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ABSTRACT 

The primary objective of this research work is to develop green synthetic strategies for the 

synthesis of potential organic molecules via C-H annulation or C-H functionalization reactions.  

Chapter 1: This chapter describes the general introduction to green chemistry and its twelve 

guiding principles. Reagents including catalysts, solvents, and generated wastes in an organic 

transformation are the major concerns of green chemistry. This chapter briefly specifies the 

choice of a solvent and catalyst and the utility of iodine as a catalyst in developing a metal-free 

green organic reaction. Moreover, the advantages of the electrochemical approach over the 

traditional chemical approach in designing and developing an organic transformation avoiding 

the requirement of a catalyst and stoichiometric reagents is also discussed.  

Chapter 2: This chapter describes iodine-catalyzed various organic transformations (Section-

I), synthesis of phenanthrenes by annulation reactions with alkynes (Section-II), synthesis of 

9-sulfenylphenanthrenes via sulfenylative annulation of 2-alkynyl biaryls (Section-III), and 

our metal-free approach to access 9-sulfenylphenanthrenes under iodine-catalysis (Section-

IV). We developed a sustainable and cost-effective synthetic methodology to access a wide 

variety of valuable sulfenylphenanthrenes and polycyclic heteroaromatics in moderate to high 

yield through electrophilic sulfenylative annulation of 2-alkynyl biaryls (6-endo-dig 

cyclization) using methyl sulfoxides such as dimethyl sulfoxide (DMSO) as the sulfur source. 

The transformation requires only iodine in a catalytic amount and trifluoroacetic anhydride. 

Notably, DMSO played multiple roles such as methylthiolating reagent, oxidant, and solvent 

in this reaction. The last section (Section-V) of this chapter describes the application of one of 

our synthesized molecules i.e., methyl(10-phenylphenanthren-9-yl)sulfane (MPPS) as a 

fluorescent molecule to probe the aggregation properties (micellization) of various ionic and 

non-ionic surfactants and also the binding isotherm of a protein (bovine serum albumin). 

Chapter 3: This chapter details the iodine-catalyzed cyclization reactions in water (Section-

I), and our iodine-catalyzed synthetic strategy for the synthesis of 9-sulfenylphenanthrenes and 

polycyclic heteroaromatics in water (Section-II). We developed a green synthetic method for 

the sulfenylative annulation of 2-alkynyl biaryls and 2-heteroaryl substituted alkynyl benzenes 

with disulfides in water to access a wide variety of sulfenyl phenanthrenes and polycyclic 

heteroaromatics. The substrate scope, scalability, and green chemistry metrics of the developed 

protocol were found good to excellent. 
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Chapter 4: This chapter enlightens the synthesis of organoselenides by selenylative 

annulation/cyclization reactions (Section-I), previously developed non-catalytic methods for 

the C-H selenylative annulations of 2-alkynyl biaryls to access 9-selenylphenanthrenes 

(Section-II), and our metal-free, catalytic approach for the C-H selenylative annulation of 2-

alkynyl biaryls for the synthesis of selanyl polycyclic aromatic hydrocarbons (PAHs) including 

phenanthrenes and polycyclic heteroaromatics (Section-III). We developed a metal-free, 

iodine-catalyzed, highly atom-economic, cost-effective, scalable, and sustainable synthetic 

strategy for the selenylative annulation of 2-alkynyl biaryls or 2-heteroaryl-substituted alkynyl 

benzenes with readily available diselenides in water, for the first time. The organic 

transformation required only a couple of inexpensive reagents, such as iodine as a catalyst and 

H2O2 as a green oxidant only in sub-stoichiometric amounts (0.3 equiv). The catalyst, iodine 

was recovered after the reaction during the column chromatography stage and recycled without 

any compromization in reaction outcome. Experimental and computational studies supported 

a radical pathway over the ionic pathway for this reaction. The scalability and green metrics of 

the protocol were found excellent. 

Chapter 5: This chapter elucidates various electrochemical selenylative annulation reactions 

for the synthesis of organoselenides (Section-I) and our approach for the development of 

highly atom-economic and efficient electrochemical selenylative annulation of 2-alkynyl 

biaryls (Section-II). We developed a catalyst- and oxidant-free, scalable, and sustainable 

synthetic method for the selenylative annulation of 2-alkynyl biaryls or 2-heteroaryl-

substituted alkynyl benzenes with readily available diselenides under electrochemical 

conditions to synthesize a wide variety of selanyl polycyclic aromatic hydrocarbons and 

polycyclic heteroaromatics in high to excellent yield up to 99% at room temperature in a short 

time (2-5 h). The transformation required only electricity as a green reagent and produced 

hydrogen gas as the only innocuous byproduct. The efficiency, scalability, and majority of the 

green metrics of the electrochemical protocol were found superior as compared to our 

previously developed iodine-catalyzed conventional protocol. 

Chapter 6: This chapter outlines iodine-catalyzed C-H chalcogenation reactions of 

heterocycles (Section-I), general C-H chalcogenation reactions of alkenes (Section-II), and 

our approach to developing a recyclable iodine-catalyzed oxidative C-H chalcogenation of 1,1-

diarylethenes in water for the green synthesis of trisubstituted vinyl sulfides and selenides 

selenides including some aggregation-induced-emission (AIE) active molecules. (Section-III). 

The scalability and green metrics of the protocol were found excellent. 
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1.1. Introduction. 

Green chemistry 1 appeared from several pre-existing ideas and research efforts (such as atom economy and 

catalysis) in the period preceding the 1990s, in the context of growing concern about chemical pollution 

and resource depletion. Green chemistry's development in Europe and the United States coincided with a 

shift in environmental problem-solving strategies: a shift away from command and control regulation and 

mandated reductions in industrial emissions at the "end of the pipe" and towards active pollution prevention 

through the innovative design of production technologies themselves. 2 The set of concepts now known as 

green chemistry came together in the mid-to-late 1990s, along with broader acceptance of the term (which 

won out over competing terms like"clean" and "sustainable" chemistry).3  

The Environmental Protection Agency (EPA) in the United States was a pioneer in promoting green 

chemistry through pollution prevention programs, funding, and professional coordination. At the same time, 

researchers at the University of York contributed to the formation of the Royal Society of Chemistry's 

Green Chemistry Network and the publication of the journal Green Chemistry.4  

Green chemistry, also known as sustainable chemistry,5 is a branch of chemical engineering and chemistry 

that focuses on developing green methods that reduce the use and production of hazardous substances.6  

Green chemistry is the design of chemical products and processes that reduce or eliminate the use or 

production of hazardous substances to humans, animals, plants, and the environment. The goal of 

sustainable chemistry is to minimize or eliminate the usage as well as production of any hazardous materials 

in a chemical process. In 1998, Paul Anastas (who then directed the Green Chemistry Program at the US 

EPA) and John C. Warner (then of Polaroid Corporation) published a set of principles to guide the practice 

of green chemistry.7 The twelve principles address a range of ways to lower the environmental and health 

impacts of chemical production and also indicate research priorities for the development of green chemistry 

technologies. 

According to one definition, "green chemistry" means: 

"The creation of chemical products and methods to reduce or end the use and manufacture of 

hazardous substances." 

In recent years, the study of green synthesis8  has emerged as a fresh and exciting area of study in organic 

chemistry. The popularity of green synthesis has increased substantially in recent years due to its many 

benefits, including the fact that it is straightforward, economical, environmentally benign, and readily 

scaled up for large-scale synthesis. 

The twelve principles of green chemistry are: 
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1. Prevention: Waste prevention is preferable to waste treatment or cleanup after production. It should be 

kept in mind that the prevention of waste must be prioritized rather than cleaning up and treating waste 

after it has been created. 

2. Atom economy: The ratio of the number of atoms needed in the reactant to the number of atoms wasted 

is used to determine how effective a synthetic approach is. Waste must be reduced at the molecular level 

by maximizing the number of atoms from all reagents that are incorporated into the final product. Hence 

atom economy is used to evaluate the reaction efficiency. 

3. Less hazardous chemical synthesis: Green chemistry is a strategy that tries to stop the production and 

use of dangerous substances by improving the way chemicals are made. Chemical reactions and synthetic 

routes should be designed safely and healthily by considering the hazards of substances handled, during the 

reaction, including waste. 

4. Designing safer chemicals: We must develop all chemicals to be less hazardous by designing them in 

addition to making them effective for their intended use. Toxicity must be minimized directly by molecular 

design. Physical properties, toxicity, and environmental fate should be predicted and evaluated throughout 

the design process. 

5. Safer solvents and auxiliaries: Ingredients in formulations may not be essential to the product's 

functionality but improve it for the user. The safest solvent available must be chosen for any given step to 

minimize the total amount of solvents and auxiliary substances used, as these make up a large percentage 

of the total waste created. 

6. Design for energy efficiency: Synthetic procedures are to be carried out at room temperature and 

pressure. The least energy-intensive chemical route must be chosen in such a way that one can avoid 

heating, cooling, as well as pressurized and vacuum conditions (i.e. ambient pressure and temperature are 

optimal). 

7. Use of renewal feedstocks: In contrast to depleting feedstocks, which take significantly longer to 

replenish and are consumed at a faster pace by human activity, renewable feedstocks can be replenished on 

a human timeline. Chemicals made from renewable (i.e. plant-based) sources, rather than other, equivalent 

chemicals originating from petrochemical sources must be used. 
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8. Reduce derivatives: Protecting groups and derivatives should be used less frequently when synthesizing 

target compounds. The use of temporary derivatives such as protecting groups must be minimized to avoid 

reaction steps, resources required and waste created. 

9. Catalysis: Stoichiometric reagents should not be used in place of catalytic reagents. Catalysts must be 

chosen in such a way that can increase selectivity, minimize waste and reduce reaction time and energy 

demands.  

10. Design for degradation: Chemical should be made so that when they have served their purpose, they 

disintegrate into harmless degradation products and molecules that are safe for use around people, pets, and 

the environment. Chemicals should be designed to degrade discard easily by ensuring both the chemicals 

and their degradation product should not be toxic, bioaccumulative, or environmentally persistent. 

11. Real-Time Pollution Prevention: To serve societal needs, scientific activity in general, and the 

analytical technique in particular, must avoid mistakes in chemical processes that could result in acts that 

endanger ecosystems and human health. Chemical reactions in real-time must be monitored to prevent the 

formation and release of any potentially hazardous and polluting substances. 

12. Safer Chemistry for accident prevention: Reaction substances shouldn't provide too many risks. 

Chemical procedures must be chosen and developed in such a way that the process must be safer and 

inherently minimize the risk of accidents. One should know the possible risks and assess them beforehand. 

The solvent is an important component of an organic reaction and it is always a matter of concern in the 

context of green chemistry as they are used in large quantities and mostly inflammable chemicals. Most of 

the organic solvents have negative effects on health and the environment as it leads to the production of 

organic wastes, and also pollute the air. Water is regarded as the most environmentally friendly solvent. 

However, it is generally regarded as the enemy of many organic transformations because of the sensitivity 

of many reagents towards water and their immiscibility. Thus use of water as a solvent in an organic reaction 

is a challenge. Hence, developing an organic transformation in water, the greenest solvent is always 

challenging but desirable in the context of green chemistry. 

Several advantages of catalysis include the lowering of the activation energy barrier of an organic reaction 

thus enhancing its efficiency and the use of catalytic rather than stoichiometric amounts of ingredients 

lowering the generation of stoichiometric wastes. The feasibility of a reaction depends heavily on the 

catalyst. Scientists are developing new procedures to conduct molecular iodine-catalyzed reactions 9 for the 

preparation of organic molecules in response to the enormous demand for catalytic procedures. For more 
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than a century, molecular iodine, an easy-to-handle solid, has been used as a catalyst in various organic 

transformations. Even though it is active in very small amounts, the origin of this remarkable catalytic effect 

is unknown. Iodine-catalyzed C-H annulation 10 and C-H functionalization reactions11 have recently been 

achieved in an atom-economic, cost-effective, and sustainable manner. 

In the area of synthetic organic chemistry, there is always a strong drive to develop challenging organic 

transformations such as C-H annulation and functionalization reactions in a cost-effective, sustainable, and 

practical manner.12 In recent times, electrochemical organic synthesis, where electricity plays the role of an 

oxidizing/reducing reagent to generate reactive species has regained significant attention of synthetic 

chemists in enabling a challenging organic transformation under transition-metal- and reagent-free 

conditions. Under electrochemical conditions, radical ions or free radicals are formed from easily accessible 

starting materials through anodic oxidation or cathodic reduction leading to the formation of desired product 

via C-C or C-X (X = heteroatom) bond formation. It offers several advantages and green features as 

compared to the other chemical technologies.13 

This thesis deals with the design and development of several metal-free green approaches under iodine-

catalysis or electrochemical conditions for the chalcogenylative C-H annulation and C-H chalcogenation 

reactions to access novel polycyclic aromatic hydrocarbons (PAHs), polycyclic heteroaromatics and olefins 

bearing a sulfenyl/selenyl functional group. 
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2.1.1. Introduction. 

Iodine 

Iodine is a chemical element with the atomic number 53 and the symbol I. At standard conditions, it exists 

as a semi-lustrous, non-metallic solid that melts to form a deep violet liquid at 114 °C and boils to form a 

violet gas at 184 °C. Iodine can exist in a variety of oxidation states, including iodide (I-), iodate (IO3
-), and 

various periodate anions. It is the sixty-first most abundant element in the universe and the least abundant 

of the stable halogens. Iodine, as the heaviest essential mineral nutrient, is required for the synthesis of 

thyroid hormones.  

 

Fig. 2.1.1. Pictorial Presentation of the Biological Role of Iodine. 

 

Fig. 2.1.2. Pictorial Diagram of the Molecular Iodine. 
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2.1.2. Iodine in Organic Synthesis. 

Metal-free, catalytic organic transformations are of high importance in the context of green chemistry. 

Molecular iodine, being a cheap and non-toxic chemical, is found to replace toxic and highly expensive 

transition metals in various types of organic transformations including annulation or cyclization reactions.1 

With iodine as a catalyst, one can not only avoid the requirement of toxic metals and ligands in an organic 

reaction but also avoid the requirement of hazardous stoichiometric reagents thus making the process more 

sustainable and cost-effective.  

In recent years, iodine-catalyzed annulation reactions have attracted wide attention of synthetic organic 

chemists in synthesizing carbo- and heterocyclic molecules.2  Consequently, several iodine-–catalyzed 

annulation reactions have been developed for the synthesis of heterocyclic compounds having potential 

applications in pharmaceutical synthesis, agrochemicals, materials science, dyes, etc. The state-of-the-art 

of iodine-catalyzed organic transformations, in particular annulation or cyclization reactions, are reviewed.  

2.1.3. Review. 

In 2023, Yao and his co-workers developed an iodine-catalyzed cascade cyclization of ortho-

formylarylketones with indoles in dichloromethane at 0oC to access a wide variety of indolyl 

benzo[b]carbazoles with high functional group tolerance (Scheme 2.1.1).3 The reaction was initiated in the 

presence of iodine by two successive nucleophilic additions of indoles with an aldehyde group of ortho-

formylarylketones. The developed protocol could be scaled up to a gram-scale without any appreciable loss 

in product yield. 

 

Scheme 2.1.1. Iodine-Catalyzed Synthesis of Indolylbenzo[b]carbazoles. 

In 2022, Sharghi and his coworkers reported an iodine-catalyzed cascade cyclization of catechols 

using ammonium acetate in DMSO at 150oC for the synthesis of a biologically-active class of molecules, 
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2-(hetero)arylbenzoxazoles4 involving the coupling of catechols, ammonium acetate, alkenes, alkynes, and 

ketones (Scheme 2.1.2).5 The reaction mechanism revealed the presence of  acetophenone (confirmed by 

the GC-MS analysis of  the reaction mixture of aryl alkenes or aryl acetylenes with iodine in DMSO). 

 

Scheme 2.1.2. Iodine-Catalyzed Synthesis of Benzoxazoles. 

In 2022, Dong et al developed an iodine-catalyzed one-pot synthesis of medicinally potential 

chromones with moderate yields using readily available starting materials i.e. aryl isocyanates, alcohols, 

and enaminones in the presence of PIDA as an oxidant and KOH as a base (Scheme 2.1.3). 6 The reactions 

were carried out in a one-pot, two steps process where in the first step 1 equiv of phenyl isocyanate was 

treated with 1 equiv of KOH in methanol at room temperature followed by the addition of 1.2 equiv of 

enaminones, 25 mol% I2, and 1 equiv of PIDA in the second step.  

 

Scheme 2.1.3. Iodine-Catalyzed Synthesis of Chromones. 

In 2022, Hao and coworkers disclosed a novel iodine-catalyzed tandem cyclization of o-

alkynylphenyl isothiocyanates with organophosphorus esters via Csp
2 –P bond formation of o-

alkynylphenyl isothiocyanates to afford 4H-benzo[d][1,3]thiazin-2-ylphosphonate (Scheme 2.1.4).7 

  

Scheme 2.1.4. Iodine-Catalyzed Tandem Cyclization of o-Alkynyl phenyl isothiocyanates. 
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In 2021, the Nguyen group disclosed an iodine-catalyzed intramolecular cyclization of 

dihydropyrans, dihydrofurans, and furans from various β-diketo carbonyl compounds bearing either alkenyl 

or alkyne substituents under neat condition (Scheme 2.1.5).8 Experimental and computational density 

functional theory (DFT) studies revealed that the reaction proceeded via a carbocation intermediate being 

assisted by iodine.  

 

Scheme 2.1.5. Iodine-Catalyzed Synthesis of Substituted Furans and Pyrans. 

In 2021, the Zhu group developed an iodine-catalyzed domino cyclization (formation of two C-C 

and one C-O bonds in one-pot) of  methyl azaarene with 5-alkyl-2-aryl-2,4-dihydro-3H-pyrazol-3-ones in 

DMSO at room temperature via Csp3-H functionalization to access a fused seven-membered oxa-

heterocycles with broad functional group tolerance in moderate to high yield (Scheme 2.1.6).9 

 

Scheme 2.1.6. Iodine-Catalyzed Synthesis of Pyrazolooxepinopyrazolones via Methyl azaarene Csp3-H 

functionalization. 
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In 2020, He and coworkers disclosed iodine-catalyzed, highly regio- and chemoselective synthesis 

of cyanopyrrolines using alkene, TMSCN, and N, N-disubstituted formamides in an aerobic atmosphere 

without using any transition metal and solvent (Scheme 2.1.7).10 

 

Scheme 2.1.7. Iodine-Catalyzed Synthesis of α-Cyanopyrrolines. 

