.9 Hz, 2H), 7.78−7.88 (m, 4H), 7.44
(d, J = 8.3 Hz, 3H), 7.49 (d, J = 8.1 Hz, 2H), 7.30−7.40 (m, 11H),
7.20−7.25 (m, 5H), 7.14−7.20 (m, 5H), 7.04−7.14 (m, 7H), 6.93−
7.04 (m, 7H), 6.57−6.66 (m, 3H), 6.50−6.57 (m, 3H), 2.44 (s, 3H),
2.42 (s, 3H), 2.31 (s, 3H), 2.29 (s, 3H). 13C{1H} NMR (126 MHz,
CDCl3) δ 152.8, 151.5, 151.4, 151.2, 147.5, 143.5, 139.0, 138.6, 137.2,
136.0, 136.0, 135.2, 135.0, 133.1, 132.8, 132.6, 132.5, 132.4, 132.1,
131.9, 131.3, 131.2, 130.7, 130.4, 130.0, 129.6, 128.9, 128.9, 128.7,
128.5, 128.1, 128.0, 127.9, 127.8, 127.7, 127.5, 127.4, 127.2, 127.2,
127.1, 127.0, 126.9, 126.0, 125.9, 125.6, 125.5, 125.4, 123.8, 123.7,
123.6, 123.5, 121.9, 121.8, 121.7, 121.2, 119.9, 119.8, 119.3, 117.7,
117.6, 117.6, 117.4, 117.4, 117.1, 116.9, 116.8, 116.5, 116.4, 115.5,
113.9, 113.1, 113.0, 112.6, 110.9, 106.4, 106.3, 94.1, 21.3, 21.0, 9.6,
9.1. HRMS (ESI) m/z calcd for C42H33O4N2S [(M + H)+] 661.2156
found 661.2154.
N-(4-Hydroxy-3-(2-hydroxynaphthalen-1-yl)-5-(2-phenylindoli-

zin-3-yl)phenyl)-4-methylbenzene sulfonamide (6f). Off-white
semisolid, 55% yield (49 mg). 1H NMR (500 MHz, CDCl3) δ 8.26
(d, J = 7.1 Hz, 1H), 8.23 (d, J = 6.9 Hz, 1H), 8.05 (t, J = 1.8 Hz, 1H),
8.02 (t, J = 1.8 Hz, 1H), 7.93 (dd, J = 8.1, 1.5 Hz, 1H), 7.90 (dd, J =
8.2, 1.6 Hz, 1H), 7.80−7.85 (m, 4H), 7.74−7.79 (m, 2H), 7.72 (d, J =
8.0 Hz, 2H), 7.45 (dd, J = 8.2, 5.7 Hz, 5H), 7.40−7.42 (m, 2H),
7.36−7.39 (m, 2H), 7.33−7.36 (m, 4H), 7.28−7.32 (m, 2H), 7.24−
7.26 (m, 4H), 7.18−7.23 (m, 2H), 7.07−7.15 (m, 1H), 7.03−7.05
(m, 1H), 7.02 (s, 1H), 6.90−6.97 (m, 4H), 6.88 (s, 1H), 6.82−6.86
(m, 1H), 6.64−6.69 (m, 2H), 6.63 (s, 2H), 5.22 (br. s., 1H), 2.25 (s,
6H). 13C{1H} NMR (126 MHz, CDCl3) δ 152.5, 151.7, 151.6, 148.0,
147.4, 144.4, 137.4, 136.0, 135.9, 135.2, 135.1, 133.9, 133.9, 132.8,
132.7, 131.9, 131.0, 130.2, 129.3, 129.1, 128.9, 128.9, 128.6, 128.3,
128.3, 127.7, 127.4, 127.3, 126.3, 126.1, 125.2, 124.9, 124.8, 124.7,
124.6, 124.2, 123.9, 123.8, 122.7, 122.6, 122.4, 122.1, 121.2, 120.8,
120.7, 119.9, 119.1, 118.7, 118.0, 118.0, 117.8, 117.7, 117.6, 117.5,
116.4, 116.1, 115.6, 115.5, 114.0, 113.5, 113.5, 112.0, 98.4, 98.3, 21.3,
21.3.
Experimental Procedure for the Synthesis of 8. To a 25 mL oven-

dried round-bottom flask containing DCM (3 mL) were added
quinone monoimine 7 (0.108 mmol, 50 mg), indolizine 1u (0.108
mmol, 22 mg), and AcOH (0.021 mmol). Then, the resulting reaction
mixture was stirred at room temperature for 5 min. Upon completion
of the reaction (monitored by TLC), the reaction mixture was dried
under vacuum and purified by column chromatography (100−200
mesh silica) using 80/10 to 80/20 petroleum ether/ethyl acetate as
the eluent to afford the corresponding product 8 in 67% yield (48
mg).
N-(4-Hydroxy-3,5-bis(2-(thiophen-2-yl)indolizin-3-yl) phenyl)-4-

methylbenzenesulfonamide (8). White semisolid, 67% yield (48
mg). 1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 8.4 Hz, 2H), 7.48−
7.52 (m, 1H), 7.37−7.40 (m, 2H), 7.32−7.36 (m, 1H), 7.23 (s, 2H),
7.20 (dt, J = 4.4, 2.4 Hz, 3H), 7.10−7.13 (m, 1H), 6.99−7.03 (m,
3H), 6.92−6.94 (m, 1H), 6.88−6.91 (m, 1H), 6.74−6.81 (m, 2H),
6.70−6.73 (m, 2H), 6.43−6.49 (m, 2H), 6.39−6.42 (m, 1H), 5.37 (s,
1H), 2.38 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 152.6, 152.4,
143.8, 137.5, 137.2, 135.8, 135.7, 133.8, 129.9, 129.7, 129.7, 129.6,

129.3, 129.2, 127.8, 127.6, 127.5, 127.3, 125.0, 124.4, 124.3, 124.2,
123.0, 122.9, 122.8, 122.7, 122.6, 119.4, 119.3, 119.2, 118.9, 118.8,
118.5, 118.4, 113.9, 113.7, 111.4, 110.9, 110.8, 98.7, 98.7, 21.6.
HRMS (ESI) m/z calcd for C37H28O3N3S3 [(M + H)+] 658.1287
found 658.1271.

Experimental Procedure for the Synthesis of 3a from N-Tosyl-p-
aminophenol. To a 50 mL round-bottom flask containing DCM (10
mL) were added N-tosyl-p-aminophenol 9 (0.380 mmol, 100 mg),
indolizine 1a (0.380 mmol, 74 mg), and PIDA (0.418 mmol, 135
mg). Then, the resulting reaction mixture was stirred at room
temperature for 1 h. Upon completion of the reaction (monitored by
TLC), the reaction mixture was dried under vacuum. Then, the crude
reaction mixture was diluted with ethyl acetate (10 mL), washed with
brine, and eluted with EtOAc (10 mL × 3). The organic layer was
evaporated, and the crude residue was preadsorbed on silica gel and
purified by column chromatography (100−200 mesh silica) using 80/
30 petroleum ether/ethyl acetate as the eluent to afford the
corresponding product 3a in 61% yield (105 mg).

Large-Scale Synthesis of 3u. The reaction mixture of 1u (3.065
mmol, 610 mg), 2a (3.065 mmol, 800 mg), and AcOH (0.6 mL) in
MeCN was stirred at rt for 10 min and dried under vacuum. Then, the
crude reaction mixture was diluted with ethyl acetate (30 mL),
washed with brine, and eluted with EtOAc (25 mL × 3). Then, the
crude residue was purified by column chromatography (100−200
mesh silica) using 80/30 petroleum ether/ethyl acetate as the eluent
to produce 3u in 90% yield (1.27 g).

Large-Scale Synthesis of 3i. To an oven-dried 100 mL round-
bottom flask containing MeCN were added indolizine 1i (2.87 mmol,
652 mg), quinone monoimine 2a (2.87 mmol, 750 mg), and AcOH
(0.5 mL), stirred at rt for 20 min, and then the reaction mixture was
dried under vacuum. Then, the crude reaction mixture was diluted
with ethyl acetate (30 mL), washed with brine, and eluted with
EtOAc (30 mL × 3). Then, the crude residue was purified by column
chromatography (100−200 mesh silica) using 80/20 petroleum
ether/ethyl acetate as the eluent to produce 3i in 79% yield (1.21 g).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.1c03019.