In 2020, Prabhu et al developed an iodine-catalyzed annulation of cyclopentene-dione with 

benzamidine hydrochloride via a double C-H functionalization strategy which paves an excellent way for 

synthesizing a wide variety of substituted fused imidazole derivatives in moderate to good yield (Scheme 

2.1.8).11 

 

Scheme 2.1.8. Iodine-Catalyzed Synthesis of Fused Imidazoles. 

In 2019, Zhao and co-workers developed an iodine-catalyzed regioselective synthesis of substituted 

dihydro pyrazoles via an oxidative cyclization strategy of aldehyde hydrazones with electron-deficient 

olefins. The reaction was supposed to proceed via a cascade C-H functionalization, C-N bond formation, 

and oxidation (Scheme 2.1.9).12 The synthetic application of the developed protocol was demonstrated by 

synthesizing a herbicide safener, i.e., Mefenpyr-Diethyl. 

 

Scheme 2.1.9. Iodine-Catalyzed Regioselective Oxidative Cyclization of Aldehyde hydrazones with 

Olefins. 
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In 2019, Anilkumar and his co-workers first disclosed an iodine-catalyzed Ortoleva-King type 

protocol in which they synthesized a library of imidazo[1,2-a]pyridines, a "drug prejudice" possessing a 

various applications in medicinal chemistry,13 21in moderate to excellent yield (Scheme 2.1.10).14 A gastro-

protective drug, Zolimidine was synthesized by the developed protocol. 

 

 

Scheme 2.1.10. Iodine-Catalyzed Synthesis of Imidazo[1,2-a]pyridines. 

 

In 2019, Li and his co-workers developed an iodine-catalyzed synthesis of pyrrolidine-2-

carboxylates via a one-pot cycloaddition of an aldehyde, an amino acid ester, and a chalcone in the presence 

of K2CO3 as a base in tetrahydrofuran at 80 oC resulting in good to excellent yield (scheme 2.1.11).15 

 

 

Scheme 2.1.11. Iodine-Catalyzed Synthesis of Multi-substituted Pyrrolidine-2-carboxylates. 

 

In 2019, Maiti group developed an I2-catalyzed intermolecular cyclization of primary aliphatic 

amines with 1,2-diketone analogues under aerobic conditions in 1,4-dioxane  to afford some new classes 

of molecules such as oxazoles, oxazines, and oxazinone (Scheme 2.1.12).16 The reaction involved α-Csp3-

H functionalization of primary amine leading to the formation of 5, 6- intermolecular cyclized product in 

good to high yield. The newly synthesized compounds are reported to be effective organic nano-building 

blocks to achieve valuable organic nanomaterials for smart devices.  
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Scheme 2.1.12. Iodine-Catalyzed Functionalization of Primary Aliphatic Amines. 

In 2018, Wen and his co-workers reported an iodine-catalyzed ethyl-lactate-mediated synthesis of 

N,S-containing heterocyclic compounds such as 1,4-benzothiazines via cascade C-N bond transamination 

and C(sp2)-H sulfenylation (Scheme 2.13).17  

 

Scheme 2.1.13. Iodine-Catalyzed Synthesis of 1,4-Benzothiazine. 

In 2018, Liu and his co-workers developed an iodine-catalyzed oxidative annulation of 3-

cyanoacetylindoles with benzylamines to synthesize a variety of biologically-active bi-heteroaryls (Scheme 

2.14) 18 i.e., 5-(3-indolyl)oxazoles with high functional group tolerance. 

 

Scheme 2.1.14. Iodine-Catalyzed Synthesis of 5-(3- Indolyl)oxazoles. 

In 2018, Wang and his co-workers developed an iodine-catalyzed domino cyclization reaction of 5-

benzoyl-8H-phthalazino[1,2-b]quinazolin-8-ones from 2-aminobenzohydrazides and 2-alkynyl 

benzaldehydes (Scheme 2.15).19 This strategy followed a tandem pathway involving the following three 
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key steps: (a)  condensation between  2-alkynylbenzaldehyde and 2- aminobenzohydrazide, (b) addition of 

iodine to the triple bond via sequential intra-molecular hydroamination and aromatization, and (c) 

noteworthy oxidation of active methylene group by oxygen under metal-catalyst-free conditions. 

 

Scheme 2.1.15. Iodine-Catalyzed Synthesis of 5-Benzoyl-8H-phthalazino[1,2-b] quinazolin-8-

one.Derivatives. 

  In 2018, Chen and his co-workers developed an iodine-catalyzed three component protocol for the 

synthesis of 2-aryl benzothiazoles via sequential C–S and C–N bond formation followed by C(CO) – C 

bond cleavage using readily available starting materials like substituted acetophenones, anilines with 

naphthalenamine and elemental sulfur (Scheme 2.16).20  

 

Scheme 2.1.16. Iodine-Catalyzed Synthesis of 2-Aryl benzothiazole. 

In 2018, Shivashankar et al. disclosed an iodine-catalyzed multicomponent tandem cyclization to 

synthesize a library of furo[2,3-b] pyrrole and thieno[2,3-b]pyrrole derivatives via a Fischer-type 

cyclization (scheme 2.17).21 This single-step protocol overcome the limitations of previously reported 

multistep routes.22 

 

Scheme 2.1.17. Iodine-Catalyzed Synthesis of Benzofuran/thieno[2,3-b]pyrrole Motifs. 
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In 2018, Guo and his co-workers reported an iodine-catalyzed one-pot annulation of alkynes with 

o-phenylenediamines in DMSO at 130 oC to rt to access quinoxalines, a bioactive class of N-heterocycle 

possessing a wide range of biological activities such as antitumors,23antibacterials,24 anti-inflammatories, 

25 antivirals,26 activities and kinase inhibition property.27, in good to excellent yield (Scheme 2.18).28  

 

Scheme 2.1.18. Iodine-Catalyzed Synthesis of Quinoxalines. 

Iodine-Catalyzed Sulfenylative Annulation 

In 2019, the Pramanik group disclosed an iodine-catalyzed regioselective sulfenylative annulation of 2-

iminothiazoline with 2-bromo-arylethanone using thiol and DMSO as an oxidant in DCE at 80 oC to access 

diversely substituted 5-sulfenyl-2-iminothiazoline derivatives up to 82% yield Scheme 2.1.19). 29This 

reaction involved the following key steps: (a) cross-dehydrogenative coupling (b) sp2 C-H 

functionalization, (c) C-5 sulfenylation, (d) generation of dimethyl sulfide as a by-product (confirmed by 

GC-MS). Mechanistic studies revealed that the reaction proceeded via an ionic pathway. 

 

Scheme 2.1.19. Iodine-Catalyzed Synthesis of 5-Sulfenyl-2-iminothiazolines by Cross-dehydrogenative 

C−S Coupling. 

In 2017, the Wang group reported an iodine-catalyzed domino multicomponent cyclocondensation 

reaction (MCR) of 1,3-diketones with hydrazine and thiol in DMSO at 70 oC to afford a wide variety of 

biologically active sulfenylated pyrazoles in good to excellent yield (Scheme 2.1.20). 30 Some of the key 

features of this reaction is as follows: (a) formation of two C-N bonds and one C-N bond in a one-pot 

reaction, (b) C-4 sulfenylation. The drawback of this reaction is that only aryl thiols can take part in this 

reaction. 
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Scheme 2.1.20. Iodine-Catalyzed Cyclocondensation to Synthesize C-4 Sulfenylated pyrazoles. 

 

2.1.4. Conclusion. 

In summary, the reliability and feasibility of iodine has endowed the metal-free access to potential 

heterocyclic molecules through C˗C, C˗N, and C˗O bond formation via radical or ionic pathway. This 

review demonstrated the potential utilization of molecular iodine in various organic transformations, in 

particular, cyclization reactions for the synthesis of useful heterocycles. However, the iodine-catalyzed 

carbannulation strategy for the synthesis of potential carbocyclic molecules such as polycyclic aromatic 

hydrocarbons (PAHs) is rarely explored or underdeveloped, to the best of our knowledge. 
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2.2.1. Introduction. 

Phenanthrenes, one of the most important classes of polycyclic aromatic hydrocarbons, are found in a wide 

variety of biologically active compounds, including natural products, 1 and exhibit a wide range of 

biological activities such as antiviral, 2 antimicrobial, 3 anticancer,4 antitumor, 5 and anti-HIV 6 activity 

(Figure 2.2.1.). Furthermore, phenanthrene derivatives have attractive electronic7 (Figure 2.2.1.) and 

optical8 properties and are used in a variety of useful materials, including organic field-effect transistors9 

and solar cells10.  

 

Figure 2.2.1. Some Examples of  Phenanthrene-based Biologically-active Molecules and Useful 

Materials. 

Consequently, several synthetic strategies have been developed so far for the synthesis of 

phenanthrenes.11,12 Among them, two synthetic strategies, i.e., transition-metal (TM) (Pd, Ir, Rh, and Fe)-

catalyzed or visible-light photocatalyzed [4+2]-benzannulation of 2- functionalized 1,1′-biaryls with 

alkynes 13 and transition-metal (Pt, Au, Ga, Ir, Ru, Fe, and Sn)-catalyzed/mediated intramolecular 

carbocyclization or electrophilic annulation of 2-alkynyl biaryls (6-endo-dig cyclization) are widely 

employed, perhaps because of their high atom-economical feature and the requirement of relatively less 

functionalized starting materials.14 
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2.2.2. Review. 

In 2017, Cho et al. reported a regioselective [4+2]-benzannulation of 2-(hetero)aryl-substituted anilines 

with alkynes by visible light photocatalysis using tBuONO as a diazotizing agent and fac-Ir(ppy)3 as a 

photocatalyst at room temperature to afford a wide variety of 9,10-disubstituted polycyclic (hetero)aromatic 

compounds, including phenanthrenes, in moderate to high yields (Scheme 2.2.1).15  

 

Scheme 2.2.1. Synthesis of Polycyclic (hetero)aromatics by Visible-light-induced Photocatalytic [4 + 2] 

Benzannulation. 

          In 2016, the Miura group disclosed a Rh-catalyzed annulation of (2-arylphenyl)boronic acids with 

alkynes using oxygen as the terminal oxidant to afford a wide variety of 9, 10–disubstituted phenanthrenes 

via the formation of a 5-membered rhodacycle intermediate, as evident by the mechanistic studies (Scheme 

2.2.3).16 

 

Scheme 2.2.3. Rh-catalyzed Oxidative Annulation of (2-Arylphenyl)boronic Acids with Alkynes. 

          In 2015, Alabugin and co-workers disclosed a Sn-mediated radical cascade oxidative 

cycloisomerization of 2-(arylethynyl)-biphenyls using AIBN and Bu3SnH system in toluene at 110 oC to 
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access 9- substituted phenanthrenes in good to excellent yield (Scheme. 2.2.4).17 The mechanism of the 

reaction involved the formation of a central ring of phenanthrene via regioselective vinyl radical formation 

followed by a 6-endo-dig cyclization to afford Sn-substituted phenanthrenes which finally underwent 

protonation by HCl (3M) to afford 9- substituted phenanthrenes. 

  

Scheme 2.2.4. Synthesis of Phenanthrenes via Regioselective Oxidative Radical Cyclization. 

          In 2014, Miura et al. reported an Ir-catalyzed annulation of 2-arylbenzoyl chlorides treated with 

internal alkynes using P(t-Bu)3 as ligand via the elimination of carbon monoxide and hydrogen chloride to 

afford a library of 9,10-disubstituted phenanthrene derivatives (Scheme 2.2.5).18 Deuterium-labeling 

experiments using 2-(d5-phenyl)benzoyl chloride suggested that the rate-determining step does not involve 

the C2′−H bond cleavage. Mechanistic studies revealed that the reaction proceeded through the formation 

of a [(t-Bu)3PH][(biphenyl-2,2′-diyl)Ir(CO)Cl2] complex dimer as the active catalytic system (Scheme 

2.2.5) which supported that the C-H bond cleavage was promoted by the phosphine ligand P(t-Bu)3. 

 

Scheme 2.2.5. Iridium-catalyzed Annulative Coupling of 2-Arylbenzoyl Chlorides with Alkynes. 

          In 2011, the Nakamura group disclosed an Fe-catalyzed  [4 + 2] benzannulation between alkyne and 

2-alkenylphenyl Grignard reagents in the presence of Fe(acac)3, 4,4' -di-tert-butyl-2,2' -bipyridyl, and 1,2-

dichloro-2-methylpropane at room temperature in 1 h to afford a wide variety of 9-substituted or 9,10-

disubstituted phenanthrenes with a high functional group in moderate to excellent yield (Scheme 2.2.6).19 
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Scheme 2.2.6. Iron-catalyzed [4+2] Benzannulation between Alkyne and Biaryl or 2-Alkenylphenyl 

Grignard Reagent. 

           In 2010, the Glorius group developed a palladium-catalyzed intermolecular decarboxylative [4 + 2] 

benzannulation of 2-phenylbenzoic acids with alkynes using acridine, and Ag2CO3 in DMF to afford a wide 

variety of 9,10-disubstituted phenanthrenes in moderate to good yield (Scheme 2.2.7).20  

 

Scheme 2.2.7. Palladium-catalyzed Intermolecular Decarboxylative Coupling of 2-Phenylbenzoic Acids 

with Alkynes. 

          In 2010, Takaki et al.developed an Fe(OTf)3-catalyzed intramolecular hydroarylation of 2-

arylethynyl biaryls in DCE at 80 oC to access substituted phenanthrenes with broad functional group in 

good to high yield (Scheme 2.2.8).21  

 

Scheme 2.2.8. Iron-catalyzed Intramolecular Alkyne-hydroarylation. 

          In 2004, Furstner and co-workers disclosed transition-metal catalyzed cycloisomerization reactions 

of 2-halo- or aryl/alkyl-substituted ethynyl biaryls in toluene at 80 oC to afford 9-halophenanthrenes or 10-
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halo or aryl/alkylphenanthrenes selectively based on the nature of transition-metal (Scheme 2.2.9).22 When 

2-haloethynyl biaryls were treated with AuCl in toluene at 80 oC, 9-halophenanthtrenes (8 examples) were 

obtained in 7-95% yield. However, when 2-halo- or aryl/alkylethynyl biaryls were treated with MX (where 

MX= PtCl2, AuCl3, GaCl3, InCl3) in toluene at 80 oC, the other regioisomeric product, i.e., 10-halo or 

aryl/alkyl-substituted phenanthrenes (24 examples) were obtained in moderate to high yield (55 – 96% 

yield). 

 

Scheme 2.2.9. Synthesis of Phenanthrenes and Polycyclic Heteroarenes by Transition-metal Catalyzed 

Cycloisomerization Reactions. 

       In 2002, the Mamane group reported a PtCl2-catalyzed cycloisomerization reaction of biaryl alkynes 

via a 6-endo-dig cyclization through initial π-coordination of the alkyne unit followed by interception of 

the resulting η2-metal complex by the adjacent arene ring to afford 9-substituted phenanthrenes in good 

yields(Scheme 2.2.10).23 

 

Scheme 2.2.10 Synthesis of Phenanthrenes by Pt-catalyzed Cycloisomerization Reaction. 
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        In 1997, the Zenner group disclosed a palladium-catalyzed carbo-annulation of 2-iodobiaryls with 

internal alkynes using NaOAc, LiCl in DMF to afford a wide variety of 9,10-disubstituted phenanthrenes 

(Scheme 2.2.11).24 

 

Scheme 2.2.11. Synthesis of Polycyclic Aromatic Hydrocarbons by the Pd-catalyzed Annulation of 

Alkynes. 

2.2.3. Conclusion. 

Phenanthrene is a nucleus of the poly aromatic hydrocarbon family consisting of three fused benzene rings. 

They are of great importance in the field of medicine and materials science. This short review revealed 

several metal-catalyzed annulation strategies for the synthesis of phenanthrenes in the recent few years. 

Despite significant advancement, the abovementioned synthetic methods suffer from at least one of the 

following serious limitations, (a) the requirement of expensive and toxic transition-metal salts or complexes 

in catalytic or (sub)stoichiometric amounts, (b) the use of expensive and hazardous ligand and reagents, (c) 

harsh or critical reaction conditions, and (d) a limited substrate scope. Hence, the development of metal-

free general synthetic strategy for the construction of a phenanthrenes core is highly desirable. 
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2.3.1. Introduction. 

Organosulfides or sulfur-containing molecules, in particular, unsymmetrical diaryl or aryl-heteroaryl 

sulfides are ubiquitous in numerous pharmaceuticals,1 natural products, 2 and valuable materials (Figure 

3.2.1.).3 Hence, several synthetic strategies and techniques have been developed for the synthesis of 

valuable organosulfides through a C-S bond formation.4 Among them, the transition-metal-catalyzed cross-

coupling reaction is the most widely employed strategy and a powerful tool for constructing 

organosulfides.5 However, those methods suffer from several limitations such as the requirement of highly 

expensive, toxic, and air-sensitive transition-metal catalysts, ligands and reagents, harsh reaction 

conditions, the requirement of pre-functionalized starting materials, low atom-economy, generation of 

hazardous wastes, etc. which are not desirable in the context of green chemistry. Hence the development 

of metal-free and environmentally benign synthetic methodologies without using any toxic/hazardous 

reagents or solvents is always desirable.  

 

Figure 2.3.1. Some Examples of Biologically Active Organosulfides. 

 

Considering the numerous potential applications of organosulfides and phenanthrenes in medicinal 

chemistry as well as materials science, the synthesis of sulfenyl-phenanthrenes is obviously of great 

importance. However, only a couple of general synthetic strategies are found in the literature for the 

synthesis of 9-sulfenylphenanthrenes which are presented below. 
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2.3.2. Review. 

In 2005, Larock et al. reported a transition-metal-free, electrophilic 6-endo-dig cyclization of 2-alkynyl 

biaryls with p-NO2C6H4SCl to synthesize 9-(4-nitrophenyl)sulfenylphenanthrenes (Scheme 3.2.1). 6 

However, the requirement of a highly electrophilic arylsulfenyl chloride, p-NO2C6H4SCl, and its 

commercial non-availability eventually limited this method's scope to access a wide variety of 9-sulfenyl 

phenanthrenes. 

 

Scheme 2.2.1. Synthetic Strategy to Access 9-(4-Nitrophenyl)sulfenyl Phenanthrenes. 

 

The Qian and Zhang group first disclosed a general synthetic strategy for synthesizing 9-

sulfenylphenanthrenes from 2-alkynyl biaryls and disulfides by using 10 mol% Pd(OAc)2 as a catalyst, 2 

equiv iodine as a reagent, and THF as solvent at 80 oC (Scheme 3.2.2).7 Despite good substrate scope, this 

method suffers from several serious limitations such as the requirement of a highly expensive and toxic 

rare-earth transition-metal catalyst in sub-stoichiometric amounts, requirement of over-stoichiometric 

iodine, low atom economy of the reaction since only half equivalent of disulfide was utilized and the other 

half equivalent was wasted.  

 

Scheme 2.2.2. Palladium-catalyzed Electrophilic Annulation of 2-(1-Alkynyl)biphenyls with Disulfides. 
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2.3.3. Conclusion. 

The available synthetic methods to access 9-sulfenyl phenanthrenes are very limited and those methods 

also suffer from many serious issues. Moreover, no metal-free general synthetic strategy has been 

developed so far to access a wide variety of 9-sulfenylphenanthrenes.  Hence, the development of a metal-

free synthetic strategy for the general construction of 9-sulfenylphenanthrenes is highly desirable.  
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2.4. Present Work. 

2.4.1. Introduction. 

In recent times, DMSO has been utilized as the source of a thiomethyl (−SMe) group in developing a few 

transition-metal (TM) catalyzed C−H methylthiolation reactions 1 and radical coupling reactions under TM-

free conditions.2 We designed and developed a TM-free, sustainable, and cost-effective synthetic strategy 

for the methylthiolative annulation of 2-alkynyl biaryls by using inexpensive and commercially available 

methyl sulfoxides such as DMSO as the source of thiomethyl group (−SMe), iodine (I2) as the catalyst, and 

TFAA as a reagent to synthesize a wide variety of 9-sulfenylphenanthrenes and polycyclic heteroaromatics, 

i.e., naphthothiophenes (Scheme 2.3.1). DMSO played multiple roles in the reaction such as 

methylthiolating reagent, oxidant, and solvent in the reaction. We hypothesized that in the presence of 

iodine, an electrophilic species, i.e., methyl sufenyl iodide (MeSI), could be generated through the in situ 

decomposition of DMSO by an electrophilic reagent such as TFAA into formaldehyde and thiomethanol.3,4 

Subsequently, the electrophilic methylthiolative annulation of 2-alkynyl biaryls with MeSI would furnish 

the desired product, 9-sulfenyl phenanthrenes, via the formation of intermediate A3 During the reaction, HI 

will be formed, which will be oxidized by DMSO under the reaction conditions to regenerate iodine in the 

catalytic cycle.5 The unique feature of this protocol is the synthesis of a wide variety of 9-sulfenyl 

phenanthrenes and polycyclic heteroaromatics from readily available 2-alkynyl biaryls and DMSO in a 

metal-free, cost-effective, and sustainable manner. 

 

Scheme 2.4.1. Schematic Presentation of Iodine-Catalyzed Methylthiolative Annulation of 2-Alkynyl 

Biaryls with DMSO. 
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2.4.2. Results and discussions. 

We commenced our investigation of methylthiolative annulation of 2-(phenylethynyl)-1,1′-biphenyl 1a 

with 10 equiv DMSO 2a using iodine and TFAA at 120 °C under an aerobic atmosphere. To our delight, 

when the reaction was conducted using 20 mol% of I2 and 3 equiv of TFAA for 3 h, 91% of the desired 

product, methyl(10-phenylphenanthren-9- yl)sulfane 3aa was formed along with a trace amount of 9-iodo-

10-phenylphenanthrene 4a (entry 1, Table 2.3.1).  

Table 2.4.1. Optimization of the Reaction Conditionsa 

 

However, only 50% 3aa was formed using 10 mol % of I2 (entry 2, Table 2.3.1). When 20 mol% of 

tetrabutylammonium iodide (TBAI) was used instead of I2, 65% of 3aa was formed (entry 3, Table 2.3.1). 
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Among various electrophilic reagents such as TFAA, acetic anhydride, CF3SO2Cl, and p-NO2C6H4SO2Cl, 

TFAA was found to be the best (entries 5−7 vs entry 1, Table 2.3.1). 

The use of 3 equiv of TFAA was found optimum for the reaction (entries 4 and 8 vs entry 1, Table 

1). Lowering of reaction temperature from 120 °C had a negative impact on the reaction outcome; no 

product was formed at room temperature (entries 9 and 10 vs entry 1, Table 2.3.1). Lowering the 

stoichiometry of DMSO also negatively impacted the reaction outcome (entry 11, vs entry 1, Table 2.3.1). 

The use of inorganic and organic bases such as Na2CO3, K3PO4, and Et3N also harmed the reaction’s 

outcome (entries 12−14, Table 2.3.1). The blank experiments revealed the essential roles of iodine and 

TFAA in this reaction (entries 15 and 16, Table 2.3.1). Notably, a trace amount of 3aa was formed when 

the reaction was conducted under an argon atmosphere (entry 17, Table 2.3.1). Thus, heating the reaction 

mixture of 1a with 10 equiv of DMSO 2a in the presence of 20 mol% I2 and 3 equiv of TFAA at 120 °C 

under aerobic atmosphere for 1.5 h (conditions A) was found as the optimum conditions to furnish 3aa in 

91% yield (entry 18, Table 2.3.1). To decrease the methyl sulfoxide loading, which would be useful for the 

reactions with other methyl sulfoxides, particularly the ones with a high melting point, we conducted 

several experiments using another solvent and DMSO. Among various solvents such as toluene, m-xylene, 

and DMF, toluene was found to be the best (entries 19−22, Table 2.3.1), and by using the same, the 

stoichiometry of DMSO could be lowered to 3 equiv. The reaction of 1a with 3 equiv of 2a in the presence 

of 20 mol % I2 and 3 equiv of TFAA in toluene (0.4 M) at 120 °C under aerobic atmosphere (conditions B) 

furnished 3aa in 92% yield (entry 20, Table 2.3.1).  

Next, we explored the scope of 2-(arylethynyl)-1,1′-biaryls for the methythiolative annulation 

reaction with DMSO under conditions A or B (Scheme-2.3.2). Various electron-withdrawing and -donating 

group substituted 2-(phenylethynyl)-1,1′-biaryls participated in the reaction with DMSO smoothly under 

conditions A to furnish 10-phenyl-9-sulfenylphenanthrenes (3ba−3ha) in moderate to high yield. Notably, 

various halogens (Br, Cl, and F) were found intact in the various positions of phenanthrenes, which could 

further be utilized for the products’ synthetic diversification via cross-coupling reaction. Moreover, 

electron-donating and -withdrawing group substituted 2-(arylethynyl)-1,1′-biphenyls also underwent 

methythiolative annulation reaction with DMSO under conditions A or B to furnish 10-aryl-9-

sulfenylphenantheres (3ia−3la) in moderate to high yield except 2-(4-cyanophenylethynyl)-1,1′-biphenyl, 

which furnished the corresponding product, 4-(10-(methylthio)phenanthren-9-yl)benzonitrile (3la) in 31% 

yield.  
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Table 2.4.2. Substrate Scope 

 

 

When 1-(2-(phenylethynyl)phenyl)- naphthalene was subjected to reaction with DMSO under 

conditions A, 6-phenyl-5-sulfenyl benzo[c]phenanthrene 3ma was formed in low yield (35%). The 2-
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heteroaryl-substituted phenylethynylbenzenes also participated in the reaction with DMSO to furnish the 

corresponding polycyclic heteroaromatics such as naphthothiophenes (3na and 3oa). Significantly, the 

methylthiolative annulation was found to be highly regioselective since only one regioisomer, 5- 

(methylthio)-4-phenylnaphtho[2,1-b]thiophene 3na was formed from 3-(2-

(phenylethynyl)phenyl)thiophene 1n, which also supported the electrophilic annulation reaction. The 

reaction of 2-(phenylethynyl)-1,1′-biphenyl 1a with DMSO-d6 2b under conditions A furnished (methyl-

d3)(10- phenylphenanthren-9-yl)sulfane 3ab in 80% yield, which further supported that the source of the 

thiomethyl group is DMSO. When methyl phenyl sulfoxide 2c was subjected to reaction with 1a under 

conditions B, 81% of phenyl(10- phenylphenanthren-9-yl)sulfane 3ac was formed. The structures of 3ca, 

3da, 3ea, 3fa, 3ha, and 3ab were confirmed by Xray crystallographic structure determination (Figures 

2.3.1-2.3.6 and Table 2.3.3). 

  

 

Figure 2.4.1. X-ray Crystal Structure of 3ca (Thermal Ellipsoids Shown at 50% Probability) including 

Atomic Numbering. 
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Figure 2.4.2. X-ray Crystal Structure of 3da (Thermal Ellipsoids Shown at 50% Probability) Including 

Atomic Numbering. 

 

Figure 2.4.3. X-ray Crystal Structure of 3ea (Thermal Ellipsoids Shown at 50% Probability) Including 

Atomic Numbering. 



 

36 
 

 

 

Figure 2.4.4.  X-ray Crystal Structure of 3fa (Thermal Ellipsoids Shown at 50% Probability) Including 

Atomic Numbering. 

 

Figure 2.4.5. X-ray Crystal Structure of 3ha (Thermal Ellipsoids Shown at 50% Probability) Including 

Atomic Numbering. 
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Figure 2.4.6. X-ray Crystal Structure of 3ab (Thermal Ellipsoids Shown at 50% Probability) Including 

Atomic Numbering. 

Table-2.4.3. Selected crystal data for compounds 3ca, 3da, 3ea, 3fa, 3ha and 3ab. 

Parameters 3ca 3da 3ea 3fa 3ha 3ab 

Empirical 

formula 

C21H15ClS C21H15FS  

 

C21H15BrS C22H15F3S C27H20S C21H13D3S  

Formula 

weight 

191.34 181.94 216.74 196.48 188.24 202.28 

Temperatur

e/K 

293(2) 293(2) 293(2) 

 

293(2) 293(2) 293 

Crystal 

system 

orthorhombi

c 

monoclinic orthorhom

bic 

orthorhom

bic 

triclinic monoclinic 

Space 

group 

P b c a P 1 21/c 1 P b c a P b c a P -1 P 1 21 1 

a/Å 17.1061(3) 9.5122(6) 17.1503(2) 17.3252(2) 10.3879(

5) 

9.3352(4) 

b/Å 9.8468(2) 20.3790(12) 9.94820(1

0) 

10.15760(1

0) 

10.6688(

6) 

7.6102(2) 
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c/Å 18.8077(3) 8.0902(7) 18.8746(2) 19.4281(3) 11.1966(

4) 

 

11.3177(4) 

 

 (°) 90 90 90 90 94.935(4) 90 

 (°) 90 98.616(7) 90 90 114.042(

4) 

 

105.900(4) 

 

(°) 90 90 90 90 115.081(

5) 

90 

Volume/Å3 3167.98(10) 1550.58(19) 3220.28(6) 3419.00(7) 974.87(9) 

 

773.28(5) 

Z 14 7 14 15 4 3 

μ/mm-1 3.310 1.900 4.638 1.978 1.520 1.776 

Dx [g cm-3] 1.404 1.364 1.565 1.431 1.283 1.303 

F(000) 1392 664 1536 1520 396 316 

2 range 

for data 

collection 

(°) 

5.3810 - 

79.5520 

5.9700 - 

78.9390 

4.6630 - 

79.4670 

4.5320 - 

79.3650 

4.5870 - 

78.4120 

7.0740 - 

79.1830 

Index 

ranges 

-19≤ h ≤ 21, 

-11 ≤ k ≤ 

12, -23 ≤ l ≤ 

15 

-11≤ h ≤ 12, 

-19 ≤ k ≤ 

25, -10 ≤ l ≤ 

9 

-20≤ h ≤ 

21, -6 ≤ k 

≤ 12, -22 

≤ l ≤ 23 

-11≤ h ≤ 

21, -12 ≤ k 

≤ 7, -24 ≤ l 

≤ 23 

-12≤ h ≤ 

13 -13 ≤ 

k ≤ 7, -13 

≤ l ≤ 14 

-11≤ h ≤ 

10 -4 ≤ k ≤ 

9, -14 ≤ l ≤ 

14 

Reflections 

measured 

10930 7901 11955 13776 9191 3636 

Unique 

reflections 

3379 3255 3428 3644 4080 1911 

Parameters 

/restraints/ 

209/0 210/0 209/0 236/0 254/0 201/1 

Goodness-

of-fit on F2 

1.054 1.106 1.114 1.128 1.103 0.883 
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R1 [I ≥ 2 

(I)] 

0.0647 0.0682 0.0368 0.0367 0.0714 0.0575 

wR2 (all 

data) 

0.1814 0.2078 0.1146 0.1297 0.2150 0.1548 

Largest 

diff. 

peak/hole/e 

Å-3 

0.454/-

1.010 

0.576/-

0.833 

0.450/-

1.179 

0.282/-

0.321 

0.505/-

0.833 

0.695/ 

CCDC 2052187 2041730 2033891 2041729 2052186 2044602 

 

To shed light on the reaction mechanism, we carried out few reactions, as outlined in Scheme 2.3.3. 

The reaction of 1a with diphenyl sulfoxide did not furnish 3ac (Scheme 2.3.3A), which revealed the 

requirement of methyl sulfoxides to synthesize 9-sulfenyl phenanthrenes from 2-alkynyl biaryls.Scheme 

2.3.2. Mechanistic Studies. 

 

A couple of radical quenching experiments of the model reaction in between 1a and DMSO 2a in 

the presence of a radical quencher such as galvinoxyl (Scheme 2.3.3B) and butylated hydroxytoluene 

(BHT) (Scheme 2.3.3C) were conducted, and 3aa was formed in 91% and 89% yield, respectively, 

revealing the non-involvement of free-radicals in the reaction. To prove the in situ decomposition of DMSO 

to MeSH and HCHO by TFAA, we probe a reaction for the in situ detection of formaldehyde, as outlined 

in Scheme 2.3.3D. The nucleophilic addition of the enolate of 2-phenylacetophenone (5) to the in situ 

formed formalde-hyde from DMSO and TFAA furnished 3-hydroxy-1,2-diphenylpropan-1-one in 60% 
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yield. When the mixture of DMSO and TFAA was treated with I2 and stirred at room temperature for a 

while, MeSI was formed in situ, as evident by the LC-MS analysis (base peak at m/z = 174) of the reaction 

mixture (Figure 2.3.7). 

Scheme 2.4.3. Plausible Reaction Mechanism. 

 

After 30 min, when 1a was added to the reaction mixture and it was heated at 120 oC for 1.5 h, 3aa 

was produced in 82% yield (Scheme 2.3.3E) which supported the fact that the intermediate MeSI is the 

active electrophilic species for the methylthiolative annulation of 2-alkynyl biaryls.  

Based on the mechanistic studies and the previous literature reports,3 we proposed a plausible mechanism 

for the methylthiolative annulation reaction of 2-alkynyl biaryls with DMSO as outlined in Scheme 4. 

Nucleophilic acyl substitution of TFAA by DMSO followed by deprotonation produced a sulfur ylide 7 

along with the formation of trifluoroacetic acid (TFA). A rearrangement of the ylide (7) through the 

intramolecular migration of trifluoroacetate group from the S-centre to more electrophilic C-centre 

furnished 8. Next, in situ generated acid (TFA)-catalyzed nucleophilic acyl substitution of 8 by another 

DMSO molecule (2a) reproduced the sulfur ylide 7 along with the formation of MeSH and HCHO through 

C-O and C-S bond cleavage. The in situ formed MeSH then immediately reacted with iodine to form the 

active electrophilic species, MeSI, along with the formation of HI. Finally, the electrophilic annulation of 

1a (6-endo-dig cyclization) with MeSI furnished 3aa along with the formation of HI again, which was 

finally oxidized by DMSO under acidic conditions to regenerate iodine in the catalytic cycle.5 
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Figure 2.4.7. In situ Detection of MeSI by the Base Peak of the MS Spectrum at m/z = 174 

 

The synthetic diversification of the product, 10-phenyl-9-sulfenyl phenanthrene 3aa was 

demonstrated through sustainable and selective oxidation reactions using oxone as the oxidant to the 

corresponding sulfoxide and sulfone (Scheme 2.3.4). When 3aa was heated with 0.6 equiv of oxone in 

ethanol at 60 oC, 91% of the corresponding sulfoxide 11 was formed selectively.6 However, when 3 

equivalent of oxone was used in ethanol, 83% of the corresponding sulfone 12 was formed (Table 2.3.4). 

 

Scheme 2.4.4. Synthetic Diversification of Sythesized Product, 10-phenyl-9-sulfenyl phenanthrene 3aa.a 
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Table-2.4.4. Optimization of the Reaction Conditions for the Synthesis of 11 and 12. 

 

 

2.4.3. Conclusion 

In conclusion, we have developed an iodine-catalyzed sustainable, cost-effective, and atom-economic 

synthetic methodology for the methylthiolative annulation of 2-alkynyl biaryls with DMSO to synthesize a 

wide variety of sulfenyl-phenanthrenes and polycyclic heteroaromatics, i.e., naphthothiophenes (15 new 

molecules) in moderate to good yields under transition-metal-free, aerobic, and simple reaction conditions. 

The mechanistic studies revealed that the reaction proceeded through the in situ decomposition of DMSO 

by TFAA to formaldehyde and MeSH, facilitated under the in situ formed acid catalytic conditions. Notably, 

DMSO played multiple roles in the methylthiolative annulation reaction, such as the methylthiolating 

reagent, oxidant, and solvent. The synthetic utility of the synthesized product, 10-phenyl-9-

sulfenylphenanthrene 3aa, was demonstrated by preparing other new but potential molecules, 9-

(methylsulfinyl)-10-phenylphenanthrene and 9-(methylsulfonyl)-10-phenylphenanthrene through selective 

and sustainable oxidation of 3aa by using oxone. To the best of our knowledge, this is the first report of 

iodine catalyzed methylthiolative annulation reaction using DMSO as the sulfur-source. We believe this 
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cost-effective, sustainable, atom-economic, and simple strategy will be further explored in synthesizing 

various potential classes of organic molecules. 