Analytical data (1H, 13C, mass copies of all new
compounds and DFT calculation studies) (PDF)
Full reference of Gaussian software; computational
methods; PES for Pathway 1 and Pathway 2; cartesian
co-ordinate, frequencies, absolute energies, and ball and
stick models for each computed stationary point (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Gurunath Suryavanshi − Chemical Engineering & Process
Development Division, CSIR-National Chemical Laboratory,
Pune 411008, India; Academy of Scientific and Innovative
Research (AcSIR), Ghaziabad 201 002, India; orcid.org/
0000-0002-6299-0914; Phone: 020-2590-2547;
Email: gm.suryavanshi@ncl.res.in; Fax: 020-2590-2676

Authors
Kishor D. Mane − Chemical Engineering & Process
Development Division, CSIR-National Chemical Laboratory,
Pune 411008, India; Academy of Scientific and Innovative
Research (AcSIR), Ghaziabad 201 002, India

Anirban Mukherjee − Organic Chemistry Division, CSIR-
National Chemical Laboratory, Pune 411008, India; The
Institute of Scientific and Industrial Research (ISIR), Osaka
University, Ibaraki-shi, Osaka 567- 0047, Japan;
orcid.org/0000-0001-7083-7322

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c03019
J. Org. Chem. 2022, 87, 5097−5112

5110

https://pubs.acs.org/doi/10.1021/acs.joc.1c03019?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c03019/suppl_file/jo1c03019_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c03019/suppl_file/jo1c03019_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gurunath+Suryavanshi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6299-0914
https://orcid.org/0000-0002-6299-0914
mailto:gm.suryavanshi@ncl.res.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kishor+D.+Mane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anirban+Mukherjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7083-7322
https://orcid.org/0000-0001-7083-7322
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gourab+Kanti+Das"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c03019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Gourab Kanti Das − Department of Chemistry, Institute of
Science (Siksha Bhavana), Santiniketan 731235 West
Bengal, India; orcid.org/0000-0002-1235-3298

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.1c03019

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

K.D.M. and A.M. contributed equally to this work. K.D.M.
thanks CSIR, New Delhi, for the award of fellowship. The
authors would like to thank the CSIR, New Delhi [No. CSIR/
21(1110)/20/EMR-I]. The support and the resources
provided by “PARAM Shakti Facility” to GKD under the
National Supercomputing Mission, Government of India, at
the Indian Institute of Technology (IIT) Kharagpur are
gratefully acknowledged.

■ REFERENCES
(1) (a) Tewari, D.; Kumar, P.; Sharma, P. Pharmacognostical
Evaluation of Elaeocarpus sphaericus (Rudraksha) Leaves. Int. J.
Pharmacogn. Phytochem. Res. 2013, 5, 147−150. (b) Colegate, S. M.;
Dorling, P. R. Handbook of Plant and Fungal Toxicants; D’Mello, J. P.
F., Ed.; CRC Press: Boca Raton, 1997; Chapter 1, pp 1−18.
(2) (a) Mehta, L. K.; Parrick, J. The Synthesis of Three Indolizine
Derivatives of Interest as Non-Isomerizable Analogues of Tamoxifen.
J. Heterocycl. Chem. 1995, 32, 391−394. (b) Sharma, V.; Kumar, V.
Indolizine: A Biologically Active Moiety. Med. Chem. Res. 2014, 23,
3593−3606. (c) Hazra, A.; Mondal, S.; Maity, A.; Naskar, S.; Saha, P.;
Paira, R.; Sahu, K. B.; Paira, P.; Ghosh, S.; Sinha, C.; Samanta, A.;
Banerjee, S.; Mondal, N. B. Amberlite-IRA-402(OH): Ion Exchange
Resin Mediated Synthesis of Indolizines, Pyrrolo [1,2-a] Quinolines
and Isoquinolines: Antibacterial and Antifungal Evaluation of the
Products. Eur. J. Med. Chem. 2011, 46, 2132−2140. (d) Gundersen, L.
L.; Negussie, A. H.; Rise, F.; Ostby, O. B. Antimycobacterial Activity
of 1-Substituted Indolizines. Arch. Pharm. Med. Chem. 2003, 336,
191−195. (e) Nasir, A. I.; Gundersen, L.-L.; Rise, F.; Antonsen, O.;
Kristensen, T.; Langhelle, B.; Bast, A.; Custers, I.; Haenen, G. R.;
Wikstrom, H. Inhibition of Lipid Peroxidation Mediated by
Indolizines. Bioorg. Med. Chem. Lett. 1998, 8, 1829−1832.
(3) (a) Gundersen, L.-L.; Charnock, C.; Negussie, A.-H.; Rise, F.;
Teklu, S. Synthesis of indolizine derivatives with selective antibacterial
activity against Mycobacterium tuberculosis. Eur. J. Pharm. Sci. 2007,
30, 26−35. (b) Narajji, C.; Karvekar, M. D.; Das, A. K. Synthesis and
antioxidant activity of 3,3′-diselanediylbis (N, N-disubstituted
indolizine-1-carboxamide) and derivatives. S. Afr. J. Chem. 2008, 61,
53−55. (c) Sandeep, C.; Venugopala, K. N.; Gleiser, R. M.; Chetram,
A.; Padmashali, B.; Kulkarni, R. S.; Venugopala, R.; Odhav, B.
Greener synthesis of indolizine analogue using water as a base and
solvent: Study for larvicidal activity against Anopheles arabiensis.
Chem. Biol. Drug. Des. 2016, 88, 899−904. (d) Huang, W.; Zuo, T.;
Luo, X.; Jin, H.; Liu, Z.; Yang, Z.; Yu, X.; Zhang, L.; Zhang, L.
Indolizine derivatives as HIV-1 VIF-Elongin C interaction inhibitors.
Chem. Biol. Drug Des. 2013, 81, 730−741.
(4) Kim, D.; Lee, J. H.; Kim, H. Y.; Shin, J.; Kim, K.; Lee, S.; Park, J.;
Kim, J.; Kim, Y. Fluorescent indolizine derivative YI-13 detects
amyloid-β monomers, dimers, and plaques in the brain of 5XFAD
Alzheimer transgenic mouse model. PLoS One 2020, 15,
No. e0243041.
(5) Arvin-Berod, M.; Desroches-Castan, A.; Bonte, S.; Brugier̀e, S.;
Coute, Y.; Guyon, L.; Feige, J.-J.; Baussanne, I.; Demeunynck, M.
Indolizine-based scaffolds as efficient and versatile tools: Application
to the synthesis of biotin-tagged antiangiogenic drugs. ACS Omega
2017, 2, 9221−9230.

(6) (a) Huckaba, A. J.; Giordano, F.; McNamara, L. E.; Dreux, K.
M.; Hammer, N. I.; Tschumper, G. S.; Zakeeruddin, S. M.; Grätzel,
M.; Nazeeruddin, M. K.; Delcamp, J. H. Indolizine-Based Donors as
Organic Sensitizer Components for Dye-Sensitized Solar Cells. Adv.
Energy Mater. 2014, 5, No. 1401629. (b) Huckaba, A. J.; Yella, A.;
Brogdon, P.; Murphy, J. S.; Nazeeruddin, M. K.; Grätzel, M.;
Delcamp, J. H. A Low Recombination Rate Indolizine Sensitizer for
Dye-Sensitized Solar Cells. Chem. Commun. 2016, 52, 8424−8427.
(7) (a) Ji, R.; Liu, A.; Shen, S.; Cao, X.; Li, F.; Ge, Y. An indolizine-
rhodamine-based FRET fluorescence sensor for highly sensitive and
selective detection of Hg2+ in living cells. RSC Adv. 2017, 7, 40829−
40833. (b) Zheng, X.; Ji, R.; Cao, X.; Ge, Y. FRET-based radiometric
fluorescent probe for Cu2+ with a new indolizine fluorophore. Anal.
Chimi. Acta 2017, 978, 48−54.
(8) Ge, Y.; Liu, A.; Dong, J.; Duan, G.; Cao, X.; Li, F. A simple pH
fluorescent probe based on new fluorophore indolizine for imaging of
living cells. Sens. Actuators, B 2017, 247, 46−52.
(9) Song, Y. R.; Lim, C. W.; Kim, T. W. Synthesis and photophysical
properties of 1,2-diphenylindolizine derivatives: fluorescent blue-
emitting materials for organic light-emitting device. Luminescence
2016, 31, 364−371.
(10) (a) Becuwe, M.; Landy, D.; Delattre, F.; Cazier, F.;
Fourmentin, S. Fluorescent Indolizine-β-Cyclodextrin Derivatives
for the Detection of Volatile Organic Compounds. Sensors 2008, 8,
3689−3705. (b) Surpateanu, G. G.; Becuwe, M.; Lungu, N. C.; Dron,
P. I.; Fourmentin, S.; Landy, D.; Surpateanu, G. Photochemical
behaviour upon the inclusion for some volatile organic compounds in
new fluorescent indolizine β-cyclodextrin sensors. J. Photochem.
Photobiol., A 2007, 185, 312−320.
(11) (a) Sadowski, B.; Klajn, J.; Gryko, D. T. Recent advances in the
synthesis of indolizines and their π-expanded analogues. Org. Biomol.
Chem. 2016, 14, 7804−7828. (b) Lee, J. H.; Kim, I. Cyclo-
aromatization Approach to Polysubstituted Indolizines from 2-
Acetylpyrroles: Decoration of the Pyridine Unit. J. Org. Chem.
2013, 78, 1283−1288. (c) Joshi, D. R.; Kim, I. Correction to
“Michael-Aldol Double Elimination Cascade to Make Pyridines: Use
of Chromone for the Synthesis of Indolizines. J. Org. Chem. 2021, 86,
10235−10248.
(12) (a) Lins, C. L.; Block, J. H.; Doerge, R. F. Nitro-para-and meta-
substituted 2-phenylindolizines as potential antimicrobial agents. J.
Pharm. Sci. 1982, 71, 556−561. (b) Wu, Y.; Ding, H.; Zhao, M.; Ni,
Z.-H.; Cao, J.-P. Electrochemical and direct C-H methylthiolation of
electron-rich aromatics. Green Chem. 2020, 22, 4906−4911. (c) Yu,
Y.; Yue, Z.; Ding, L. G.; Zhou, Y.; Cao, H. Mn (OAc)3 -Mediated
Regioselective C-H Phosphonylation of Indolizines with H-
Phosphonates. Chem. Select 2019, 4, 1117−1120. (d) Penteado, F.;
Gomes, C. S.; Monzon, L. I.; Perin, G.; Silveira, C. C.; Lenardaõ, E. J.
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Kürti, L.; Xu, Q.-L. Symmetry in Cascade Chirality-Transfer
Processes: A Catalytic Atroposelective Direct Arylation Approach to
BINOL Derivatives. J. Am. Chem. Soc. 2016, 138, 5202−5205.
(d) Chen, Y. H.; Qi, L. W.; Fang, F.; Tan, B. Organocatalytic
Atroposelective Arylation of 2-Naphthylamines as a Practical
Approach to Axially Chiral Biaryl Amino Alcohols. Angew. Chem.,
Int. Ed. 2017, 56, 16308−16312.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c03019
J. Org. Chem. 2022, 87, 5097−5112