 

2.4.4. Experimental Section. 

Experimental Procedure for the Synthesis of 2-(Phenylethynyl)-1,1'-biaryls (1a -1k).  

Reperesentative Experimental Procedure for the Synthesis of 5-Chloro-2-(phenylethynyl)-1,1'-

biphenyl (1b): 

 

Step-1:7 4-chloro-2-iodoaniline S1 (2.54 g, 10 mmol, 1 equiv), phenyl boronic acid (0.403 g, 10 mmol), 

Pd(PPh3)4 (0.578 g, 0.5 mmol), K2CO3 ( 8.3 g, 60 mmol) and solvent (320 mL, PhMe : H2O : EtOH = 

4.4:1:1) were taken in a 250 mL round-bottom flask (RBF). The reaction mixture was refluxed and the 

progress of the reaction was monitored by thin layer chromatography until the completion of the reaction. 

The mixture was cooled to room temperature and extracted with ethyl acetate (30x3 mL) three times. The 

combined organic layer was further washed with brine (30 mL) and subsequently dried over anhydrous 

Na2SO4. Finally the solvent was evaporated under reduced pressure to get the crude product which was 

purified by flash column chromatography on silica gel to afford 4-chloro-[1,1'-biphenyl]-2-amine S3 (1.98 

g, 9.7 mmol) in 97% yield. 

The corresponding analytical data also matched with the reported literature.7 

Step-2:7 4-chloro-[1,1'-biphenyl]-2-amine S3 (1.6 g, 8 mmol, 1 equiv) was added to a solution of aqueous 

HCl (4.16 mL in 13 mL H2O) and cooled to 0 oC and was added gradually to aqueous solution of NaNO2 

(0.672 g in 13.28 mL H2O) and KI ( 2 g in 13.28 mL H2O) at 0 oC. The reaction mixture was stirred for 10-
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15 min at 0 oC and further stirring was continued at room temperature for 12 h. After the completion of the 

reaction, saturated Na2S2O3 solution was added. The crude reaction mixture was extracted with ethyl acetate 

(30x3 mL) and washed with water (30x2 mL) twice and purified through silica-gel coloumn 

chromatography to provide 5-chloro-2-iodo-1,1'-biphenyl S4 (1.58 g, 5 mmol)  in 64% yield. 

The corresponding analytical data also matched with the reported literature.7 

Step-3:8 5-Chloro-2-iodo-1,1'-biphenyl S4 (1.58 g, 5 mmol, 1 equiv), Pd(PPh3)2Cl2 ( 0.07 g,  0.2 mmol), 

CuI (0.038 g, 0.2 mmol) and Et3N (13 mL) were added in a flame-dried two neck RBF under N2 atmosphere 

in a standard Schlenk-line process and stirred for 5 min at room temperature. Then phenylacetylene S2 (659 

μL, 6 mmol, 1.2 equiv) was added to the reaction mixture under nitrogen atmosphere. The reaction mixture 

was stirred for 3 h at room temperature. After the completion of the reaction, the solvent was evaporated 

under reduced pressure. The crude reaction mixture was diluted with ethyl acetate (30 mL) and washed 

with water three times (3 x 10 mL). The crude product was purified through silica gel column 

chromatography to provide 2-chloro-5-(phenylethynyl)-1,1'-biphenyl 1b (1.275 g, 4.4 mmol) in 88.5% 

yield. 

The corresponding analytical data also matched with the reported literature.8 

1a was also synthesized from commercially available [1,1'-biphenyl]-2-amine by following the step-2 and 

step-3 as mentioned above. The corresponding analytical data also matched with the reported literature.8 

General Experimental Procedure for the Synthesis of 2- (phenylethynyl)-1,1'-biaryls (1c-1k and 1m-

1o): 

Reperesentative Experimental Procedure for the Synthesis of 4'-Chloro-2-(phenylethynyl)-1,1'-

biphenyl (1c): 
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Step-1:9 2-Iodoaniline S1 (2.19 g, 10 mmol, 1 equiv), Pd(PPh3)2Cl2 (0.14 g,  0.4 mmole), CuI (0.076 g, 0.4 

mmol) and  Et3N (26 mL) were taken in a flame-dried two neck RBF in a standard Schlenk-line process 

under N2 atmosphere and the solution was stirred at room temperature for 5 minutes. Phenylacetylene S5 

(1318 μL, 12 mmol, 1.2 equiv) was added to the RBF and the reaction mixture was stirred for 3 h at room 

temperature. After the completion of the reaction, the solvent was evaporated. The crude reaction mixture 

was diluted with ethyl acetate (100 mL) and washed with water three times (3 x 10 mL). The crude product 

was purified through silica gel column chromatography to provide 2-(phenylethynyl)aniline S6 (1.62 g, 8.4 

mmole) in 84% yield as yellow solid. 

The corresponding analytical data also matched with the reported literature.9 

Step-2:10 2-(phenylethynyl)aniline S6 (1.55 g, 8 mmol) was added to a solution of p-TsOH.H2O (4.57 g, 24 

mmol) dissolved in MeCN (48 mL).  The resulting suspension of ammonium salt was cooled to 0 oC and 

was added gradually to a solution of NaNO2 (1.11 g, 16 mmol) and KI (3.32 g, 20 mmol) in water (4.8 mL). 

The reaction mixture was stirred for 10-15 min at 0 oC. After the completion of the reaction, saturated 

NaHCO3 and Na2S2O3 solution was added. The crude reaction mixture was extracted with ethyl acetate 

(100 mL) and washed with water (30x3 mL) three times and purified through silica-gel coloumn 

chromatography to provide 1-iodo-2-(phenylethynyl)benzene S7 in 50% yield as yellow liquid. 

 The corresponding analytical data also matched with the reported literature.10 

Step-3 11 1-iodo-2-(phenylethynyl)benzene S4 (0.913 g, 3 mmol), phenyl boronic acid (0.403 g, 3.3 mmol), 

Pd(PPh3)4 (0.174 g, 0.15 mmol), K2CO3 ( 2.5 g, 18 mmol) and solvent (96 mL, PhMe : H2O : EtOH = 

4.4:1:1) were added subsequently in a 250 mL round-buttom flask. The resulting mixture was refluxed and 

the progress of the reaction was monitored by thin layer chromatography up to completion. The mixture 

was cooled to room temperature and extracted with ethyl acetate. The combined organic layer was dried 

over anhydrous Na2SO4. The solvent was evaporated under reduced pressure to get the crude product which 

was purified by flash column chromatography on silica gel to afford 4'-chloro-2-(phenylethynyl)-1,1'-

biphenyl 1c (0.704 g, 2.1 mmol)  in 70% yield. 

The corresponding analytical data also matched with the reported literature.11 

The other starting materials 1d-1h and 1m-1o were also synthesized by following the above mentioned 

protocol. 
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Reperesentative Experimental Procedure for the Synthesis of 2-(m-tolylethynyl)-1,1'-biphenyl (1j): 

 

Step-1:12 [1,1'-biphenyl]-2-amine S8 (1.70 g, 10 mmol) was taken to aqueous HCl (5.2 mL, H2O 16.6 mL) 

solution. The reaction mixture was cooled to 0-5 oC. After 5 min aqueous NaNO2 solution (0.84 g in 16.6 

mL H2O) was added dropwise at 0-5 oC. The resulting solution turns yellow after the addition of aqueous 

KI solution (2.50 g in 16.6 mL H2O). The reaction mixture was stirred vigorously for 18 h. After the 

completion of the reaction the solution was quenched by the addition of aqueous Na2S2O3 solution. The 

resulting solution was extracted by ethyl acetate (30 x 3 mL) and washed with water (30 mL). The combined 

organic layer was dried over anhydrous Na2SO4. The solvent was evaporated under reduced pressure to get 

the crude product which was purified by flash column chromatography on silica gel to afford 2-iodo-1,1'-

biphenyl (2.38 g, 8.5 mmol) S9 in 85% yield. 

The corresponding analytical data also matched with the reported literature.12 

Step-2:13 In a RBF, PdCl2(PPh3)2 (0.105 g , 0.15 mmole) and CuI (0.028 g, 0.15 mmol) were added to a 

solution of 2-iodo-1,1'-biphenyl S9 (2.80 g, 3 mmol) in Et3N (9 mL) under nitrogen atmosphere in a 

standard Schlenk-line process. The reaction mixture was stirred for 5 min. Then, 1-ethynyl-3-

methylbenzene (465 μL, 3.6 mmol, 1.2 equiv) was added to the RBF. The resulting mixture was then heated 

under nitrogen atmosphere at 70 °C for 18 h. The reaction mixture was allowed to cool to room temperature. 

Then, solvent was evaporated under reduced pressure. The crude reaction mixture was extracted with ethyl 

acetate thrice (3 x 30 mL). The combined organic layer was washed with water three times (3 x 30 mL) and 

concentrated under reduced pressure to get the crude product which was purified by column 

chromatography through silica gel to afford 2-(m-tolylethynyl)-1,1'-biphenyl 1j (0.52 g, 1.94 mmol) in 63% 

yield. 

The corresponding analytical data matched with the reported literature.13 

The other starting materials 1g and 1k were also synthesized by following the above mentioned protocol. 
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Experimental Procedure for the Synthesis of 4-([1,1'-Biphenyl]-2-ylethynyl)benzonitrile(1l):  

 

Step-1:14 PdCl2(PPh3)2 (0.14 g , 0.4 mmole) and CuI (0.076 g, 0.4 mmol) were added to a solution of 2-

iodo-1,1'-biphenyl S9 (2.80 g, 10 mmol) in Et3N (26 mL) under nitrogen atmosphere in a standard Schlenk-

line process. The reaction mixture was stirred for 5 min. Then, trimethylsilylacetylene (1709 μL, 12 mmol, 

1.2 equiv) was added to the RBF. The resulting mixture was heated under an nitrogen atmosphere at 70 °C 

for 18 h. The mixture was allowed to cool to room temperature. The solvent was removed under reduced 

pressure. The crude reaction mixture was extracted with ethyl acetate thrice (3 x 30 mL). The combined 

organic layer was washed with brine (30 mL) and concentrated under reduced pressure. The crude product 

was purified by column chromatography through silica gel to afford the corresponding product, ([1,1'-

biphenyl]-2-ylethynyl)trimethylsilane S10 (1.0464 g, 4.2 mmole) in 42% yield. 

The corresponding analytical data matched with the reported literature. 14 

Step-2:15 K2CO3 (1.104 g, 8 mmol) was added into the solution of ([1,1'-biphenyl]-2-

ylethynyl)trimethylsilane S7 (1.001 g, 4 mmol) dissolved in MeOH (8.37 mL). The reaction mixture was 

stirred for 3 h at room temperature. After the completion of the reaction, solvent was evaporated under 

reduced pressure. The crude reaction mixture was extracted with ethyl acetate thrice (3 x 30 mL). The 

combined organic layer was washed with brine (30 mL) and concentrated under reduced pressure. The 

crude product was purified by column chromatography to get pure 2-ethynyl-1,1'-biphenyl S11 in 99 % 

yield (0.704 g, 3.95 mmol). 
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The corresponding analytical data matched with the reported literature.15 

Step-3:16 To a solution of 4-bromobenzonitrile (231μL, 2 mmol, 1 equiv) in Et3N (20 mL) and DMF (6 mL) 

were added PdCl2(PPh3)2 (0.070 g , 0.1 mmol) and CuI (0.019 g, 0.1 mmol) under nitrogen atmosphere in 

a standard Schlenk-line process. The reaction mixture was stirred for 5 min under N2 atmosphere. Then, 2-

ethynyl-1,1'-biphenyl S11 (337  μL, 2 mmol, 1 equiv) was added to the reaction mixture. The resulting 

mixture was then heated under an nitrogen atmosphere at 70 °C for 18 h. The mixture was allowed to cool 

to room temperature. The solvent was removed under reduced pressure. The crude reaction mixture was 

extracted with ethyl acetate thrice (3 x 30 mL). The combined organic layer was washed with brine solution 

(30 mL) and concentrated under reduced pressure. The crude product was purified by flash column 

chromatography through silica gel to afford the product 4-([1,1'-biphenyl]-2-ylethynyl)benzonitrile 1l (0.2 

g, 0.72 mmol) in 36% yield. 

The corresponding analytical also matched with the literature report.16 

Representative Experimental Procedure for the Synthesis of 10-aryl-9-sulfenyl phenanphrenes or 

naphthothiophenes (3aa - 3oa and 3ab - 3ac). 

 

Condition A: To a solution of 2-(phenylethynyl)-1,1':2',1''-terphenyl 1h (0.165 g, 0.5 mmol, 1 equiv) in 

DMSO 2a (0.36 mL, 5 mmol, 1.4 M), I2 (0.0254 g, 0.1 mmol) was added in a flame-dried RBF. Then, 

TFAA (0.212 mL, 1.5 mmol) was added to the RBF and the reaction mixture was stirred at 120 oC under 

aerobic atmosphere. The progress of the reaction was monitored by TLC. After completion of the reaction, 

the resulting solution was extracted with ethyl acetate thrice (3 x 10 mL) and the combined organic layer 

was washed with water (3 x 10 mL). The solvent was evaporated under reduced pressure to afford the crude 

product which was purified by flash column chromatography through silica gel to afford the product, (4,10-

diphenylphenanthren-9-yl)(methyl)sulfane 3ha (0.151 g, 0.401 mmol) in yield 80.3%. 

Condition B: To a solution of 2-(phenylethynyl)-1,1'-biphenyl 1a (0.127 g, 0.5 mmol, 1 equiv), 

(methylsulfinyl)benzene 2c (0.21 g, 1.5 mmol, 3 equiv) in toluene (1.25 mL, 0.4 M), I2 (0.0254 g, 0.1 mmol) 

was added in  a flame-dried RBF. Then TFAA (0.212 mL, 1.5 mmol) was added to the RBF and the reaction 
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mixture was stirred at 120 oC under aerobic atmosphere. The progress of the reaction was monitored by 

TLC. After completion of the reaction the resulting solution was extracted with ethyl acetate thrice (3 x 10 

mL). The combined organic layer was washed with water (3 x 10 mL) and evaporated under reduced 

pressure. The crude product was purified by flash column chromatography through silica gel to afford pure 

phenyl(10-phenylphenanthren-9-yl)sulfane 3ac (0.147 g, 0.405 mmol) in 81.2% yield . 

 

2.4.5. Analytical Data of the Synthesized Starting Materials and Products. 

Analytical Data of Some Selected Starting Materials, 2-Alkynylbiaryls (1e – 1o) 

4'-Bromo-2-(phenylethynyl)-1,1'-biphenyl (1e): White solid; m.p.= 64 - 66 oC; 1H 

NMR (400 MHz, CDCl3) δ 7.67 (d, J = 7.4 Hz, 1H), 7.58 (q, J = 8.7 Hz, 4H), 7.44 – 

7.29 (m, 8H); 13C NMR (100 MHz, CDCl3) δ 142.5, 139.4, 133.0, 131.3, 131.0, 

129.3, 128.6, 128.3, 128.3, 127.4, 123.2, 121.8, 121.5, 92.6, 88.9 (overlapping peak 

present); HRMS (ESI), m/z: calcd for C20H13Br [M]+: 332.0201; found: 332.0203. 

 

 

2-((4-Propylphenyl)ethynyl)-1,1'-biphenyl (1i): Yellow viscous liquid; 1H 

NMR (400 MHz, CDCl3) δ 7.72 – 7.58 (m, 3H), 7.48 – 7.28 (m, 6H), 7.25 – 

7.23 (m, 2H), 7.09 (d, J = 8.2 Hz, 2H), 2.59 – 2.53 (t, 2H), 1.61 (m, J = 7.5 Hz, 

2H), 0.91 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 143.8, 143.0, 

140.6, 132.8, 131.2, 129.4, 128.42, 128.3, 127.8, 127.4, 127.0, 121.8, 120.6, 92.5, 88.7, 37.9, 24.3, 13.7 

(overlapping peaks present); HRMS (ESI) m/z: calcd for C23H20 [M]+: 296.1565; found: 296.1508. 

 

2-((3-Nitrophenyl)ethynyl)-1,1’-biphenyl (1k): Yellow solid; m.p.= 68 – 70 oC; 1H 

NMR (400 MHz, CDCl3) δ 8.21 – 8.14 (m, 1H), 8.11 (ddd, J = 8.2, 2.3, 1.1 Hz, 1H), 

7.70 – 7.65 (m, 3H), 7.60 – 7.56 (m, 1H), 7.52 (m, 2H), 7.49 – 7.45 (m, 3H), 7.44 – 

7.35 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 148.0, 144.3, 140.2, 136.7, 132.8, 

129.5, 129.2, 129.2, 127.9, 127.7, 127.1, 126.0, 125.1, 122.6, 120.5, 92.0, 89.6 

(Overlapping peak present); Anal calcd for C20H13NO2: C, 80.25; H, 4.38; N, 4.68; found C, 80.75; H, 4.18; 

N, 5.08. 
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3-(2-(Phenylethynyl)phenyl)thiophene (1n): Colourless liquid; 1H NMR (400 

MHz, CDCl3) δ 7.71 (d, J = 2.9 Hz, 1H), 7.65 (d, J = 7.6 Hz, 1H), 7.55 (d, J = 5.0 

Hz, 1H), 7.51 (d, J = 7.1 Hz, 1H), 7.47 – 7.43 (m, 2H), 7.42 – 7.37 (m, 2H), 7.37 – 

7.28 (m, 5H); 13C NMR (100 MHz, CDCl3) δ 141.0, 138.2, 133.2, 131.4, 129.0, 

128.7, 128.6, 128.3, 128.2, 126.9, 124.7, 123.6, 123.4, 121.1, 92.6, 89.6; Anal calcd for C18H12S: C, 83.04; 

H, 4.65; S, 12.31; found C, 83.25; H, 4.78; S, 12.01. 

 

2-(2-(Phenylethynyl)phenyl)thiophene  (1o): Colourless liquid;  1H NMR (400 

MHz, CDCl3) δ 7.63 (ddd, J = 8.9, 8.0, 1.6 Hz, 3H), 7.54 – 7.49 (m, 2H), 7.36 (ddd, 

J = 6.5, 5.8, 1.2 Hz, 5H), 7.29 (td, J = 7.6, 1.3 Hz, 1H), 7.14 (dd, J = 5.1, 3.7 Hz, 1H); 

13C NMR (100 MHz, CDCl3) δ 142.6, 136.0, 133.7, 131.4, 129.0, 128.6, 128.3, 127.1, 

127.1, 126.8, 125.9, 123.4, 120.6, 93.7, 89.5 (Overlapping peak present); HRMS (ESI) m/z: calcd for 

C18H12S [M]+: 260.0660; found: 260.0607. 

Analytical Data of the Synthesized Products, 9-Sulfenyl phenanthrenes or Naphthothiophenes (3aa – 

3ac). 

Methyl(10-phenylphenanthren-9-yl)sulfane  (3aa):3 Yellow liquid; 1H NMR (400 

MHz, CDCl3) δ 8.89 (dd, J = 7.5, 1.9 Hz, 1H), 8.81 – 8.74 (m, 2H), 7.78 – 7.70 (m, 

2H), 7.66 (m, 1H), 7.58 – 7.50 (m, 3H), 7.49 – 7.41 (m, 2H), 7.36 (dd, J = 7.9, 1.6 Hz, 

2H), 2.20 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 145.2, 140.8, 132.1, 132.0, 131.6, 

130.8, 130.5, 129.9, 128.4, 128.1, 127.7, 127.4, 127.3, 127.1, 126.9, 126.6, 123.0, 122.5, 20.0. 

 (6-Chloro-10-phenylphenanthren-9-yl)(methyl)sulfane (3ba): Yellow liquid; 1H 

NMR (400 MHz, CDCl3) δ 8.83 (d, J = 8.9 Hz, 1H), 8.73 (d, J = 2.1 Hz, 1H), 8.64 

(d, J = 8.3 Hz, 1H), 7.71 – 7.64 (m, 2H), 7.58 – 7.43 (m, 5H), 7.35 (dd, J = 7.7, 1.6 

Hz, 2H), 2.18 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 145.5, 140.4, 133.1, 132.5, 

131.9, 131.2, 130.43, 129.8, 129.5, 129.4, 128.5, 128.1, 127.8, 127.4, 127.2, 122.6, 122.5, 20.0; HRMS 

(ESI) m/z: calcd for C21H15ClS [M]+: 334.0583; found: 334.0567. 

 

 (2-Chloro-10-phenylphenanthren-9-yl)(methyl)sulfane (3ca): Off white crystalline 

solid; m.p.= 185 - 187 oC; 1H NMR (400 MHz, CDCl3) δ 8.86 (dd, J = 7.6, 2.0 Hz, 

1H), 8.73 – 8.68 (d, J= 8.9 Hz, 1H), 8.66 (d, J = 8.9 Hz, 1H), 7.80 – 7.69 (m, 2H), 7.62 

– 7.49 (m, 4H), 7.39 (d, J = 2.2 Hz, 1H), 7.32 (dd, J = 7.8, 1.6 Hz, 2H), 2.19 (s, 3H); 

13C NMR (100 MHz, CDCl3) δ 144.2, 140.0, 133.3, 132.7, 131.9, 130.3, 129.8, 128.9, 

128.3, 127.9, 127.7, 127.6, 127.4, 127.2, 124.2, 122.9, 20.0; Anal calcd for C21H15ClS: C, 75.32; H, 4.52; 

S, 9.57; found C, 75.43; H, 4.55; S, 8.84; CCDC 2052187. 
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 (2-Fluoro-10-phenylphenanthren-9-yl)(methyl)sulfane (3da): White crystalline solid, 

m.p. = 156 - 158 oC; 1H NMR (400 MHz, CDCl3) δ 8.91 (dd, J = 7.6, 1.9 Hz, 1H), 8.74 – 

8.65 (m, 2H), 7.80 – 7.70 (m, 2H), 7.58 – 7.54 (m, 3H), 7.44 – 7.31 (m, 3H), 7.10 (dd, J = 

10.8, 2.7 Hz, 1H), 2.22 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 161.1 (d, 1JC-F = 245 Hz), 

144.4, 144.3, 140.1, 133.4 (d, 3JC-F = 8.15 Hz), 133.1, 131.4, 130.4, 129.7, 128.2, 127.8, 

127.5, 127.2, 127.2, 127.1, 124.8 (d, 3JC-F = 8.59 Hz), 122.7, 116.0 (d, 2JC-F = 23.63 Hz), 

112.7, 19.9; Anal calcd for C21H15FS: C, 82.08; H, 4.50; S, 8.43; found C, 81.54; H, 4.80; S, 8.30; CCDC 

2041730. 

 

(2-bromo-10-phenylphenanthren-9-yl)(methyl)sulfane (3ea): White crystalline solid;  

m.p.= 202 - 204 oC; 1H NMR (400 MHz, CDCl3) δ 8.87 (dd, J = 7.5, 1.9 Hz, 1H), 8.70 

(d, J = 7.8 Hz, 1H), 8.58 (d, J = 8.9 Hz, 1H), 7.81 – 7.68 (m, 3H), 7.55 (dd, J = 6.8, 2.3 

Hz, 4H), 7.32 (dd, J = 7.7, 1.7 Hz, 2H), 2.19 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

144.1, 139.9, 133.6, 133.2, 131.9, 130.5, 130.2, 129.8, 129.2, 128.3, 127.8, 127.6, 127.2, 

124.3, 122.8, 120.9, 20.0; Anal calcd for C21H15BrS: C, 66.50; H, 3.99; S, 8.45; found C, 66.66; H, 3.91; 

S, 7.86; CCDC 2033891. 

 

Methyl(10-phenyl-2-(trifluoromethyl)phenanthren-9-yl)sulfane (3fa): Yellowish 

white crystalline solid, m.p. = 124 - 126 oC;  1H NMR (400 MHz, CDCl3) δ 8.91 (d, J = 

7.8 Hz, 1H), 8.84 (d, J = 8.9 Hz, 1H), 8.79 (d, J = 8.0 Hz, 1H), 7.86 – 7.76 (m, 3H), 7.73 

(d, J = 6.7 Hz, 1H), 7.60 – 7.52 (m, 3H), 7.34 (d, J = 7.9 Hz, 2H), 2.20 (s, 3H); 13C NMR 

(100 MHz, CDCl3) δ 144.9, 139.6, 133.5, 132.7, 132.5, 131.6, 130.0, 129.8, 129.6, 

128.5, 128.3, 128.2, 127.9, 127.7, 127.3, 125.5, 125.5, 123.4, 122.9, 19.9; Anal calcd for C22H15F3S: C, 

71.72; H, 4.10; S, 8.70; found C, 71.48; H, 4.24; S, 8.10; CCDC 2041729. 

 

Methyl(4-methyl-10-phenylphenanthren-9-yl)sulfane (3ga): White semi-solid; 

1H NMR (400 MHz, CDCl3) δ 8.99 (d, J = 8.1 Hz, 1H), 8.91 (d, J = 7.9 Hz, 1H), 

7.79 – 7.75 (m, 1H), 7.73 – 7.69 (m, 1H), 7.57 – 7.53 (m, 4H), 7.37 – 7.53 (m, 4H), 

3.19 (s, 3H), 2.23 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 145.5, 141.5, 134.8, 

133.6, 132.8, 131.9, 131.7, 131.5, 130.8, 129.9, 128.0, 127.9, 127.4, 127.1, 126.9, 

126.7, 125.6, 125.4, 27.2, 19.9; HRMS (ESI) m/z: calcd for C22H18S [M]+: 314.1129; found: 314.1133. 
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 (4,10-Diphenylphenanthren-9-yl)(methyl)sulfane (3ha): White crystsalline 

solid; m.p.= 143 – 145 oC; 1H NMR (400 MHz, CDCl3) δ 8.83 (d, J = 7.3 Hz, 1H), 

7.86 (d, J = 7.9 Hz, 1H), 7.59 – 7.37 (m, 14H), 7.14 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 

2.22 (s, 3H); 13C NMR (100MHz, CDCl3) δ 145.4, 145.0, 141.2, 140.1, 133.6, 

132.9, 132.1, 131.4, 130.8, 130.0, 129.2, 129.1, 128.1, 127.9, 127.3, 127.1, 127.1, 

126.8, 125.6, 124.7, 20.0; Anal calcd for C27H20S: C, 86.13; H, 5.35; S, 8.51; found C, 85.84; H, 5.43; S, 

9.21; CCDC 2052186. 

 

Methyl(10-(4-propylphenyl)phenanthren-9-yl)sulfane (3ia): Off white 

crystalline solid; m.p.= 134 – 136 oC; 1H NMR (400 MHz, CDCl3) δ 8.90 (dd, J = 

7.6, 1.9 Hz, 1H), 8.79 (dd, J = 7.7, 1.8 Hz, 1H), 8.76 (d, J = 8.6 Hz, 1H), 7.78 – 7.71 

(m, 2H), 7.68 – 7.64 (m, 1H), 7.52 – 7.44 (m, 2H), 7.37 (d, J = 8.1 Hz, 2H), 7.28 (d, 

J = 2.4 Hz, 2H), 2.82 – 2.70 (m, 2H), 2.21 (s, 3H), 1.85 – 1.79 (m, 2H), 1.08 (t, J = 7.3 Hz, 3H); 13C NMR 

(100 MHz, CDCl3) δ 145.3, 141.6, 137.9, 129.7, 128.5, 128.1, 127.7, 127.4, 127.1, 126.7, 126.6, 122.9, 

122.4, 38.0, 24.5, 20.0, 14.03; HRMS (ESI) m/z: calcd for C24H22S [M]+: 342.1442; found: 342.1447. 

 

Methyl(10-(m-tolyl)phenanthren-9-yl)sulfane (3ja): Yellowish white crystalline 

solid, m.p.= 205 – 207 oC; 1H NMR (400 MHz, CDCl3) δ 8.86 (dd, J = 7.6, 1.9 Hz, 

1H), 8.82 – 8.69 (m, 2H), 7.76 – 7.67 (m, 2H), 7.66 – 7.59 (m, 1H), 7.46 – 7.38 (m, 

3H), 7.33 – 7.29 (m, 1H), 7.15 (d, J = 0.6 Hz, 2H), 2.46 (s, 3H), 2.20 (s, 3H); 13C 

NMR (100 MHz, CDCl3) δ 145.4, 140.8, 137.6, 132.2, 132.0, 131.4, 130.8, 130.5, 

128.5, 128.0, 127.9, 127.7, 127.4, 127.1, 126.9, 126.8, 126.6, 123.0, 122.4, 21.6, 20.1; Anal calcd for 

C22H18S: C, 84.03; H, 5.77; S, 10.20; found C, 83.83; H, 6.17; S, 9.82. 

 

Methyl(10-(3-nitrophenyl)phenanthren-9-yl)sulfane (3ka): Yellow viscous liquid; 

1H NMR (400 MHz, CDCl3) δ 8.85 (dd, J = 6.4, 3.1 Hz, 1H), 8.81 – 8.77 (m, 2H), 8.39 

– 8.36 (m, 1H), 8.25 (t, J = 1.7 Hz, 1H), 7.77 (dd, J = 6.3, 3.3 Hz, 2H), 7.73 – 7.67 (m, 

3H), 7.51 – 7.46 (m, 2H), 7.30 (dd, J = 8.3, 0.9 Hz, 1H), 2.19 (s, 3H); 13C NMR (100 

MHz, CDCl3) δ 148.2, 142.6, 142.4, 136.3, 132.3, 131.6, 131.3, 131.0, 130.7, 129.1, 

127.7, 127.6, 127.5, 127.0, 125.0, 123.1, 122.8, 122.4; HRMS (ESI) m/z: calcd for C21H15NO2S [M]+: 

345.0823; found: 345.0796. 
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4-(10-(Methylthio)phenanthren-9-yl)benzonitrile (3la): Yellow solid, m.p.=155 – 

157 oC; 1H NMR (400 MHz, CDCl3) δ 8.89 (dd, J = 7.5, 1.9 Hz, 1H), 8.81 – 8.74 

(m, 2H), 7.78 – 7.70 (m, 2H), 7.66 (ddd, J = 8.3, 6.4, 1.9 Hz, 1H), 7.58 – 7.50 (m, 

3H), 7.49 – 7.41 (m, 2H), 7.36 (dd, J = 7.9, 1.6 Hz, 2H), 2.20 (s, 3H); 13C NMR (100 

MHz, CDCl3) δ 145.8, 143.3, 132.0, 131.7, 131.6, 131.2, 131.0, 130.9, 130.6, 127.7, 127.6, 127.5, 127.4, 

127.0, 123.1, 122.8, 120.0, 111.3, 20.0; HRMS (ESI) m/z: calcd for C22H15NS [M]+: 325.0925; found: 

325.099. 

 

Methyl(6-phenylbenzo[c]phenanthren-5-yl)sulfane (3ma): White solid, m.p. = 

134 – 136 oC; 1H NMR (400 MHz, CDCl3) δ 9.08 (dd, J = 12.9, 8.2 Hz, 2H), 8.97 

(d, J = 8.0 Hz, 1H), 7.98 (d, J = 7.8 Hz, 1H), 7.81 – 7.71 (m, 3H), 7.71 – 7.61 (m, 

2H), 7.59 – 7.52 (m, 3H), 7.39 (dd, J = 8.4, 6.9 Hz, 3H), 2.23 (s, 3H); 13C NMR 

(100 MHz, CDCl3) δ 144.4, 140.8, 133.4, 133.1, 130.6, 130.3, 128.8, 128.7, 128.2, 128.1, 127.4 127.2, 

127.0, 126.9, 126.4, 126.2, 126.1, 125.4, 20.1; HRMS (ESI) m/z: calcd for C25H18S [M]+: 350.1129; found: 

350.1138. 

 

5-(Methylthio)-4-phenylnaphtho[2,1-b]thiophene (3na):  White solid, m.p.= 109 -111 

oC; 1H NMR (400 MHz, CDCl3) δ 8.90 – 8.83 (m, 1H), 8.44 – 8.36 (m, 1H), 8.04 (d, J = 

5.5 Hz, 1H), 7.71 – 7.65 (m, 2H), 7.60 (d, J = 5.4 Hz, 1H), 7.54 – 7.49 (m, 5H), 2.19 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 142.2, 140.7, 138.3, 138.0, 131.6, 129.7, 129.2, 

129.1, 128.1, 128.0, 127.4, 126.8, 126.7, 125.9, 124.6, 124.3, 20.2; HRMS (ESI) m/z: calcd for C19H14S2 

[M]+: 306.0537; found: 306.0494. 

 

5-(Methylthio)-4-phenyl-3H-13-naphtho[1,2-b]thiophene (3oa): Colourless liquid; 

1H NMR (400 MHz, CDCl3) δ 8.84 (d, J = 7.7 Hz, 1H), 8.21 (d, J = 7.3 Hz, 1H), 7.65 

(m, 2H), 7.55 – 7.47 (m, 3H), 7.44 – 7.37 (m, 3H), 6.99 (d, J = 5.4 Hz, 1H), 2.17 (s, 3H); 

13C NMR (100 MHz, CDCl3) δ 142.2, 140.7, 138.3, 138.0, 131.6, 129.7, 129.2,  129.1, 

128.1, 128.0, 127.4, 126.8, 126.7, 125.9, 124.6, 124.3, 20.2; HRMS (ESI) m/z: calcd for C19H14S2 [M]+: 

306.0537; found: 306.0535. 
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 (Methyl-d3)(10-phenylphenanthren-9-yl)sulfane (3ab): White crystalline solid; 

m.p.=178 -180 oC;  1H NMR (400 MHz, CDCl3) δ 8.94 (d, J = 7.6 Hz, 1H), 8.82 – 8.76 

(m, 2H), 7.82 – 7.72 (m, 2H), 7.70 – 7.66 (m, 1H), 7.63 – 7.44 (m, 5H), 7.40 (d, J = 6.2 

Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 145.2, 140.8, 132.1, 132.0, 130.7, 130.5, 129.9, 

128.4, 128.0, 127.6, 127.4, 127.2, 127.1, 126.8, 126.6, 122.9, 122.4; Anal calcd for C21H13D3S: C, 83.12; 

H, 6.31; S, 10.57; found C, 83.02; H, 6.85; S, 10.43; CCDC 2044602. 

 

Phenyl(10-phenylphenanthren-9-yl)sulfane (3ac):3 Yellow liquid; 1H NMR (400 MHz, 

CDCl3) δ 8.80 (dd, J = 8.3, 3.9 Hz, 2H), 8.65 (d, J = 7.3 Hz, 1H), 7.76 – 7.67 (m, 2H), 7.60 

(ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.54 – 7.49 (m, 2H), 7.47 – 7.40 (m, 3H), 7.29 – 7.26 (m, 

2H), 7.16 – 6.98 (m, 3H), 6.93 (dd, J = 8.3, 1.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 

146.8, 140.2, 139.0, 134.2, 132.3, 132.1, 131.1, 130.9, 130.0, 129.5, 128.7, 128.7, 128.5, 128.3, 128.1, 

128.0, 127.6, 127.6, 127.4, 127.1, 127.1, 126.7, 126.4, 124.7, 122.8, 122.6 (Overlapping peaks present). 

 

3-Hydroxy-1,2-diphenylpropan-1-one (6):17 White solid, 1H NMR (400 MHz, CDCl3) δ 

7.86 (dd, J = 8.4, 1.3 Hz, 2H), 7.40 (ddd, J = 6.8, 4.0, 1.3 Hz, 1H), 7.32 – 7.16 (m, 7H), 

4.72 (dd, J = 8.4, 4.8 Hz, 1H), 4.20 (dd, J = 11.4, 8.4 Hz, 1H), 3.81 (dd, J = 11.4, 4.8 Hz, 

1H); 13C NMR (100 MHz, CDCl3) δ 200.0, 136.2, 136.1, 133.2, 129.2, 128.9, 128.5, 128.4, 127.6, 65.2, 

56.4. 