5112

 Recommended by ACS

One-Pot Synthesis of 2,3-Disubstituted Indanone
Derivatives in Water under Exogenous Ligand-Free and
Mild Conditions
Anqiao Zhu, Fei Xue, et al.
MAY 25, 2022
THE JOURNAL OF ORGANIC CHEMISTRY READ 

Transition-Metal-Free Regioselective Cross-Coupling:
Controlled Synthesis of Mono- or Dithiolation
Indolizines
Bin Li, Hong Zhao, et al.
MAY 22, 2018
ORGANIC LETTERS READ 

Mechanochemical Solvent-Free Synthesis of Indenones
from Aromatic Carboxylic Acids and Alkynes
Liang Li and Guan-Wu Wang
AUGUST 17, 2021
THE JOURNAL OF ORGANIC CHEMISTRY READ 

A Method for Synthesis of 3-Hydroxy-1-indanones via
Cu-Catalyzed Intramolecular Annulation Reactions
Guoxue He, Hong Liu, et al.
OCTOBER 08, 2018
THE JOURNAL OF ORGANIC CHEMISTRY READ 

Get More Suggestions >

https://doi.org/10.1021/acs.joc.0c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c01315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c01315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c01315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol049866q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol049866q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7QO00562H
https://doi.org/10.1039/C7QO00562H
https://doi.org/10.1039/C7QO00562H
https://doi.org/10.1002/anie.201700513
https://doi.org/10.1002/anie.201700513
https://doi.org/10.1002/anie.201700513
https://doi.org/10.1039/D0OB01230K
https://doi.org/10.1039/D0OB01230K
https://doi.org/10.1002/adsc.202001266
https://doi.org/10.1002/adsc.202001266
https://doi.org/10.1002/adsc.202001266
https://doi.org/10.1002/adsc.202001266
https://doi.org/10.1021/acs.joc.0c01358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c01358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b03048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b03048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ajoc.202000424
https://doi.org/10.1002/ajoc.202000424
https://doi.org/10.1016/j.jorganchem.2021.122179
https://doi.org/10.1016/j.jorganchem.2021.122179
https://doi.org/10.1021/acs.orglett.9b01828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201701015
https://doi.org/10.1002/chem.201701015
https://doi.org/10.1021/jacs.6b01458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201710537
https://doi.org/10.1002/anie.201710537
https://doi.org/10.1002/anie.201710537
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c03019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.joc.2c00544?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.2c00544?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.2c00544?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.2c00544?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.2c00544?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.orglett.8b01168?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.orglett.8b01168?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.orglett.8b01168?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.orglett.8b01168?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.orglett.8b01168?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.1c01472?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.1c01472?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.1c01472?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.1c01472?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.8b02149?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.8b02149?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.8b02149?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
http://pubs.acs.org/doi/10.1021/acs.joc.8b02149?utm_campaign=RRCC_joceah&utm_source=RRCC&utm_medium=pdf_stamp&originated=1656917725&referrer_DOI=10.1021%2Facs.joc.1c03019
https://preferences.acs.org/ai_alert?follow=1


Visible Light-Promoted, Photocatalyst-Free C(sp2)� H Bond
Functionalization of Indolizines via EDA Complexes
Kishor D. Mane,[a, b] Bapurao D. Rupanawar,[a, b] and Gurunath Suryavanshi*[a, b]

The catalyst and additive-free, photo-driven cross dehydrogen-
ative coupling (CDC) reaction initiated by electron donor-
acceptor (EDA) complexes between electron rich indolizines

and electron poor quinones has been demonstrated. This green
transformation reveals the advantages of operational simplicity,
mild reaction conditions and good functional group tolerances.

Introduction

In the past decade, visible-light photocatalysis has become a
hot area in synthetic organic chemistry for initiating various
organic transformations under environmentally friendly and
very mild reaction conditions. However, photoredox catalysis
suffered from costly exogenous photosensitizers and complex
organic dyes used in electron transfer (ET) processes.[1] At
present, with the increasing demand for greener chemical
processes, photo-driven organic transformations without exter-
nal photocatalysts have gained significant attention due to their
excellent synthetic value and high atom economy. The develop-
ment of new organic transformations triggered by the photo-
excitation of electron donor-acceptor (EDA) complexes is a field
in its golden age.[2]

In recent years, the construction of important organic
products by exciting the electron donor-acceptor (EDA) com-
plexes has turned up as an efficient and straightforward
pathway.[3] Generally, typical EDA complexes are a novel class of
molecular clusters having the combination of electron rich
donor molecules and electron poor acceptor substrates, which
are called the charge-transfer (CT) complexes.[4]

While the electron acceptor molecule (A) and donor (D) may
be colorless on their own whereas, after charge transfer,
interlinkage between D and A results in a bathochromic shift to
produce a visible light absorbing colored aggregate which
upon excitation under visible light, gives reactive intermediates
(charged radical ions) without the assistance of external photo-
catalyst (Figure 1).[5]

Indolizine and quinones are two privileged structures widely
common in numerous bioactive natural products, pharmaceut-
icals, agrochemicals, approved commercial drugs, and func-
tional organic materials.[6] The reduced form of indolizine

derivative is a well-known core nucleus in many alkaloids in
natural product chemistry.[7] Indolizines are a bioisostere for
indole, widely present in many biologically active molecules.
They can apply in important fluorescent sensors and fluorescent
materials in materials chemistry (Figure 2),[8] thus justifying
current efforts towards C� H functionalization of indolizines. In
the past few years, chemists have spent a great deal of time for
synthesis and C� H functionalization of indolizines.[9] Direct C� H
functionalization of indolizines at C-3 position has provided an
ideal and dynamic method to grant the useful indolizine
derivatives. To do that, transition metals are commonly
employed in catalyzing borylation,[10] arylation,[11]

acyloxylation[12] and propargylation[13] reactions. Despite this,
few metal-free approaches are available in the literature for
C� H functionalization of indolizines such as electrochemical
sulfonylation,[14] alkylation,[15] and C� H dithiocarbamation[16]
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Figure 1. EDA complex driven photoionization

Figure 2. Some bioactive indolizine and quinones
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reactions. More recently, visible light-induced operations on
indolizines have arisen as a new functionalization strategy.[17]

Nevertheless, examples of visible light-mediated C(sp2)� H bond
activation reactions by using indolizine as a donor are still
unknown in the literature.