 

9-(Methylsulfinyl)-10-phenylphenanthrene (11): White solid; m.p.= 183 – 185 oC. 1H 

NMR (400 MHz, CDCl3) δ 9.55 (dd, J = 7.6, 2.0 Hz, 1H), 8.80 (d, J = 9.6 Hz, 1H), 8.73 

(d, J = 8.3 Hz, 1H), 7.79 – 7.67 (m, 3H), 7.60 – 7.39 (m, 6H), 7.12 (d, J = 6.5 Hz, 1H), 

3.03 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 140.3, 136.8, 134.9, 131.4, 131.2, 130.6, 

129.7, 129.6, 128.8, 128.7, 128.5, 128.1, 128.0, 127.4, 127.3, 127.0, 125.1, 123.4, 122.5, 38.7 (Overlapping 

peaks present); HRMS (ESI) m/z: calcd for C21H16OS [M]+: 316.0922; found: 316.0893. 

 

9-(Methylsulfonyl)-10-phenylphenanthrene (12): White solid; m.p. = 172-174 oC; 1H 

NMR (400 MHz, CDCl3) δ 9.10 (dd, J = 7.5, 2.2 Hz, 1H), 8.83 (dd, J = 7.5, 2.3 Hz, 1H), 

8.76 (d, J = 8.3 Hz, 1H), 7.81 – 7.74 (m, 3H), 7.51 (ddd, J = 8.2, 5.4, 1.2 Hz, 4H), 7.42 

(dd, J = 8.4, 1.0 Hz, 1H), 7.38 – 7.33 (m, 2H), 3.14 (s, 3H); 13C NMR (100 MHz, CDCl3) 

δ 143.0, 137.9, 133.0, 132.1, 131.6, 131.1, 129.8, 129.7, 127.9, 127.9, 127.8, 127.6, 127.4, 126.8, 126.5, 

123.4, 122.5, 46.1 (One 1C Peak missing); HRMS (ESI) m/z: calcd for C21H1602S [M]+: 332.0871; found: 

332.0781. 
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1H and 13C NMR Spectra of Some Selected 

10-Phenylphenanthren-9-yl)(methyl)sulfanes 
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SECTION-V 
 

 

Applications of Methyl(10-phenylphenanthren-9-

yl)sulfane (MPPS) As a Fluorescence Probe 
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2.5.1. Introduction. 

Being motivated by the useful applications of phenanthrenes, as discussed in Section II, we became 

interested in exploring one of our synthesized molecules, i.e., methyl(10-phenylphenanthren-9-yl)sulfane 

(MPPS). To understand whether MPPS could be utilized as a fluorescent probe, we first studied its 

photophysical properties in collaboration with Prof. Subit Saha’s group at BITS Pilani, Hyderabad Campus. 

2.5.2. Results and Discussion. 

UV-Vis Absorption and Fluorescence Study:  UV-Vis absorption spectra of MPPS in solvents of 

different polarities are recorded and displayed in Figure 2.5.1. The values of peak maxima for longer 

wavelength absorption bands are calculated and tabulated in Table 2.5.1. along with the dielectric constant 

(ε) of solvents. The general trend is that the absorption peak maxima are blue-shifted with increasing 

polarity of the solvents. It depicts that the ground state dipole moment is greater than that of the excited 

state dipole moment. The fluorescence spectra of MPPS in different solvents have been recorded by 

excitation at corresponding absorption peak maxima and are presented in Figure 2.5.2. The fluorescence 

peak maxima values are given in Table 2.5.1. The fluorescence peak maxima are red-shifted with increasing 

polarity of the solvents. It indicates that the emitting state is more polar than the ground state. The 

fluorescence intensities in polar solvents are found to be much lower than that in non-polar solvents. It 

could be due to the fact that the polar emitting state gets stabilized in a polar solvent and as a result, the 

state becomes energetically close to the triplet state as well as the ground state. Therefore, the rates of 

intersystem crossing and internal conversion increase leading to reduced quantum yields.       

 

Figure 2.5.1. Absorption Spectra of MPPS in Different Solvents. 
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Figure 2.5.2. Emission Spectra of MPPS in Different Solvents. 

Table 2.5.1: Photophysical Properties of MPPS 

Solvents Solution (nm) 

λabs                    λem 

Stoke’s Shift 

(cm-1) 
 

Cyclohexane 255, 314    415 99,010 2.02 

Ethyl Acetate 258, 311   404 68,493 6.0 

Methanol 254, 327   390 1,58,730 32.66 

Acetonitrile 255, 311    401 1,11,111 35.94 

Water 273, 323    413 71,428 78.36 

 

In order to present the molecule MPPS as a potential fluorescent probe, the molecule has been explored to 

characterize the micelles of different surfactants (both conventional and gemini surfactants) and protein, 

bovine serum albumin (BSA).  

Binding of MPPS with micelles of surfactants 

Cationic surfactant, DTAB 

Figure 2.5.3 displays the fluorescence intensities of MPPS at different concentrations of a conventional 

cationic surfactant, dodecyl trimethylammonium bromide (DTAB). It can be seen that the fluorescence 

intensity decreases, reaches a minimum, and then increases with increasing concentration of the surfactant. 

The minimum appears at [DTAB] = 14.5 mM, which is the CMC of DTAB, and the value is close to the 

reported CMC value of DTAB as 14.7 mM.1,2   
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Figure 2.5.3. Fluorescence Intensities of MPPS at Different Concentrations of DTAB. 

[MPPS] = 5 µM, ex = 330 nm and em = 395 nm. 

Anionic surfactant, SDS 

Figure 2.5.4 presents the variations of fluorescence intensities of MPPS with changing the concentrations 

of a conventional anionic surfactant, sodium dodecyl sulfate (SDS). With increasing concentrations of SDS, 

the fluorescence intensity first decreases, and after reaching a minimum, it increases. The concentration of 

SDS at which the minimum appears is 8.02 mM, almost the same as the CMC value of SDS found in the 

literature i.e. 8.2 mM 1  
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Figure 2.5.4, Fluorescence Intensities of MPPS at Different Concentrations of SDS. 

[MPPS] = 5 µM, ex = 330 nm and em = 395 nm. 

Non-ionic surfactant, Triton-X 100 

 The variation of fluorescence intensities of MPPS with increasing concentration of a conventional 

non-ionic surfactant, Triton X-100 has been shown by Figure 2.5.5. Like the other two cases, here also, the 

fluorescence intensity of MPPS decreases, gives a minimum fluorescence intensity value at [Triton X-100] 

= 0.21 mM, and then increases with increasing concentrations of Triton X-100. The minimum corresponds 

to the CMC of Triton X-100, which is almost the same as the reported CMC value of Triton X-100.3 
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Figure 2.5.5. Fluorescence Intensities of MPPS at Different Concentrations of Triton X-100. 

[MPPS] = 5 µM, ex = 330 nm and em = 395 nm. 

 

Cationic gemini surfactant, 12-6-12,2Br-  

To study how the fluorescence property of MPPS responds to the changes in the concentrations of a gemini 

surfactant, 12-6-12,2Br- in the solution, the fluorescence spectra of MPPS have been recorded at different 

concentrations of the gemini surfactant and the fluorescence intensity at em = ??? are plotted against the 

[12-6-12,2Br-]  as shown by Figure 2.5.6. The fluorescence intensities change in the same way as discussed 

for the other three surfactants. The minimum fluorescence intensity of MPPS is noted at 0.95 mM of 12-6-

12,2Br- which is the CMC of this surfactant. The literature reports the CMC of 12-6-12,2Br- as 1.03 mM  4 
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Figure 2.5.6. Fluorescence Intensities of MPPS at Different Concentrations of 12-6-12,2Br-. 
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[MPPS] = 5 µM, ex = 330 nm and em = 395 nm. 

The results presented above show that the CMC value determined based on the changes in fluorescence 

intensities of MPPS with increasing surfactant concentrations is very close to the reported CMC for each 

surfactant. It depicts that the fluorescence property of MPPS is very sensitive to the changes in the 

microenvironment around it. In the pre-micellar region, each ionic surfactant acts as a strong electrolyte, 

therefore, with increasing concentration of the surfactant the number of ions gradually increases resulting-

in increasing polarity of the medium. In this region, the fluorescence intensity of MPPS decreases with 

increasing concentration of a surfactant. The result is supported by the above mentioned solvatochromic 

data wherein the fluorescence intensity of MPPS is found to be decreased with increasing polarity of the 

solvent. However, once the micelles start to form above the CMC, the fluorescence intensity of MPPS 

increases. It has been discussed above that the fluorescence intensity of MPPS increases with decreasding 

polarity of the medium. Thus in the post micellar region the increase in fluorescence intensity of MPPS 

says that the molecules are going from the polar bulk to the non-polar sites of the micelles. as the polarity 

of the microenvironment around MPPS decreases due to the solubilisation of the MPPS in micelles.  

Binding of MPPS with Protein, Bovine Serum Albumin (BSA) 

To study the binding of MPPS with BSA, the fluorescence spectra of native BSA (ex = 295 nm)  have been 

recorded at different concentrations of MPPS ( 0 to 25 M) and shown by Figure 2.5.7. Notably, the 

excitation of BSA at 295 nm results in fluorescence from the Trp residues of the protein. It can be seen in 

Figures 2.5.7 that with increasing comcentration of MPPS, the fluorescence intensity of BSA decreases and 

that of MPPS increases. Therefore, MPPS acts as a quencher. As MPPS also has an absorption at 295 nm, 

thus fluorescence from both BSA and MPPS are seen in this figure. While the fluorescence peak maximum 

of BSA appears at ~350 nm, the same for a fluorescence band of MPPS is seen at ~363 nm. Figure 8 

displays the changes in flurescence intensity ratios, Fo/F (where Fo and F are fluorescence intensities of 

BSA in the absence and presence of MPPS, respectively) of BSA with increasing concentration of MPPS. 

This Stern-Volmer plot (Fig. 2.5.8) shows a downward curvature incating the fact of fractional accesibilty 

of Trp residues of BSA to the quencher, MPPS. Two different fractions of Trp residues, Trp-213 and Trp-

134 do exist in BSA.5 Trp-213 is located in a hydrophobic pocket, and Trp-134 resides in a hydrophilic 

environment i. e. near to the surface of the protein.5 Docking results (Fig. 2.5.10) show that MPPS binds to 

the hydrophobic region of the BSA. Therefore, it is expected that MPPS is more accessible to Trp-213 than 

to Trp-134. In our earlier study, a blue shift in fluorescence peak maximum of BSA has been noted with 

increasing concentration of a probe, dimethylaminopstyryl benzothiazole (DMASBT).5 It is due to the 

accessibility of Trp-134 to DMASBT, as the latter binds to the hydrophilic sites of BSA. As the fluorescence 

from Trp-134 occurs slightly at a longer wavelength than that of Trp-213, thus with the quenching of 
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fluorescence from Trp-134, the overall peak maximum of BSA gets blue shifted. However, in the present 

case the blue shift in BSA fluorescence peak maximum with increasing concentration of MPPS is not seen, 

supporting the fact that MPPS quenches fluorescene from Trp-213 not from Trp 134.  

 

Figure 2.5.7. Fluorescence Spectra of MPPS (5 μM) as a Function of Concentrations of BSA. [Inset: 

Variation in Fluorescence Peak Maxima of the Synthesized Probe as a Function of Concentrations of BSA 

(λex = 330 nm)]. 

 

Figure 2.5.8. Stern-Volmer plot for the quenching of fluorescence of BSA by MPPS. ex = 295 nm. 

To estimate the fractional accessibility of Trp residues to MPPS in native BSA, and to calculate the 

value of fraction of Trp residues accessible to MPPS (fa) in the native protein, the modified Stern-Volmer 

plot (Fig. 2.5.9) based on the Equation 15 has been made and shown by Figure 9: 
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𝐹𝑜

(𝐹𝑜−𝐹)
=

1

𝑓𝑎𝐾𝑎[𝐴𝑃𝑆𝑀]
+

1

𝑓𝑎
                                                  (1)                              

 

where Fo and F are the total fluorescence intensities of Trp residues in BSA in the absence and presence of 

MPPS at its concentration, [MPPS], respectively. Ka is the Stern-Volmer constant for the quenching of 

accessible fraction. fa is the fraction of Trp residues accessible to MPPS. fa can be written as: 

                                                      𝑓𝑎  =
𝐹0𝑎

𝐹0𝑏+𝐹0𝑎
                                                            (2) 

where the subscript 0 refers to the fluorescence intensity in the absence of quencher. Thus, 𝐹0𝑎 denotes the 

fluorescence intensity from the accessible fraction, while 𝐹0𝑏 refers to the fluorescence intensity from the 

inaccessible fraction in BSA in the absence of quencher. The correlation coefficient of this modified Stern-

Volmer plot is found to be 0.999.  fa and Ka values calculated from the intercept and the slope of the modified 

Stern-Volmer plot after linear fitting of the data are found to be 0.68 and 1.63×108 M-1. Thus, 68 % of Trp 

residues are only accessible to the MPPS in native BSA.  The Stern-Volmer quenching constant of 

accessible fraction, Ka = kqo = 1.63×108 M-1. The o value for BSA protein is reported to be ~10-8 s. 5 Thus, 

the bimolecular quenching rate constant (kq) value is calculated to be 1.63×1016 M-1
 s

-1. However, the 

maximum value of kq for a diffusion-controlled fluorescence quenching process with a biopolymer is 

reported to ~ 2.0×1010 M-1
 s

-1.5 It depicts that the fluorescence quenching mechanism of accessible fraction 

of Trp residues is static in nature 

 

Figure 2.5.9. Modified Stern-Volmer plot for the Quenching of Trp residues in Native BSA by MPPS. ex 

= 295 nm. 
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Figure 2.5.10. Molecular Docking Studies.   

Figure 2.5.11. Fluorescence spectra of BSA with increasing concentrations of MPPS in the presence of 0.3 

mM of 12-6-12,2Br-. ex = 295 nm. 

 

The fluorescence quenching of BSA by MPPS has also been studied in denatured protein. The 

denaturation of BSA has been done by using 0.3 mM of 12-6-12,2Br-. It has been discussed below that at 

0.3 mM concentration of 12-6-12,2Br-, BSA exists in denatured form. Figure 2.5.11 displays the 

fluorescence bands of BSA at varying concentrations of MPPS (0 to 25 µM) in the presence of 0.3 mM of 

12-6-12,2Br-. The Stern-Volmer plot obtained using fluorescence quenching data is shown by Figure 

2.5.12. The correlation coefficient of this plot = 0.99. Intererstingly, no downward curvature is noted in this 

Stern-Volmer plot depicting the fact of equal accesibilty of all Trp residues of BSA to the quencher, MPPS. 

It is expected because in the presence of surfactant the BSA gets unfolded, and therefore, both Trp residues 
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are exposed to the bulk. The Stern-Volmer constant calculated from the slope of the plot after linear fitting 

of the data = 5.67103 M-1. Therefore, the bimolecular quenching rate constant, kq = 5.671011 M-1 S-1. 

 

 

Figure 2.5.12. Stern-Volmer plot for the quenching of fluorescence of BSA by MPPS in the presence of 

0.3 mM of 12-6-12,2Br-. ex = 295 nm. 

The binding constant (K) of MPPS and the number of binding sites (n) for both native and denatured 

BSA have been calculated from the linear fitting of the data in Figures 2.5.13a and 2.5.13b based on 

Equation 3 (given below), respectively. For a static quenching mechanism with the assumption that the 

protein has the same and independent binding sites, the following equation (Equation 3) can be used to 

determine the binding constant (K) and the number of binding sites (n).5 

 

                            log[(Fo – F)/F] = n log K - n log(1/([MPPS] – (Fo – F)[P]/Fo))          (3) 

where Fo and F are fluorescence intensities of BSA in the absence and presence of quencher, respectively, 

[MPPS] and [P] are total concentrations of quencher and protein, respectively. For native BSA, the K and 

n values are noted to be 2.75105 M-1 and 0.57, respectively. Whereas for denatured BSA, the K and n 

values are found to be 4.41104 M-1 and 0.91, respectively. As compared to native BSA, the binding 

constant value is decreased and the number of binding sites is increased for denatured BSA. This is due to 

the fact that in denatured state of the protein, the binding strength of MPPS molecules is reduced as the 

hydrophobic area of the protein is decreased.5 It is evidenced by the fluorescence peak maximum values of 

MPPS in two systems:  = ~363 nm in the presence of native BSA and  = ~375 nm in the presence of 

BSA and the gemini surfactant, 12-6-12,2Br-. The red-shift in band position of MPPS in case of denatured 

BSA is because of its exposure to comparatively more polar environment. Also, the possibility of binding 

sites may increase with unfolding of the protein as noted. 
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Figure 2.5.13. Plots of log[(Fo – F)/F] versus log(1/([MPPS] – (Fo – F)[BSA]/Fo)) in case of (a) native 

BSA, and (b) BSA + 0.3 mM 12-6-12,2Br-. [BSA] = 5 M. ex = 295 nm. 

 

Binding Isotherm of Gemini Surfactant, 12-6-12 with BSA 

Steady-state Fluorescence  

Looking into the fact that the fluorescence properties of MPPS responding well with the changes in the 

microenvironment because of what the CMC of different surfactants could be measured accurately, the 

molecule is explored to demonstrate the binding isotherm of a gemini surfactant, 12-6-12,2Br-  with BSA. 

The fluorescence spectra of MPPS in 5 M of BSA have been recorded in the presence of different 

concentrations of 12-6-12,2Br-  at ex = 330 nm. No absorbance for BSA at  = 330 nm ensures that the 

fluorescence occurs from MPPS only. The fluorescence intensity ratios, F/Fo (where,  F and Fo are 

fluorescence intensities of MPPS in the presence and absence of surfactant at em = 395nm) at different 

concentrations of 12-6-12,2Br-  have been calculated and plotted in Figure 2.5.14 The different regions of 

the binding isotherm have been depicted by letters a, b, c and d. The Region a represents the high energy 

specific binding of the surfactant with BSA due to coulombic attractive interactions between positive 
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charges of surfactants’ headgroups and negative charges on the protein. As because the BSA becomes more 

compact in this region,5 the MPPS feels more non-polar environment and as a result the fluorescence 

intensity is increased. It also shows that atleast some proportion of MPPS molecules can be located to the 

hydrophobic pocket of the BSA. In this region, a maximum appears at [12-6-12,2Br-] = 0.01 mM. As a 

result of compaction, the % -helix is increased. With further increasing concentration of 12-6-12,2Br-, the 

fluorescence intensity starts decreasing before reaching a minimum at 0.06 mM of 12-6-12,2Br- (Region 

b). The Region b represents competitive binding between the surfactant and BSA. In this region, the 

hydrophobic interactions between the surfactant’s tails and the non-polar part of the protein mostly play a 

role. The protein molecule gets unfolded with decrease in % -helix (Figure 2.5.14) due to these interactions 

and as a result, the probe, MPPS gets exposed to the polar environment. Thus , the fluorescence intensity 

is quenched. Beyond 0.06 mM of 12-6-12,2Br-, the fluorescence intensity of MPPS increases (Region c) 

before reaching a maximum at 0.13 mM of the surfactant. The Region c exists due to the cooperative 

binding wherein the micelles formed by surfactants bind along the protein chain. 6   
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Figure 2.5.14. 𝐹
𝐹𝑂

⁄  Plot of  MPPS in Presence of BSA along with Increasing Concentration of 12-6-

12,2Br-. [MPPS] = 5 µM, [BSA] = 5.0 μM. (λex = 330 nm, λem = 395 nm). 

However, the probe molecules, MPPS experience a non-polar environment of hydrophobic 

microdomain created by micelles of surfactants, 6,7  The hydrophobic microdomain that is created within 

the protein molecule results in the compaction of the protein structure  6,7 that is supported by the increase 

in the % of -helix 8 It is noteworthy that micelles formation starts at 0.06 mM concentration of 12-6-

12,2Br-  is much less than its CMC value for a solution without BSA. Similar results were obtained in our 

earlier work with the gemini surfactants, 12-4-12,2Br- and 12-8-12,2Br-  utilizing some other fluorescent 

probe molecule 9 Thus, 0.06 mM is the critical aggregation concentration (CAC) of 12-6-12,2Br-  in the 
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HEPES buffer solution (pH = 7.4, 10 mM) in the presence of 5 M of BSA. In Region d, due to the massive 

binding of surfactants with the protein, the protein molecules get unfolded and as a consequence of that the 

fluorescence intensity of MPPS is once again decreased due to its exposure to the polar medium with a 

decrease in % of -helix. With further increase in the concentration of 12-6-12,2Br-, no change in the 

fluorescence intensity occurs as no sites of the protein chain are left for binding and saturation of surfactant 

binding occurs.   

 

2.5.3. Conclusion. 

The synthesized molecule, methyl(10-phenylphenanthren-9-yl)sulfane (MPPS) can be used as a fluorescent 

molecule to probe the aggregation properties of various ionic and non-ionic surfactants and also the binding 

isotherm of protein.  
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SECTION – I 

 

 

Iodine-Catalyzed Cyclization Reactions in 

Water 
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3.1.1. Introduction. 

Iodine-catalyzed C-H heteroannulation reactions1  have gained special attention in synthetic organic 

chemistry over the last decades due to the inexpensiveness, tolerance, and environmentally benign nature 

of iodine. The notable advantage associated with this strategy is the synthesis of potential heterocyclic 

molecules2 avoiding the requirement of highly expensive and toxic rare-earth metal catalysts. However, in 

many iodine-catalyzed cyclization reactions, hazardous/toxic solvents like dimethyl sulfoxide (DMSO), 

dimethyl formamide (DMF), dichloromethane (DCM), acetonitrile (MeCN), 1,4-dioxane, etc. are used 

which is a major concern in the context of green chemistry. Water is generally regarded as the best non-

toxic, safe, and environmentally-friendly solvent among all solvents.3 It has always been the best choice as 

a solvent for an organic transformation in the context of green chemistry.4 Hence several iodine-catalyzed 

synthetic methods have been developed so far for the synthesis of novel heterocyclic molecules using water 

as the green solvent. The state-of-the-art of this particular area of research is presented below. 

3.1.2. Review. 

In 2023, Mukhopadhyay et al. disclosed an iodine-catalyzed cascade C-N coupling followed by C-C 

coupling to afford a wide variety of 5H-pyrazino[2,3-b]indoles in an aqueous medium (Scheme 3.1.1).5 

This transformation proceeded through two consecutive oxidative cross-coupling reactions involving 

Cα(sp3)-H of benzyl amines followed by intramolecular cyclization to afford the desired products in water 

in the presence of air.  

 

Scheme 3.1.1. Iodine-Catalyzed Synthesis of 5H-Pyrazino[2,3-b]indoles in Aqueous Medium. 

In 2020, the Banerji group reported an iodine-catalyzed cyclization strategy of different primary 

amines or aldehydes with 1,2-diketones using K2CO3 as base via C-N bond formation in water at 70 oC to 

access a wide variety of polysubstituted imidazoles (Scheme 3.1.2).6 Mechanistic studies revealed that the 

reaction proceeded via the radical pathway. Some of the imidazole derivatives acted as fluorophores both 

in the solid and solution phase, which was successfully applied for live-cell imaging (LysoTracker 

molecules). It was shown that lysosome-directing groups (LDG) were incorporated in two synthesized 

imidazoles to track intracellular lysosomes (Scheme 3.1.2).6 These LDG-incorporated imidazole 
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derivatives furthermore showed bright blue fluorescence while detecting lysosomes in human or murine 

cells and were considered to be rapid lysosome-staining probes. 

 

Scheme 3.1.2. Synthesis of Iodine-Catalyzed Polysubstituted Imidazoles. 

 

In 2019, Ghosh and his co-workers developed an iodine-catalyzed oxidative Csp3-H 

functionalization of primary amines from readily available starting materials such as 1,2- diketones and 

acyloins (alpha hydroxyl ketones) to provide specific regioisomer of polysubstituted oxazoles in water 

(Scheme 3.1.3).7 The utility of this methodology was demonstrated by preparing a natural product, texaline. 

Furthermore, these highly substituted oxazole molecules could be utilized as fluorescent probes in 

medicinal chemistry as well as in material science. 

 

Scheme 3.1.3. Iodine-Catalyzed Synthesis of Polyarylated Oxazoles in Water. 
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In 2019, Rai et al. disclosed a facile iodine-catalysed enal-based cis-selective construction of 

aziridine-2-aldehyde in water using Chloramine-T as nitrogen transfer agent and BTEAC as phase-transfer 

catalyst to access a wide variety of tosylaziridines in high to excellent yield (84 –93%), excellent 

diastereoselectivity (95-99%) in favor of cis-isomer (Scheme 3.1.4).8 Mechanistic studies revealed that the 

reaction proceeded through an ionic pathway. 

 

Scheme 3.1.4. Iodine-Catalyzed Enals-Based Cis-Selective Construction of Aziridine-2-aldehyde in 

Water. 

In the same year, the Wan group developed an iodine-catalyzed cascade reaction between NH2-

functionalized enaminones and sulfonyl hydrazines in the presence of TBHP as oxidant and NaHCO3 as a 

base in water via C-N bond cleavage (which was confirmed by 15N-labeled experiment) to access 

substituted pyrazoles (Scheme 3.1.5).3a Mechanistic studies revealed that the reaction proceeded through a 

radical pathway. 

 

Scheme 3.1.5. Iodine-Catalyzed Cyclization Reaction of Substituted Pyrazoles in Water. 

3.1.3. Conclusion. 

This short review enlightens the organic transformations, particularly, iodine-catalyzed oxidative 

cyclization reactions involving carbon-heteroatom bond formation using water as the solvent. The use of 

water as a solvent accord with the goal of sustainability of the developed synthetic methods. The iodine-

catalyzed cyclization reactions in water enabled the synthesis of biologically-active heterocyclic molecules 

in a cost-effective and sustainable fashion. However, the development of iodine-catalyzed oxidative 

cyclization or annulation reactions involving carbon-carbon bond formation in water has rarely been 

explored to the best of our knowledge.  
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SECTION-II 

 

 

Iodine-Catalyzed, Highly Atom-Economic 

Synthesis of 9-Sulfenylphenanthrenes and 

Polycyclic Heteroaromatics in Water  
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3.2.1. Introduction. 

The most important goal of sustainable chemistry1 is to reduce the adverse consequences of the substances 

that we use and generate. Moreover, one of the most attractive concepts in chemistry for sustainability is 

“Green Chemistry” 2 which is the utilization of a set of principles that reduces or eliminates the use or 

generation of hazardous substances in the design, manufacture, and applications of chemical products. It 

should be noted that the rapid development of Green Chemistry is due to the recognition that 

environmentally friendly products and processes will be economical in the long term. 

As specified in the previous chapter, we developed a metal-free, iodine-catalyzed methylthiolative 

annulation of 2-alkynyl biaryls using DMSO as the source of –SMe group, oxidant, and solvent.3 Despite 

notable features of the developed protocol, it suffered from some serious limitations in the context of green 

chemistry such as (a) the requirement of over-stoichiometric trifluoroacetic anhydride (3 equiv) for the 

decomposition of DMSO (10 equiv) or methyl sulfoxides (3 equiv), (b) limited substrate scope, (c) 

generation of hazardous carbon-wastes such as formaldehyde, trifluoroacetic acid, and dimethyl sulfide 

(DMS), (d) low atom-economy, (e) limitation of the protocol with the substrates bearing acid-sensitive 

group owing to the generation of the strong acidic (TFA) medium and, (f) high temperature. Herein, we 

disclosed a highly atom-economical, sustainable, cost-effective, and practical synthetic methodology for 

synthesizing 9-sulfenylphenanthrenes and polycyclic heteroaromatics through iodine-catalyzed 

sulfenylative annulation of 2-alkynyl biaryls with disulfides in water at 60 oC (Scheme 3.2.1). The notable 

advantages of the current protocol are (a) transition-metal-free, simple and mild reaction conditions, (b) 

highly atom-economic reaction, (c) utilization of a couple of inexpensive reagents such as iodine as a 

catalyst and H2O2 as a green oxidant, (d) use of a natural resource, water as the green reaction medium (e) 

generation of water as the major green-waste (g) broad substrate scope with high functional group tolerance. 

 

Scheme 3.2.1. Synthetic Strategy for the Synthesis of 9-Sulfenylphenanthrenes in Water. 
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3.2.2. Results and Discussion. 

We commenced our investigation of thiolative annulation of 2-(phenylethynyl)-1,1′-biphenyl 1a using 1.5 

equiv diphenyl disulfide 2a as the S-source, iodine as the catalyst, and DMSO as the oxidant as well as 

solvent. When the said reaction was conducted in the presence of 20 mol% iodine and 10 equiv DMSO at 

120 oC under aerobic atmosphere, it took 14 hours for the reaction to be completed, and 89% phenyl(10-

phenylphenanthren-9-yl)sulfane 3aa was formed along with 6% 9-iodo-10-phenylphenanthrene 4a (entry 

1, Table 3.2.1). Notably, the use of DMSO (3 equiv) as the only oxidant in the presence of water (1.6 M) 

as solvent furnished 3aa in 90% yield along with 8% 4a (entry 2, Table 3.2.1). Further lowering of the 

stoichiometry of DMSO to 1.2 equiv did not affect the yield of 3aa (entry 3, Table 3.2.1). When H2O2 (1.2 

equiv), a green oxidant, was used instead of DMSO, gratifyingly 3aa was formed in 92% yield along with 

a trace amount of 4a (entry 4, Table 3.2.1). 

 Among various oxidants (1.2 equiv.) such as H2O2, tert-butyl hydroperoxide (TBHP), oxone, m-

CPBA, Na2S2O8, and K2S2O8, H2O2, the most non-toxic or green oxidant was found the best (entry 4 vs. 

entries 5–9, Table 3.2.1). Notably, further lowing of the stoichiometry of H2O2 to 0.5 equiv. positively 

impacted the outcome of the reaction as 3aa was formed in 94% yield along with a trace amount of 4a 

(entry 10 vs. entry 4, Table 3.2.1). The stoichiometry of diphenyl disulfide was also optimized to 0.6 equiv., 

which revealed that both the units of disulfide are reactive and nothing is getting lost (entry 12 vs. entries 

10, 11, and 13, Table 3.2.1). Next, the temperature of the reaction was optimized, and 60 °C was found to 

be the best; however, 73% 3aa was formed at room temperature (entry 15 vs. entries 12, 14, and 16, Table 

3.2.1). The presence of a base harmed the outcome of the reaction (entries 17 and 18, Table 3.2.1). 

Interestingly, water was found the best among various solvents such as water, toluene, methanol, DMF, 

THF, and MeCN (entries 19–23 vs. 15, Table 3.2.1). Further, increasing the reaction concentration to 1 M, 

lowering the reaction time to 10 h, and lowering the catalyst loading to 10 mol% had a negative impact on 

the reaction outcome (entries 24–26 vs. entry 15, Table 3.2.1). The blank experiment without using iodine 

did not furnish 3aa, which revealed iodine’s essential role in this reaction (entry 27, Table 3.2.1). However, 

in the blank experiment in the absence of H2O2, 55% of 3aa was formed, which revealed the partial role of 

aerial oxygen on the reaction outcome (entry 28, Table 3.2.1). Hence the thiolative annulation reaction of 

1a with 2a (0.6 equiv.) was optimum in the presence of 20 mol% iodine and 0.5 equiv. H2O2 in water (1.67 

M) at 60 °C under aerobic conditions. 

 Among various oxidants (1.2 equiv) such as H2O2, tert-butyl hydroperoxide (TBHP), oxone, m-

CPBA, Na2S2O8, and K2S2O8, H2O2, the most non-toxic or green oxidant was found the best (entry 4 vs 

entries 5-9, Table 3.2.1). Notably, further lowing of the stoichiometry of H2O2 to 0.5 equiv positively 
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impacted the outcome of the reaction as 3aa was formed in 94% yield along with a trace amount of 4a 

(entry 10 vs entry 4, Table 3.2.1). The stoichiometry of diphenyl disulfide was also optimized to 0.6 equiv, 

which revealed that both the disulfide units are reactive and nothing is getting lost (entry 12 vs entries 10, 

11, and 13, Table 3.2.1). Next, the temperature of the reaction was optimized, and 60 oC was found to be 

the best; however, 73% 3aa was formed at room temperature (entry 15 vs entries 12, 14, and 16, Table 

3.2.1). The presence of a base harmed the outcome of the reaction (entries 17 and 18, Table 3.2.1). 

Interestingly, water was found the best among various solvents such as water, toluene, methanol, DMF, 

THF, and MeCN (entries 19-23 vs 15, Table 3.2.1). Further, increasing the reaction concentration to 1 M, 

lowering the reaction time to 10 h, and lowering the catalyst loading to 10 mol% had a negative impact on 

the reaction outcome (entry 24-26 vs entry 15, Table 3.2.1). The blank experiment without using iodine did 

not furnish 3aa, which revealed iodine's essential role in this reaction (entry 27, Table 3.2.1). However, in 

the blank experiment in the absence of H2O2, 55% of 3aa was formed, which revealed the partial role of 

aerial oxygen on the reaction outcome (entry 28, Table 3.2.1). Hence the thiolative annulation reaction of 

1a with 2a (0.6 equiv) was optimum in the presence of 20 mol% iodine and 0.5 equiv H2O2 in water (1.67 

M) at 60 oC under aerobic conditions. 

With the optimized conditions in hand, we started exploring the scope of the thiolative annulation reaction 

of 2-alkynyl biaryls with disulfides. The results are presented in Table 2. 

At first, the scope of the thiolative annulation of 2-(phenylethynyl)-1,1′-biphenyl 1a was explored with 

various disulfides. Under the optimized conditions, 1a reacted with diphenyl disulfide 2a to furnish 

phenyl(10-phenylphenanthren-9-yl)sulfane 3aa in 92% isolated yield. Both electron-withdrawing (Br, Cl, 

F, and NO2) and donating- (Me and NHCOPh) group substituted diaryl disulfides reacted smoothly with 

1a to afford the corresponding aryl(10-phenylphenanthren-9-yl)sulfanes (3ab – 3ag) in good to excellent 

yield except 3ae (36%). Notably, an acid-sensitive functional group (NHCOPh) was found intact under the 

reaction conditions, which was not feasible in our previously developed synthetic strategy3 using 3 equiv 

trifluoroacetic anhydride since trifluoroacetic acid was formed in situ resulting in the reaction medium 

being highly acidic. Various dialkyl disulfides such as dibenzyl disulfide, dipropyl disulfide, 4,4-

dithiobutyric acid, bis(2-hydroxyethyl) disulfide, and dicyclohexyl disulfide also participated in the 

reaction with 1a to furnish the corresponding 9-alkylsulfenyl phenanthrenes (3ah – 3al), which was also 

difficult to access in our previously developed synthetic strategy due to the non-availability of the 

corresponding methyl sulfoxides. Interestingly, the oxidizable group (-CH2OH) in 2k was found intact in 

the product (3ak) under the optimized reaction conditions. 
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Table 3.2.1. Optimization of Reaction Conditionsa. 

 

Next, the scope of the reaction for 2-(phenylethynyl)-1,1′-biaryls was explored. Various electron-

withdrawing (Cl, Br, and Ph) and -donating (Me) group substituted 2-(phenylethynyl)-1,1′-biaryls smoothly 

reacted with diphenyl disulfide 2a to produce the corresponding 10-phenyl-9-phenylsulfenyl phenanthrenes 

(3ba–3fa).  
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Table 3.2.2. Substrate Scope. 