Recently in 2020, Lenardao and a co-worker reported the
visible light-mediated mono and dithiolation of indolizines by
using eosin Y as a photocatalyst[18] (Scheme 1a). Also, Cao et al.
developed the cross dehydrogenative coupling (CDC) between
oxoaldehyde and indolizine (Scheme 1b) by using visible light
under very mild reaction conditions.[19] Inspired by the previous
literature reports and our continuous efforts towards visible-
light-induced C� H functionalization of heteroarenes,[20] herein
we have described the photo-driven cross dehydrogenative
coupling reaction between indolizines with quinones via EDA
complexes as shown in Scheme 1c.

Results and Discussion

To measure the formation of electron donor-acceptor com-
plexes from 1 and 2, we investigated the UV-vis absorption
spectroscopic properties of 0.05 M solutions 1 and 2 and the
mixture of 1 and 2 in acetonitrile, respectively (Figure 3A). A
blue color appeared when yellow colored 1 was mixed with

colorless 2, a new band appeared, which could be attributed to
the generation of charge-transfer (CT) band (Figure 3B).

Sunden and co-workers reported that the visible light
promoted annulation reaction between N,N-substituted dialkyl
anilines, and alkenes to synthesize substituted tetrahydroquino-
lines via EDA complexes.[21] Accordingly, we began our inves-
tigation by taking naphthoquinone 1a, and indolizine 2a as a
model substrate in DCM under irradiation with blue LED
(homemade setup), the desired product 3a was formed in 35%
yield (Table 1, entry 1). To our delight, the expected product 3a
was isolated in 61% yield along with difunctionalized by-
product 3a’ in 6% yield, when MeCN is used as a solvent
instead of DCM (Table 1, entry 2). An examination of other
routine solvents, such as dichloroethane (DCE), 1,4-dioxane,
tetrahydrofuran (THF), and dimethyl formamide (DMF), and the
experimental results showed that DMF displayed a higher
efficiency compared with other solvents (Table 1, entries 3–6).
When the reaction was carried out with 2 equiv. of naphthoqui-
none, the desired product 3a was isolated in 64% yield and
slightly increment of 3a’ (13% yield) in 8 hours of reaction time
(Table 1, entry 7).

The yield of 3a and 3a’ was dramatically reduced to 21%
and 0%, respectively, when the reaction time was increased to
16 hours (Table 1, entry 8). Surprisingly when reaction time was
reduced from 8 to 4 hours, then the desired product was
observed in 67% yield (Table 1, entry 9). From entries 8 and 9, it
can be concluded that reaction time plays a crucial role in the
formation of desired product; as the reaction is stirred for a
longer time, the decomposition of products may occur.

The absence of light suppressed the formation of product
3a, confirming the requirement for an excitation source
(Table 1, entry 10). A trace amount of product formation was
observed when the reaction was carried out in the dark
(Table 1, entry 11). White LED is used instead of blue LED; no

Scheme 1. Strategies for the C(sp2)� H bond Functionalization of indolizines.

Figure 3. (A) Photos of 1, 2, and 1+2 in CH3CN (0.05 M) (B) the charge
transfer band of (1+2) EDA complex.

Table 1. Reaction Optimization.[a]

Entry Solvent Light
source

Time
[h]

Yield of 3a
[%]

Yield of 3a’
[%]

1 DCM blue LED 8 35 0
2 MeCN blue LED 8 61 6
3 DCE blue LED 8 27 0
4 1,4-Diox-

ane
blue LED 8 trace 0

5 THF blue LED 8 0 0
6 DMF blue LED 8 47 0
7[b] MeCN blue LED 8 64 13
8[c] MeCN Blue LED 16 21 0
9 MeCN blue LED 4 67(44)[e] 8
10[d] MeCN – 6 trace 0
11 MeCN dark 6 trace 0
12 MeCN White LED 4 51 0

[a] Reaction condition: 1a (0.14 mmol), 2a (0.14 mmol) in 2 mL of solvent
irradiated with homemade setup of light in room temperature (blue LED
12 W); [b,c] Reaction was carried out by using 0.28 mmol of 1a; [d] in the
absence of light; [e] time of reaction is 2 h.
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such improvement in the yield of expected product is observed
(Table 1, entry 12). We have also checked the solvent effect and
the difference in UV-Vis absorption due to the solvent (see SI,
Figure S1).

Under the optimal photocatalytic conditions (Table 1, en-
try 9), we proceeded to evaluate the scope for substituted
indolizines. As shown in Scheme 2, several indolizines (2a–2p)
with different substitution patterns such as electron with-
drawing, electron releasing, and halo groups (Cl, Br, and F) were
comparable with our cross dehydrogenative coupling (CDC)
protocol. The para-position of phenyl ring on indolizine

substituted with -H, Cl, and OMe groups produce the expected
CDC products (3a,3b & 3 l) in good yields with the minimal
amount of side product (3a’, 3b’, & 3 l’) (Scheme 2). Methyl
group present on C1, C6, and C7 position of indolizine gave the
desired products in compatible yields (3d, 3e, 3h & 3 i).
Halogen substituted indolizines including F, Cl, and Br are
suitable donors and gave the expected products with 60–66%
yields (3c, 3 f, 3k & 3m). Electron releasing group such as OMe,
Me produces the coupled products (3g & 3 j) with 59% and
70%, respectively. Electron withdrawing groups present on
indolizine rings gave excellent yields of CDC products (3n &

Scheme 2. Reaction conditions: 1a (0.31 mmol), 2a (0.31 mmol) and MeCN 3 mLwere irradiated with blue LEDs (12 W), r.t, for 2–8 h.
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3o). Additionally, the heterocyclic indolizine also forms EDA
complex and produces the desired product (3p) in 53% yield.
Imidazopyridine and indolizines substituted at C-3 with elec-
tron-withdrawing groups is not suitable donors for the present
transformation (3r & 3q). After examining the substrate scope

for indolizines, we next focused on investigating the scope of
substituted quinones (Scheme 3). Naphthoquinones substituted
with groups like Cl, NO2, and Br can form the stable EDA
complex and give the CDC products (5a–5c) with acceptable
yields as shown in Scheme 3.

Electron donating groups present on the quinone moiety
are not suitable for forming EDA complex (5d–5e). Also, the
heterocyclic naphthoquinone and substituted benzoquinone
could not produce the desired products (5f & 5g). It was
reasoned that the electron deficient conjugated π-system might
be essential for forming the EDA complex and the following
electron transfer process. Other accepter moieties such as
maleic anhydride, maleic ester, maleimides, and benzoquinones
are remains unreacted in the reaction mixture.

Concerning the mechanistic aspects, when the 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) was added in the
standard reaction condition, only a trace amount of the product
was obtained (Scheme 4a). Next, we applied Job’s method of
continuous variations to determine the ratio of molar 1a/2a,
which was found to be 1 :1 in CH3CN (Figure 4). Based on
previous reports[22] and experimental observations, a possible
reaction mechanism is depicted in Scheme 4b. The interaction
between indolizine 1 and naphthoquinone 2 can produce an
EDA complex, followed by visible light (blue LED) initiated
single electron transfer (SET) to give a radical ion pair A. Upon
irradiation with visible light, generating the aryl radical ion pairs
(B) simultaneously, followed by the oxidative addition of radical
ion pairs, furnishes the expected coupled product 3a.

Conclusion

In conclusion, we have developed a visible light promoted
operationally simple and mild reaction conditions to construct
functionally important derivatives of indolizine. Interestingly,
this photo-driven CDC transformation can go ahead without
adding any photocatalyst or additive. In place of catalyst, the
formation of EDA complex between indolizine and quinone
drives this photochemical reaction. Further attempts are on-
going in our laboratory to employ the freshly developed

Scheme 3. Reaction condition: 4a (1 equiv.), 2a (1 equiv.), MeCN (3 mL) were
irradiated with blue LEDs (12 W), rt, for 2–8 h.

Scheme 4. Possible reaction mechanism. Figure 4. Job plot for a mixture of 1a and 2a in CH3CN.
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predecessors in other transformations, which will be reported in
due course.

Experimental Section

General Information

Commercially available solvents and reagents were used without
further purification. Acetonitrile: Acros Organics, 99.9% extra dry,
over molecular sieves. Technical solvents for column chromatog-
raphy were used after simple distillation. The reactions were
monitored by TLC visualized by UV (254 nm). The purification was
done using column chromatography on silica gel (230–400 mesh).
Nuclear Magnetic Resonance Spectra were recorded at room AV-
400, AV-500, and Jeol-400 spectrometers in appropriate solvents
using solvent signals as secondary standards, and the chemical
shifts are shown in δ scales. High-Resolution Mass Spectra (HRMS)
for all new compounds were recorded on an ESI+ method and
ORBITRAP mass analyzer (Thermo Scientific Q-Exactive, Accela 1250
pump). The 1H and 13C NMR spectra were recorded on Jeol-400 MHz
NMR, 400 MHz NMR, and 500 MHz NMR spectrometers using
residue solvent signals as an internal standard. 1H NMR spectra
were calibrated to the residual proton signal of chloroform-d1 (δ=

7.27 ppm), Acetonitrile-d3 (δ=1.94 ppm) and 13C NMR spectra were
referenced to the 13C triplet of CDCl3 (δ=77.16 ppm).

General Experimental Procedure for synthesis of 3a

A solution of indolizine 1a (0.31 mmol, 50 mg), quinone 2a
(0.31 mmol, 61 mg), and CH3CN (3 mL) were added into a 25 mL
oven-dried quartz tube. Then the mixture was stirred under blue
LED (12 W) at room temperature for 4 h monitored by TLC. The
crude reaction mixture was diluted with ethyl acetate (5 mL) and
water 5 mL, washed with brine and eluted with EtOAc (5 mL×2).
The collected organic layer was evaporated, and the crude residue
was purified by using silica gel column chromatography (100–
200 mesh silica) and isolated by using 95/05 to 90/10 petroleum
ether/ethyl acetate to give the product 3a.

2-(2-phenylindolizin-3-yl)naphthalene-1,4-dione(3a). Blue colored
solid; mp: 158–160 °C; yield: 67% (74 mg).1H NMR (400 MHz, CDCl3)
δ 8.14–8.08 (m, 1H), 8.07–8.02 (m, 1H), 7.94 (qd, J=0.9, 7.2 Hz, 1H),
7.76 (m, J=1.6, 7.4 Hz, 2H), 7.44 (td, J =1.1, 9.0 Hz, 1H), 7.39–7.35
(m, 2H), 7.33–7.27 (m, 2H), 7.27–7.24 (m, 1H), 6.96 (s, 1H), 6.84 (ddd,
J=0.9, 6.6, 8.9 Hz, 1H), 6.72–6.68 (m, 1H), 6.61–6.54 (m, 1H).13C{1H}
NMR (101 MHz, CDCl3) δ 184.5 (CO), 183.8 (CO), 140.4 (Cq), 136.3
(CH), 136.0 (Cq), 135.7 (Cq), 134.0 (CH), 133.7 (Cq), 133.7 (CH), 132.7
(Cq), 132.2 (Cq), 128.9 (2CH), 128.6 (2CH), 127.1 (CH), 126.9 (CH),
126.1 (CH), 124.7 (CH), 119.9 (CH), 119.2 (CH), 114.9 (Cq), 111.6 (CH),
102.6 (CH). HRMS (ESI) m/z calculated for C24H16O2N [(M+H)+]
350.1176, found 350.1173

2,2’-(2-phenylindolizine-1,3-diyl)bis(naphthalene-1,4-dione) (3a’).
Blue colored solid; mp: 254–256 °C; yield: 13% (20 mg).1H NMR
(400 MHz, CDCl3) δ 8.06–8.13 (m, 3H), 7.98–8.04 (m, 1H), 7.90 (dt,
J=7.0, 1.0 Hz, 1H), 7.76–7.81 (m, 2H), 7.68–7.75 (m, 2H), 7.50 (dt, J=

9.1, 1.1 Hz, 1H), 7.16–7.26 (m, 5H), 7.04 (ddd, J =9.1, 6.7, 1.0 Hz, 1H),
6.84 (s, 1H), 6.81 (s, 1H), 6.73 (td, J =6.9, 1.3 Hz, 1H).13C{1H} NMR
(101 MHz, CDCl3) δ 184.7(CO), 184.4 (CO), 184.4 (CO), 183.5 (CO),
143.7(Cq), 139.8 (Cq), 138.6 (CH), 136.1 (CH), 135.2 (Cq), 134.2 (CH),
133.9 (CH), 133.9 (CH), 133.6 (CH), 133.5 (CH), 133.0 (Cq), 132.7 (Cq),
132.5 (Cq), 132.2 (Cq), 132.0 (Cq), 130.0 (2CH), 128.7 (2CH), 127.4
(CH), 127.2 (CH), 126.9 (CH), 126.3 (CH), 125.9 (CH), 125.2 (Cq), 122.2
(CH), 118.8 (CH), 117.8 (Cq), 112.6 (CH), 108.0 (Cq).HRMS (ESI) m/z
calculated for C34H20O4N [(M+H)+] 506.1387, found 506.1387.

2-(2-(4-chlorophenyl)indolizin-3-yl)naphthalene-1,4-dione (3b).
Blue colored solid; mp: 188–190 °C; yield: 71% (86 mg).1H NMR
(500 MHz, CDCl3) δ 8.13 (dd, J=1.4, 7.5 Hz, 1H), 8.07 (dd, J =1.4,
7.5 Hz, 1H), 7.95 (d, J=7.0 Hz, 1H), 7.83–7.75 (m, 2H), 7.45 (d, J=

8.9 Hz, 1H), 7.33–7.27 (m, 4H), 6.99 (s, 1H), 6.94–6.79 (m, 1H), 6.68
(br. s., 1H), 6.63–6.58 (m, 1H).13C{1H} NMR (101 MHz, CDCl3) δ 184.5
(CO), 183.7 (CO), 140.2 (CH), 136.4 (CH), 136.1 (Cq), 134.3 (Cq), 134.1
(CH), 133.8 (CH), 133.0 (Cq), 132.6 (Cq), 132.4 (Cq), 132.1 (Cq), 130.1
(2CH), 128.9 (2CH), 127.2 (CH), 126.1 (CH), 124.6 (CH), 120.1 (CH),
119.3 (CH), 114.7 (Cq), 111.8 (CH), 102.5 (CH). HRMS (ESI) m/z
calculated for C24H15O2NCl [(M+H)+] 384.0786, found 384.0771.

2,2’-(2-(4-chlorophenyl)indolizine-1,3-diyl)bis(naphthalene-1,4-di-
one) (3b’). Off white solid, mp: 280–282 °C; yield: 8% (13 mg).1H
NMR (400 MHz, CDCl3) δ 8.14–8.07 (m, 3H), 8.04–7.98 (m, 1H), 7.91
(td, J=1.0, 7.0 Hz, 1H), 7.84–7.78 (m, 2H), 7.77–7.70 (m, 2H), 7.51
(td, J=1.1, 9.0 Hz, 1H), 7.24–7.20 (m, 2H), 7.19–7.12 (m, 2H), 7.05
(ddd, J=1.0, 6.7, 9.1 Hz, 1H), 6.88 (s, 1H), 6.86 (s, 1H), 6.74 (dt, J=

1.3, 6.8 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 184.7 (CO), 184.3
(CO), 183.3 (CO), 143.4 (Cq), 139.6 (Cq), 138.7 (CH), 136.2 (CH), 135.1
(Cq), 134.3 (CH), 134.0 (CH), 133.8 (CH), 133.6 (CH), 133.5 (Cq), 132.6
(Cq), 132.6 (Cq), 132.3 (Cq), 132.2 (Cq), 132.0 (Cq), 131.6 (Cq), 131.1
(2CH), 129.0 (2CH), 127.2 (CH), 127.0 (CH), 126.3 (CH), 126.0 (CH),
125.1 (CH), 122.3 (CH), 118.7 (CH), 117.6 (Cq), 112.8 (CH), 107.9 (Cq).
HRMS (ESI) m/z calculated for C34H19O4NCl [(M+H)+] 540.0997,
found 540.0996.

2-(2-(2-fluorophenyl)indolizin-3-yl)naphthalene-1,4-dione (3c). Blue
colored solid; mp: 125–127 °C; yield: 60% (69 mg). 1H NMR
(500 MHz, CDCl3) δ 8.10 (d, J =7.2 Hz, 2H), 7.93 (d, J=6.9 Hz, 1H),
7.71-7.81 (m, 2H), 7.46 (d, J =8.8 Hz, 1H), 7.40 (td, J=7.4, 1.5 Hz,
1H), 7.23–7.27 (m, 1H), 7.11–7.17 (m, 1H), 6.96–7.07 (m, 1H), 6.81–
6.90 (m, 2H), 6.71 (s, 1H), 6.60 (t, J=6.3 Hz, 1 H). 13C{1H} NMR
(126 MHz, CDCl3) δ 184.8 (CO), 183.5 (CO), 158.2-160.2 (d, J=

247 Hz,) 140.5 (Cq), 138.7 (Cq), 135.8 (Cq), 135.4 (CH), 134.0 (CH),
133.7 (CH), 132.6 (Cq), 132.1 (Cq), 131.6, 129.0 (d, J=7.63 Hz), 127.1
(CH), 126.7 (Cq), 126.1 (CH), 124.8 (CH), 124.4 (CH), 123.3-123.4 (d,
J=14.31 Hz), 119.8 (CH), 119.3, 115.9-116.0 (d, J =22.89 Hz), 111.7
(CH), 103.3 (CH). 19F NMR (376 MHz, CDCl3) δ � 114.9 (s, 1F). HRMS
(ESI) m/z calculated for C24H15O2NF [(M+H)+] 368.1081, found
368.1068.

2-(1-methyl-2-(naphthalen-2-yl)indolizin-3-yl)naphthalene � 1,4-di-
one (3d). Blue colored solid; mp: 115–117 °C; yield: 80%
(100 mg).1H NMR (400 MHz, CDCl3) δ 8.08–8.02 (m, 1H), 7.99–7.96
(m, 1H), 7.94 (dd, J =1.2, 7.6 Hz, 1H), 7.85–7.79 (m, 2H), 7.79–7.74
(m, 2H), 7.73–7.64 (m, 2H), 7.49–7.44 (m, 3H), 7.40 (dd, J =1.6,
8.4 Hz, 1H), 6.87 (ddd, J =0.9, 6.5, 9.0 Hz, 1H), 6.83 (s, 1H), 6.59 (dt,
J=1.3, 6.8 Hz, 1H), 2.36 (s, 3H).
13C{1H} NMR (101 MHz, CDCl3) δ 184.4 (CO), 184.0 (CO), 140.2 (Cq),
135.0 (CH), 134.6 (Cq), 133.9 (CH), 133.5 (CH), 133.4 (Cq), 132.9 (Cq),
132.8 (Cq), 132.6 (Cq), 132.2 (Cq), 132.2 (Cq), 129.0 (CH), 128.3 (CH),
128.1 (CH), 127.9 (CH), 127.7 (CH), 127.0 (CH), 126.1 (CH), 126.0 (CH),
125.9 (CH), 125.0 (CH), 119.1 (CH), 117.8 (CH), 115.7 (Cq), 111.6 (CH),
110.5 (Cq), 9.3 (CH3). HRMS (ESI) m/z calculated for C29H20O2N [(M+

H)+] 414.1489, found 414.1489.

2-(1-methyl-2-phenylindolizin-3-yl)naphthalene-1,4-dione (3e). Blue
colored solid; mp: 123–125 °C; yield: 82% (94 mg).1H NMR
(400 MHz, CDCl3) δ 8.04–8.09 (m, 1H), 7.96–8.01 (m, 1H), 7.93 (dt,
J=7.1, 1.0 Hz, 1H), 7.66–7.76 (m, 2H), 7.41 (dt, J=8.9, 1.2 Hz, 1H),
7.30–7.36 (m, 2H), 7.23–7.29 (m, 3H), 6.81–6.85 (m, 1H), 6.79 (s, 1H),
6.47–6.65 (m, 1H), 2.30 (s, 3H).13C{1H} NMR (101 MHz, CDCl3) δ 184.4
(CO), 184.0 (CO), 140.1 (Cq), 135.0 (Cq), 134.9 (CH), 134.4 (Cq), 133.8
(CH), 133.4 (CH), 133.0 (Cq), 132.8 (Cq), 132.2 (Cq), 130.1 (2CH),
128.4 (2CH), 126.9 (CH), 126.9 (CH), 125.9 (CH), 124.9 (CH), 119.0
(CH), 117.7 (CH), 115.5 (Cq), 111.4 (CH), 110.2 (Cq), 9.2 (CH3). HRMS
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(ESI) m/z calculated for C25H18O2N [(M+H)+] 364.1332, found
364.1332.

2-(2-(2,4-dichlorophenyl)indolizin-3-yl)naphthalene-1,4-dione (3 f).
Blue colored solid; mp: 129–131 °C; yield: 66% (86 mg).1H NMR
(500 MHz, CDCl3) δ 8.08–8.14 (m, 2H), 7.95 (d, J=6.9 Hz, 1H), 7.76–
7.81 (m, 2H), 7.47 (d, J=9.2 Hz, 1H), 7.43 (d, J=1.9 Hz, 1H), 7.29 (d,
J=1.5 Hz, 1H), 7.23–7.27 (m, 1H), 6.86–6.95 (m, 1H), 6.76 (s, 1H),
6.60–6.67 (m, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 184.3 (CO), 183.2
(CO), 139.7 (Cq), 135.3 (Cq), 135.1 (CH), 133.8 (CH), 133.6 (Cq), 133.5
(Cq), 132.6 (CH), 132.2 (Cq), 131.7 (Cq), 129.5 (CH), 129.0 (Cq), 126.9
(CH), 126.8 (CH), 125.9 (CH), 124.8 (CH), 121.4 (CH), 119.9 (CH), 119.0
(CH), 116.1 (Cq), 111.5 (CH), 109.7 (CH), 103.4 (CH). HRMS (ESI) m/z
calculated for C24H14O2NCl2 [(M+H)+] 418.0396, found 418.0392.

2-(2-(3,4-dimethoxyphenyl)indolizin-3-yl)naphthalene-1,4-dione
(3g). Blue colored solid; mp: 170–172 °C; yield: 59% (76 mg).1H
NMR (500 MHz, CDCl3) δ 8.14 (dd, J=7.2, 1.1 Hz, 1H), 8.06 (dd, J=

7.6, 1.1 Hz, 1H), 8.00 (d, J =7.2 Hz, 1H), 7.74–7.83 (m, 2H), 7.46 (d,
J=9.2 Hz, 1H), 7.07 (s, 1H), 6.93 (dq, J=4.2, 2.0 Hz, 2H), 6.87 (dd, J=

8.6, 6.7 Hz, 1H), 6.81–6.85 (m, 1H), 6.71 (s, 1H), 6.58–6.64 (m, 1H),
3.89 (s, 3H), 3.74 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 184.5 (CO),
183.9 (CO), 148.9 (Cq), 148.2 (Cq), 140.7 (Cq), 136.1 (Cq), 135.6 (CH),
134.0 (CH), 133.7 (CH), 133.6 (Cq), 132.7 (Cq), 132.1 (Cq), 128.5 (Cq),
127.1 (CH), 126.0 (CH), 124.5 (CH), 121.3 (CH), 120.0 (CH), 119.1 (CH),
114.8 (Cq), 112.1 (CH), 111.5 (CH), 111.4 (CH), 102.4 (CH), 55.8 (CH3),
55.7 (CH3). HRMS (ESI) m/z calculated for C26H20O4N [(M+H)+]
410.1387, found 410.1381.

2-(8-methyl-2-phenylindolizin-3-yl)naphthalene-1,4-dione (3h).
Blue colored solid; mp: 148–150 °C; yield: 68% (77 mg).1H NMR
(400 MHz, CD3CN) δ 8.04–8.09 (m, 1H), 7.97–8.01 (m, 1H), 7.91 (d,
J=0.8 Hz, 1H), 7.83 (ddd, J=7.6, 5.3, 1.7 Hz, 2H), 7.41–7.50 (m, 2H),
7.28–7.33 (m, 2H), 7.26 (d, J=7.3 Hz, 1H), 6.94 (s, 1H), 6.77 (d, J=

0.8 Hz, 1H), 6.70 (s, 1H), 6.50–6.61 (m, 1H), 2.46 (s, 3H). 13C{1H} NMR
(101 MHz, CD3CN) δ 185.8 (CO), 185.1 (CO), 141.9 (Cq), 138.9 (CH),
137.3 (Cq), 137.1 (Cq), 135.4 (CH), 135.2, 134.1 (Cq), 133.5 (Cq), 133.3
(Cq), 130.1 (2CH), 129.9 (2CH), 129.4 (Cq), 128.0 (CH), 127.9 (CH),
126.9 (CH), 124.1 (CH), 120.1 (CH), 116.3 (Cq), 112.7 (CH), 101.5 (CH),
18.4 (CH3). HRMS (ESI) m/z calculated for C25H18O2N [(M+H)+]
364.1332, found 364.1321.

2-(7-methyl-2-phenylindolizin-3-yl)naphthalene-1,4-dione (3 i). Blue
colored solid; mp: 143–145 °C; yield: 74% (68 mg).1H NMR
(500 MHz, CDCl3) δ 8.13 (d, J =7.2 Hz, 1H), 8.02–8.08 (m, 1H), 7.92
(d, J =7.2 Hz, 1H), 7.71–7.85 (m, 2H), 7.36–7.43 (m, 2H), 7.33 (t, J=

7.4 Hz, 2H), 7.23–7.28 (m, 1H), 6.96 (s, 1H), 6.60 (s, 1H), 6.46 (dd, J=

7.2, 1.5 Hz, 1H), 2.35 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 184.6
(CO), 184.1 (CO), 140.4 (Cq), 136.7 (Cq), 136.0 (Cq), 135.1 (CH), 134.2
(Cq), 133.9 (CH), 133.6 (CH), 132.9 (Cq), 132.3 (Cq), 130.8 (Cq), 128.9
(2CH), 128.6 (2CH), 127.1 (CH), 126.9 (CH), 126.0 (CH), 124.4 (Cq),
117.5 (CH), 114.4 (CH), 114.4 (CH), 101.7 (CH), 21.0 (CH3). HRMS (ESI)
m/z calculated for C25H18O2N [(M+H)+] 364.1332, found 364.1320.

2-(2-(p–tolyl)indolizin-3-yl)naphthalene-1,4-dione (3 j). Blue colored
solid; mp: 74–76 °C; yield: 70% (63 mg). 1H NMR (500 MHz, CD3CN)
δ 8.06 (dd, J=7.2, 1.5 Hz, 1H), 7.97–8.03 (m, 2H), 7.75–7.91 (m, 2H),
7.46 (d, J=8.8 Hz, 1H), 7.31 (m, J=8.0 Hz, 2H), 7.12 (m, J=8.0 Hz,
2H), 6.91 (s, 1H), 6.86 (dd, J=9.0, 6.7 Hz, 1H), 6.70 (s, 1H), 6.51–6.64
(m, 1H), 2.30 (s, 3H). 13C{1H} NMR (126 MHz, CD3CN) δ 185.6 (CO),
184.9 (CO), 141.6 (Cq), 138.6 (CH), 137.7 (Cq), 136.4 (Cq), 135.2 (CH),
135.0 (CH), 133.9 (Cq), 133.8 (Cq), 133.6 (Cq), 133.3 (Cq), 130.3
(2CH), 129.8 (2CH), 127.7 (CH), 126.7 (CH), 126.0 (CH), 120.8 (CH),
119.8 (CH), 115.6 (Cq), 112.3 (CH), 102.6 (CH), 21.2 (CH3). HRMS (ESI)
m/z calculated for C25H18O2N [(M+H)+] 364.1332, found 364.1333.

2-(2-(4-fluorophenyl)indolizin-3-yl)naphthalene-1,4-dione (3k). Blue
colored solid; mp: 298–300 °C; yield: 64% (59 mg).1H NMR
(400 MHz, CDCl3) δ 8.07–8.01 (m, 1H), 7.98 (dd, J=1.4, 7.4 Hz, 1H),

7.86 (d, J =7.1 Hz, 1H), 7.69 (dquin, J=1.5, 7.3 Hz, 2H), 7.36 (d, J=

8.9 Hz, 1H), 7.28–7.22 (m, 2H), 6.93 (t, J =8.7 Hz, 2H), 6.88 (s, 1H),
6.78 (dd, J=6.8, 8.4 Hz, 1H), 6.58 (br. s., 1H), 6.54–6.47 (m, 1H).13C
{1H} NMR (101 MHz, CDCl3) δ 184.5 (CO), 183.8 (CO), 160.8-163.2 (JF-
Cq, 247 Hz), 140.3 (Cq), 136.3 (CH), 136.0 (CH), 134.1 (CH), 133.7 (CH),
132.7 (Cq), 132.1 (Cq), 131.8 (JF-Cq, 3.6 Hz) 130.4 (2CH, JF-C, 7.9 Hz),
127.1 (CH), 126.1 (CH), 124.6 (Cq), 120.1 (Cq), 119.2 (2CH), 115.5-
115.7 (2 CH, JF-C, 21 Hz), 114.8 (Cq), 111.7 (CH), 102.6 (CH).

HRMS (ESI) m/z calculated for C24H15O2NF [(M+H)+] 368.1081,
found 368.1080.

2-(2-(4-methoxyphenyl)indolizin-3-yl)naphthalene-1,4-dione (3 l).
Blue colored solid; mp: 151–153 °C; yield: 51% (49 mg).1H NMR
(400 MHz, CDCl3) δ 8.09–8.16 (m, 1H), 8.03–8.08 (m, 1H), 7.96 (dd,
J=7.1, 0.8 Hz, 1H), 7.77 (dquin, J=7.3, 1.6 Hz, 2H), 7.45 (d, J=

8.9 Hz, 1H), 7.21 (t, J=7.9 Hz, 1H), 7.00 (s, 1H), 6.91–6.97 (m, 2H),
6.86 (ddd, J =8.9, 6.6, 0.8 Hz, 1H), 6.77–6.83 (m, 1H), 6.71 (s, 1H),
6.53–6.64 (m, 1H), 3.73 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ
184.6 (CO), 183.9 (CO), 159.7 (Cq), 140.5 (Cq), 137.2 (Cq), 136.1 (CH),
136.0 (Cq), 134.0 (CH), 133.7 (2CH), 133.6 (Cq), 132.8 (Cq), 132.2
(Cq), 129.6 (2CH), 127.1 (CH), 126.1 (CH), 124.6 (CH), 121.5 (CH),
120.0 (CH), 119.3 (CH), 115.0 (Cq), 114.5 (CH), 112.5 (CH), 111.7 (CH),
102.6 (CH), 55.2 (CH3). HRMS (ESI) m/z calculated for C25H18O3N [(M
+H)+] 380.1281, found 380.1264.

2,2’-(2-(4-methoxyphenyl)indolizine-1,3-diyl)bis(naphthalene � 1,4-
dione) (3 l’). Blue colored solid; mp: 255–257 °C; yield: 11% (14 mg).
1H NMR (500 MHz, CDCl3) δ 8.06–8.17 (m, 3H), 8.04 (dd, J =7.4,
1.3 Hz, 1H), 7.88 (d, J=6.9 Hz, 1H), 7.68–7.82 (m, 4H), 7.48 (d, J=

9.2 Hz, 1H), 7.09–7.15 (m, 2H), 6.97–7.05 (m, 1H), 6.85 (s, 1H), 6.75–
6.82 (m, 3H), 6.64–6.74 (m, 1H), 3.75 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 184.7 (CO), 184.5 (CO), 184.4 (CO), 183.5 (CO), 158.8 (Cq),
143.8 (Cq), 139.9 (Cq), 138.6 (CH), 136.1 (CH), 135.1 (Cq), 134.2 (CH),
133.9 (CH), 133.6 (CH), 133.4 (CH), 132.7 (Cq), 132.7 (Cq), 132.4 (Cq),
132.2 (Cq), 132.0 (2CH), 131.1 (CH), 127.2 (CH), 126.9 (CH), 126.2
(CH), 125.9 (2CH), 125.2 (CH), 122.1 (CH), 118.7 (Cq), 117.7 (Cq),
114.2 (2CH), 112.5 (Cq), 108.0 (Cq), 55.1 (CH3). HRMS (ESI) m/z
calculated for C35H22O5N [(M+H)+] 536.1492, found 536.1490.

2-(2-(3-bromophenyl)indolizin-3-yl)naphthalene-1,4-dione (3m).
Blue colored solid; mp: 114–116 °C; yield: 62% (67 mg).1H NMR
(500 MHz, CDCl3) δ 8.15 (dd, J=7.4, 1.3 Hz, 1H), 8.09 (dd, J =7.4,
1.3 Hz, 1H), 7.97 (d, J=7.2 Hz, 1H), 7.75–7.86 (m, 2H), 7.60 (t, J=

1.7 Hz, 1H), 7.47 (d, J=8.8 Hz, 1H), 7.40 (d, J=8.0 Hz, 1H), 7.27–7.31
(m, 1H), 7.12–7.21 (m, 1H), 7.00 (s, 1H), 6.89 (dd, J =8.6, 6.7 Hz, 1H),
6.72 (s, 1H), 6.59–6.67 (m, 1H). 13C{1H} NMR (126 MHz, CDCl3) δ
184.2 (CO), 183.5 (CO), 139.9 (Cq), 137.7 (Cq), 136.1 (CH), 135.8 (Cq),
133.8 (CH), 133.5 (CH), 132.4 (Cq), 131.9 (Cq), 131.7 (Cq), 131.5 (CH),
129.8 (CH), 129.7 (CH), 127.3 (CH), 126.9 (CH), 125.9 (CH), 124.3 (CH),
122.5 (Cq), 119.9 (CH), 119.1 (CH), 114.6 (Cq), 111.7 (CH), 102.3 (CH).
HRMS (ESI) m/z calculated for C24H15O2NBr [(M+H)+] 428.0281,
found 428.0277.

4-(3-(1,4-dioxo-1,4-dihydronaphthalen-2-yl)indolizin-2-
yl)benzonitrile (3n). Blue colored solid; mp: 207–209 °C; yield: 71%
(66 mg).1H NMR (500 MHz, CD3CN) δ 8.05–8.13 (m, 2H), 7.98–8.03
(m, 1H), 7.80–7.89 (m, 2H), 7.64 (m, J=8.4 Hz, 2H), 7.60 (m, J=

8.4 Hz, 2H), 7.52 (d, J=8.8 Hz, 1H), 7.03 (s, 1H), 6.91 (dd, J =8.6,
6.7 Hz, 1H), 6.82 (s, 1H), 6.60–6.71 (m, 1H). 13C{1H} NMR (126 MHz,
CD3CN) δ 185.6 (CO), 184.7 (CO), 141.8 (Cq), 140.9 (Cq), 139.2 (CH),
136.5 (Cq), 135.4 (CH), 135.1 (CH), 133.8 (Cq), 133.5 (2CH), 131.4
(Cq), 130.5 (2CH), 127.8 (CH), 126.8 (CH), 125.9 (CH), 121.2 (CH),
120.2 (CH), 119.9 (Cq), 118 (Cq), 117.7 (CH), 115.9 (CH), 113.0 (CH),
111.0 (Cq), 102.6 (CH). HRMS (ESI) m/z calculated for C25H15O2N2 [(M
+H)+] 375.1128, found 375.1125.

2-(2-(3-nitrophenyl)indolizin-3-yl)naphthalene-1,4-dione (3o). Blue
colored solid; mp: 198–200 °C; yield: 80% (79 mg).1H NMR
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(500 MHz, CDCl3) δ 8.30 (t, J=1.8 Hz, 1H), 8.16–8.09 (m, 2H), 8.05
(dd, J=1.2, 7.6 Hz, 1H), 7.99 (d, J=7.0 Hz, 1H), 7.86–7.71 (m, 2H),
7.67 (d, J=7.9 Hz, 1H), 7.53–7.41 (m, 2H), 7.02 (s, 1H), 6.97–6.86 (m,
1H), 6.78 (s, 1H), 6.72–6.60 (m, 1H). 13C{1H} NMR (126 MHz, CDCl3) δ
184.4 (CO), 183.7 (CO), 148.5 (Cq), 139.8 (Cq), 137.8 (CH), 136.7 (Cq),
136.2 (CH), 134.7 (CH), 134.3 (CH), 133.9 (Cq), 132.5 (Cq), 132.1 (Cq),
130.9 (CH), 129.5 (CH), 127.2 (CH), 126.3 (CH), 124.5 (CH), 123.6 (CH),
121.7 (CH), 120.5 (CH), 119.5 (CH), 114.8 (Cq), 112.3 (CH), 102.6 (CH).
HRMS (ESI) m/z calculated for C24H15O4N2 [(M+H)+] 395.1026,
found 395.1023.

2-(2-(thiophen-2-yl)indolizin-3-yl)naphthalene-1,4-dione (3p). Blue
colored solid; mp: 158–160 °C; yield: 53% (47 mg).1H NMR
(500 MHz, CDCl3) δ 8.13–8.18 (m, 1H), 8.07–8.13 (m, 1H), 7.67–7.91
(m, 4H), 7.42 (d, J=8.8 Hz, 1H), 7.22 (d, J=4.6 Hz, 1H), 7.18 (s, 1H),
7.06 (d, J=3.1 Hz, 1H), 6.99 (dd, J=5.0, 3.4 Hz, 1H), 6.84 (dd, J =8.4,
6.9 Hz, 1H), 6.57 (t, J=6.5 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ
184.6 (CO), 183.7 (CO), 140.2 (Cq), 137.6 (CH), 137.3 (Cq), 135.6 (Cq),
134.0 (CH), 133.8 (CH), 132.8 (Cq), 132.2 (Cq), 127.6 (CH), 127.2 (CH),
126.2 (CH), 125.8 (Cq), 125.6 (CH), 125.4 (CH), 124.4 (CH), 120.0 (CH),
119.2 (CH), 114.6 (Cq), 111.7 (CH), 102.1 (CH). HRMS (ESI) m/z
calculated for C22H14O2NS [(M+H)+] 356.0740, found 356.0737.

General Experimental Procedure for synthesis of 5a

A solution of indolizine 4a (1 equiv.), quinone 2a (1 equiv.), and
CH3CN (3 mL) was added into a 25 mL oven-dried quartz tube. Then
the mixture was stirred under blue LED (12 W) at room temperature
for 2–8 h monitored by TLC. The crude reaction mixture was diluted
with ethyl acetate (5 mL) and water 5 mL, washed with brine and
eluted with EtOAc (5 mL×3). The collected organic layer was
evaporated and the crude residue was purified using silica gel
column chromatography (100-200 mesh silica) and isolated using
95/05 to 90/10 petroleum ether/ethyl acetate to give the product
5a.

2-chloro-3-(2-phenylindolizin-3-yl)naphthalene-1,4-dione (5a). Blue
colored solid; mp: 212–214 °C; yield: 44% (46 mg).1H NMR
(500 MHz, CDCl3) δ 8.12 (d, J =7.2 Hz, 1H), 8.06 (d, J=7.2 Hz, 1H),
8.01 (d, J =7.6 Hz, 1H), 7.95 (d, J =6.9 Hz, 1H), 7.73–7.82 (m, 2H),
7.44–7.59 (m, 2H), 7.37–7.42 (m, 2H), 7.28–7.32 (m, 3H), 7.23 (d, J=

5.3 Hz, 1H), 6.88–6.94 (m, 1H), 6.82 (s, 1H), 6.71 (s, 1H), 6.66 (t, J=

6.5 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 184.2 (CO), 183.5 (CO),
140.1 (Cq), 135.9 (CH), 135.4 (Cq), 134.0 (Cq), 133.6 (CH), 133.3 (CH),
132.4 (Cq), 131.8 (Cq), 128.6 (2CH), 128.3 (2CH), 127.8 (CH), 127.2
(CH), 126.8 (CH), 126.6 (CH), 125.7 (CH), 124.3 (CH), 119.6 (Cq), 118.9
(CH), 114.6 (Cq), 111.3 (CH), 111.0 (Cq), 102.3 (CH), 101.3 (Cq). HRMS
(ESI) m/z calculated for C24H15O2NCl [(M+H)+] 384.0786, found
384.0775.

5-nitro-2-(2-phenylindolizin-3-yl)naphthalene-1,4-dione (5b). faint
blue colored solid; mp: 181–183 °C; yield: 51% (36 mg).1H NMR
(400 MHz, CDCl3) δ 8.19–8.11 (m, 1H), 8.08–8.02 (m, 1H), 7.99 (dd,
J=0.7, 7.2 Hz, 1H), 7.85–7.74 (m, 2H), 7.63–7.56 (m, 2H), 7.52–7.44
(m, 3H), 7.02 (s, 1H), 6.90 (ddd, J =6.6, 8.9 Hz, 1H), 6.73 (s, 1H), 6.68–
6.61 (m, 1H).
13C{1H} NMR (101 MHz, CDCl3) δ 184.0 (CO), 183.2 (CO), 140.5 (Cq),
139.4 (Cq), 136.2 (CH), 135.9 (Cq), 134.0 (CH), 133.6 (CH), 132.1
(2CH), 131.7 (Cq), 131.2 (Cq), 129.0 (2CH), 126.9 (CH), 125.9 (CH),
124.1 (CH), 120.1 (Cq), 119.2 (CH), 118.6 (Cq), 114.4 (Cq), 112.0 (CH),
110.1 (CH), 102.2 (CH).

5-bromo-2-(2-phenylindolizin-3-yl)naphthalene-1,4-dione (5c). Blue
colored solid; mp: 133–135 °C; yield: 39% (17 mg). 1H NMR
(500 MHz, CD3CN) δ 8.10–8.03 (m, 2H), 8.02–7.99 (m, 1H), 7.86–7.83
(m, 1H), 7.50 (d, J=9.2 Hz, 1H), 7.43 (d, J =7.2 Hz, 2H), 7.36–7.29 (m,
2H), 7.28–7.23 (m, 1H), 6.94 (s, 1H), 6.89 (dd, J=6.9, 8.4 Hz, 1H), 6.75

(s, 1H), 6.62 (t, J =6.7 Hz, 1H). 13C{1H} NMR (126 MHz, CD3CN) δ
185.6 (CO), 184.9 (CO), 141.5 (Cq), 138.7 (CH), 136.8 (Cq), 136.4 (Cq),
135.3 (CH), 135.0 (CH), 133.9 (Cq), 133.4 (Cq), 129.9 (2CH), 129.7
(2CH), 127.9 (CH), 127.7 (CH), 126.7 (CH), 126.1 (CH), 120.9 (Cq),
119.9 (Cq), 112.4 (CH), 102.6 (CH).
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