 

The electronic nature of the substituents and their position did not significantly affect the related product's 

yield (3ba vs 3ca and 3da–3fa). When 1-(2-(phenylethynyl)phenyl)naphthalene 1g was treated with 2a, 

phenyl(6-phenylbenzo[c]phenanthren-5-yl)sulfane 3ga was formed, albeit low yield. Next, the scope of the 

reaction for electron-withdrawing (Cl) and –donating (n-Pr, Me) group substituted 2-(arylethynyl)-1,1′-

biphenyls was explored with 2a, and the corresponding 10-phenyl-9-arylsulfenyl phenanthrenes (3ha – 3ja) 

were produced in high to excellent yield. Alkyl group substituted ethynyl biphenyl, i.e., 2-

(cyclopropylethynyl)-1,1'-biphenyl also participated in the reaction with 2a to furnish (10-

cyclopropylphenanthren-9-yl)(phenyl)sulfane 3ka in 51% yield. Finally, we explored the scope of the 

reaction for 2-heteroaryl-substituted phenylethynylbenzenes for the synthesis of sulfenyl polycyclic 

heteroaromatics. 3-(2-(Phenylethynyl)phenyl)thiophene 1l and 1-(2-(phenylethynyl)phenyl)-1H-pyrrole 

1m underwent the phenylthiolative annulation reaction with 2a to produce two different classes of 

polycyclic heteroaromatics, i.e., 4-phenyl-5-(phenylthio)naphtho[2,1-b]thiophene 3la and 4-phenyl-5-

(phenylthio)pyrrolo[1,2-a]quinoline, respectively. In general, the scope of the reaction was found to be 
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broad with high functional group tolerance. When thiophenol 5 (1.2 equiv) was used instead of diphenyl 

disulfide 2a to react with 1a in the presence of 20 mol% I2 and 2 equiv of H2O2 in water at 60 oC, 80% 3aa 

was formed, which revealed that the use of disulfides is more advantageous than the corresponding toxic 

and foul-smelling thiols (Scheme 3.2.3). 

Scheme 3.2.3. Phenylthiolative Annulation of 1a with Thiophenol. 

 

In order to demonstrate the practicality of the developed green synthetic method, we performed a 

multigram-scale reaction of 1a (10.17 g, 40 mmol) with 2a (5.24 g, 24 mmol, 0.6 equiv) under the optimized 

reaction conditions. Gratifyingly, 3aa was formed in 75.52% isolated yield (10.95 g, 30.2 mmol), which 

revealed that the scale-up process for this reaction is straight-forward (Scheme 3.2.4). 

Scheme 3.2.4. Multigram-scale Synthesis of 3aa. 

 

In order to measure the greenness of the developed method and compare the same with the previously 

developed methods quantitatively, we evaluated the green chemistry metrics such as atom economy, atom 

efficiency (AE), carbon efficiency (CE), reaction mass efficiency (RME), E-factor and EcoScale score for 

this method by following reported protocol.4-6 The results are presented in Table 3. Significantly, the 

developed synthetic method is found 90.09% atom-economic, 82.88% atom-efficient, 95.59% carbon-

efficient, and 77.96% reaction-mass efficient. Moreover, E-factor (the total waste in Kg/total product in 

Kg), an essential green parameter to quantify the quality of an organic process based on the generated waste, 

is found to have the value of 2.25 for the synthesis of 3aa and majority of the generated waste is water. The 
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EcoScale score, another crucial green parameter based on an organic process's safety, economic, and 

ecological features, has a higher value (67) for this method. 

Table 3.2.3. Evaluation of Green Chemistry Metrics for the Synthesis of 3aa. 
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Table 3.2.4. Calculation of EcoScale Score for the I2 Catalyzed Synthetic Process in Water to Synthesize 

Phenyl(10-phenylphenanthren-9-yl)sulfane (3aa) from 2-(Phenylethynyl)-1,1'-biphenyl (1a) and Diphenyl 

diselenide (2a) (This Work). 
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Table 3.2.5. Calculation of Green Metrics for the Pd-Catalyzed Synthetic Process to Synthesize Phenyl(10-

phenylphenanthren-9-yl)sulfane (3aa) from 2-(Phenylethynyl)-1,1'-biphenyl (1a) and Diphenyl Disulfide 

(2a). 
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Table 3.2.6. Calculation of EcoScale Score for the Pd-Catalyzed Synthetic Process to Synthesize 

Phenyl(10-phenylphenanthren-9-yl)sulfane (3aa) from 2-(Phenylethynyl)-1,1'-biphenyl (1a) and Diphenyl 

Diselenide (2a). 
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Table 3.2.7. Calculation of Green Metrics for the I2-Catalyzed Synthetic Process to Synthesize Phenyl(10-

phenylphenanthren-9-yl)sulfane (3aa) from 2-(Phenylethynyl)-1,1'-biphenyl (1a) and 

(Methylsulfinyl)benzene (2a). 
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Table 3.2.8. Calculation of EcoScale Score for the I2-Catalyzed Synthetic Process to Synthesize Phenyl(10-

phenylphenanthren-9-yl)sulfane (3aa) from 2-(Phenylethynyl)-1,1'-biphenyl (1a) and 

(Methylsulfinyl)benzene (2a). 

 

A detailed comparison of this method with the previously reported ones for the synthesis of 3aa 

from 1a with respect to various parameters, including those green chemistry parameters, is given in Table 

3.2.8. The analysis of these data quantitatively revealed that this method is much greener than those 

previously reported ones concerning all the green parameters. 
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Table 3.2.9. Detailed Comparison of the Previously Developed Synthetic Methodologies with This Work 

to Synthesize 3aa from 1a. 

 

 

 

To shed light on the reaction mechanism, we performed several experiments as outlined in Scheme 4. When 

diphenyl disulfide 2a was subjected to react with I2 in water at 60 oC, and the mass spectrum of the reaction 

mixture was recorded after 1.5 h, a peak at m/z = 236 was found, which supported the in situ formation of 

phenyl sulfenyl iodide 6 (m/z = 236) as the intermediate of the reaction (Scheme 3.2.5). 

Next, several radical quenching experiments of the model reaction between 1a and 2a were carried out 

under optimized reaction conditions in the presence of a radical quencher such as butyloxy hydroxytoluene 

(BHT), galvinoxyl radical, and TEMPO. In the presence of BHT (1.5 equiv), the reaction was not quenched 

at all, and 91% of 3aa was formed (Scheme 3.2.5.B). However, in the presence of galvinoxyl radical (1.5 

equiv), the reaction was found to be quenched to a certain extent as 3aa was formed in 71% yield. When 

the stoichiometry of the galvinoxyl radical was increased to 3 equiv, the yield of 3aa further decreased to 

36%, indicating a sharp quenching of the reaction by galvinoxyl radical. Notably, in the presence of 

TEMPO (1.5 equiv), the reaction was found to be fully quenched since 3aa was not detected at all and 1a 

was found to remain as such after the reaction (Scheme 3.2.5.D). However, we could not detect any radical 

adduct formation with either galvinoxyl radical or TEMPO by LC-MS. 
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Scheme 3.2.5. Mechanistic Studies. 

 

 

 

Figure 3.2.1. Mass Spectrum of the Reaction Mixture of Diphenyl Disulfide and I2. 
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Based on the mechanistic studies, we propose a plausible reaction mechanism for the synthesis of 

3aa as outlined in Scheme 3.2.6. Diphenyl disulfide 2a reacted with iodine to form phenyl sulfenyl iodide 

(PhSI) 6,8 which underwent homolytic cleavage to form PhS. 7 (path A). Radical addition of 7 to the -CC- 

bond of 1a furnished the corresponding vinyl radical 8. Intramolecular radical cyclization of 8 furnished 9, 

which eventually gets converted to the desired product 3aa through oxidation by iodine followed by 

deprotonation. In the final step, HI was formed, which was immediately oxidized by H2O2 or aerobic 

oxygen to regenerate I2, and H2O was formed as the only waste in the reaction. Although we proposed a 

radical mechanism, we cannot rule out the electrophilic annulation of 1a with PhSI 6 for the synthesis of 

3aa via the formation of intermediates 10 and 11 (path B).7, 3 

Scheme 3.2.6. Mechanism. 

 

 

3.2.3. Conclusions. 

We have developed an iodine-catalyzed, highly atom-economic, and green synthetic methodology for the 

thiolative annulation of 2-alkynyl biaryls or 2-heteroaryl substituted alkynyl benzenes with disulfides in 

water. A wide variety of sulfenyl phenanthrenes and polycyclic heteroaromatics such as 4-phenyl-5-

(phenylthio)naphtho[2,1-b]thiophene and 4-phenyl-5-(phenylthio)pyrrolo[1,2-a]quinoline have been 

synthesized in moderate to excellent yield. Various functional groups, in particular, the acid-sensitive 

functional group (–NHCOPh), the oxidizable functional group (-CH2OH), were found intact under the 

reaction conditions. The notable advantages of this protocol are a) transition-metal-free protocol, b) use of 

water as a solvent, c) use of iodine as a catalyst, d) use of H2O2 and aerial oxygen as the green oxidant, e) 
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water as the waste, f) straight-forward scale-up process up to 10 g scale, g) excellent green chemistry 

parameters such as high atom-economy (90.09%), high atom-efficiency (82.88%), high reaction-mass-

efficiency (77.96%), high carbon-efficiency (95.59%), low E-factor (2.25) and high EcoScale score (67). 

Moreover, all the green parameters of this method for the synthesis of phenyl(10-phenylphenanthren-9-

yl)sulfane (3aa) from 2-(phenylethynyl)-1,1'-biphenyl (1a) are found superior with respect to those of the 

previously reported Pd-catalyzed or iodine-catalyzed methods. We believe this green strategy of oxidative 

annulation will find useful applications in synthesizing various potential classes of molecules. 

3.2.4. Experimental Section.  

Experimental Procedure for the Synthesis of 2-(Cyclopropylethynyl)-1,1'-biphenyl (1k). 

 

Step-1: 2-Iodo-1,1'-biphenyl S2 was synthesized from [1,1'-biphenyl]-2-amine S1 by following a reported 

protocol.5 

Step-2: 2-iodo-1,1'-biphenyl S2 (1.4 g, 5 mmol, 1 equiv), Pd(PPh3)2Cl2 (0.07 g, 0.1 mmol), CuI (0.019 g, 

0.1 mmol) and Et3N (13 mL) were added in a flame-dried two neck round bottomed flask (RBF) under N2 

atmosphere in a standard Schlenk-line process and stirred for 5 min at room temperature. 

Cyclopropylacetylene S2 (508 μL, 6 mmol, 1.2 equiv) was then added to the reaction mixture under 

nitrogen atmosphere. The reaction mixture was stirred for 12 h at room temperature. After the completion 

of the reaction, Et3N was evaporated under reduced pressure. The crude reaction mixture was diluted with 

ethyl acetate (30 mL) and washed with water three times (3 x 10 mL). The solvent was evaporated under 

reduced pressure and the crude product was purified through silica gel column chromatography to provide 

2-(cyclopropylethynyl)-1,1'-biphenyl 1k (0.436 g, 2 mmol) in 40% yield. 

General Experimental Procedure for the Synthesis of 9-Sulfenylphenanthrenes and Polycyclic 

Heteroaromatics (3aa-3al and 3ba−3ma). Representative Experimental Procedure for the Synthesis 

of Phenyl(10-phenylphenanthren-9-yl)sulfane (3aa):  

Phenyl(10-phenylphenanthren-9-yl)sulfane 1a (0.127 g, 0.5 mmol, 1 equiv), 1,2-diphenyldisulfane 2a 

(0.065 g, 0.3 mmol, 0.6 equiv) and I2 (0.0254 g, 0.1 mmol) were taken in a RBF and H2O (0.3 mL, 1.6 M) 

was added to it. Then H2O2 (0.02 mL, 0.25 mmol, 0.5 equiv) was added to the RBF and the reaction mixture 
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was stirred in an oil bath at 60 oC under aerobic atmosphere. The progress of the reaction was monitored 

by TLC. After completion of the reaction, iodine was quenched with saturated sodium thiosulfate solution 

and ethyl acetate (30 mL) was added to the reaction mixture. The whole solution was then transferred to a 

separating funnel for extraction. The reaction mixture was extracted with ethyl acetate twice (2 X 10 mL) 

and the combined organic layer was washed with water (3 X 10 mL). The solvent was evaporated under 

reduced pressure to afford the crude product which was purified by flash column chromatography through 

silica gel to afford the pure product, phenyl(10-phenylphenanthren-9-yl)sulfane 3aa (0.167 g, 0.46 mmol) 

in 92% yield. 

3.2.5. Analytical Data of All Synthesized Products (3aa-3al and 3ba -3ma). 

Phenyl(10-phenylphenanthren-9-yl)sulfane (3aa).7 White crystalline solid (0.167 g, 

92%); eluent hexane; mp = 125−127 oC; 1H NMR (400 MHz, CDCl3)  δ 8.83 (dd, J = 8.2, 

3.1 Hz, 2H), 8.72 (d, J = 8.2 Hz, 1H), 7.77 – 7.71 (m, 2H), 7.64 (dd, J = 8.0, 7.2 Hz, 1H), 

7.60 – 7.53 (m, 2H), 7.51 – 7.46 (m, 3H), 7.36 – 7.32 (m, 2H), 7.13 (dd, J = 8.0, 7.0 Hz, 

2H), 7.09 – 7.03 (m, 1H), 7.00 (d, J = 7.9 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 146.82, 140.15, 138.97, 

132.21, 132.04, 131.08, 130.87, 129.48, 128.70, 128.63, 128.02, 127.93, 127.61, 127.57, 127.34, 127.09, 

127.05, 126.71, 126.33, 124.63, 122.74, 122.55.  

 (4-Bromophenyl)(10-phenylphenanthren-9-yl)sulfane (3ab) : White solid 

(0.185 g, 84%); eluent hexane; mp = 166−168 oC; 1H NMR (400 MHz, CDCl3) δ 

8.69 (dd, J = 18.2, 8.2 Hz, 2H), 8.63 (d, J = 8.9 Hz, 1H), 7.78 (dd, J = 8.9, 2.1 Hz, 

1H), 7.73 – 7.59 (m, 3H), 7.50 – 7.44 (m, 3H), 7.28 – 7.24 (m, 2H), 7.11 (t, J = 

7.6 Hz, 2H), 7.07 – 7.02 (m, 1H), 6.93 (d, J = 8.1 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 145.63, 139.34, 

138.61, 133.68, 132.02, 130.76, 130.70, 130.41, 129.74, 129.46, 128.88, 128.71, 128.23, 128.16, 127.94, 

127.70, 127.44, 126.51, 124.86, 124.38, 122.64, 121.06. Anal calcd for C26H17BrS: C, 70.75; H, 3.88; S, 

7.26; found C, 70.91; H, 3.56; S, 7.41. 

 

(4-Chlorophenyl)(10-phenylphenanthren-9-yl)sulfane (3ac):7 White solid 

(0.131 g, 66%); eluent hexane; mp = 115−117 oC; 1H NMR (400 MHz, CDCl3) δ 

8.81 – 8.78 (m, 2H), 8.58 (dd, J = 8.3, 1.0 Hz, 1H), 7.71 (m, 2H), 7.64 – 7.59 (m, 

1H), 7.51 – 7.48 (m, 2H), 7.44 (dd, J = 4.9, 1.7 Hz, 3H), 7.24 (dd, J = 6.6, 3.0 Hz, 

2H), 7.04 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 147.04, 140.01, 

137.54, 132.17, 131.80, 131.17, 130.97, 130.47, 129.43, 128.78, 128.03, 127.82, 127.79, 127.71, 127.55, 

127.50, 127.21, 126.84, 126.66, 122.87, 122.60.  
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(4-Fluorophenyl)(10-phenylphenanthren-9-yl)sulfane (3ad) : 7White crystalline 

solid (0.144 g, 76%); eluent hexane; mp = 118−120 oC; 1H NMR (400 MHz, 

CDCl3) δ 8.81 (d, J = 8.4 Hz, 2H), 8.72 – 8.69 (m, 1H), 7.73 (ddd, J = 8.2, 5.9, 1.7 

Hz, 2H), 7.65 (ddd, J = 8.2, 5.6, 1.2 Hz, 1H), 7.53 (ddd, J = 5.1, 3.6, 2.2 Hz, 2H), 

7.48 (dd, J = 4.3, 2.1 Hz, 3H), 7.31 – 7.28 (m, 2H), 6.95 – 6.90 (m, 2H), 6.85 – 6.80 (m, 2H). 13C NMR 

(100 MHz, CDCl3) δ 161.91, 159.48, 146.68, 140.04, 133.87, 133.84, 132.16, 131.93, 131.05, 130.93, 

129.86, 129.55, 128.66, 128.35, 128.27, 127.97, 127.87, 127.68, 127.59, 127.55, 127.39, 127.21, 127.11, 

126.78, 122.95, 122.81, 122.55, 122.43, 115.84, 115.63.  

 

 (4-Nitrophenyl)(10-phenylphenanthren-9-yl)sulfane (3ae) : Yellow 

crystalline solid (0.082 g, 40%); eluent hexane/EtOAc (10:1); mp = 188−190 

oC; 1H NMR (400 MHz, CDCl3) δ 8.74 (d, J = 7.8 Hz, 2H), 8.37 (d, J = 8.1 Hz, 

1H), 7.90 – 7.80 (m, 2H), 7.67 (dd, J = 6.7, 1.6 Hz, 2H), 7.60 – 7.49 (m, 2H), 

7.43 (d, J = 2.1 Hz, 2H), 7.35 (d, J = 3.8 Hz, 2H), 7.15 – 7.11 (m, 2H), 6.91 – 6.84 (m, 2H). 13C NMR (100 

MHz, CDCl3) δ 148.95, 147.78, 144.81, 139.61, 132.05, 131.41, 131.33, 131.07, 129.14, 128.96, 128.32, 

128.16, 128.00, 127.80, 127.56, 127.18, 127.06, 125.60, 124.69, 123.89, 123.12, 122.71, 77.00.  

 

(10-Phenylphenanthren-9-yl)(p-tolyl)sulfane (3af) : 7 Yellow solid (0.170 g, 

90%); eluent hexane; mp = 105−107 oC; 1H NMR (400 MHz, CDCl3) δ 8.82 (dd, 

J = 8.2, 4.4 Hz, 2H), 8.72 (dd, J = 8.3, 0.9 Hz, 1H), 7.76 – 7.70 (m, 2H), 7.66 – 

7.61 (m, 1H), 7.59 – 7.52 (m, 2H), 7.51 – 7.48 (m, 3H), 7.37 – 7.31 (m, 2H), 6.92 

(dd, J = 21.3, 8.3 Hz, 4H), 2.26 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 146.63, 140.25, 135.34, 134.38, 

132.23, 132.07, 131.04, 130.88, 129.55, 129.44, 128.68, 128.12, 127.94, 127.52, 127.30, 126.98, 126.68, 

126.47, 122.71, 122.54, 20.82.  

 

N-(2-(10-Phenylphenanthren-9-yl)phenyl)benzamide (3ag) : Off White solid 

(0.145 g, 60%); eluent hexane/EtOAc (20:1); mp = 155−157 oC; 1H NMR (400 

MHz, CDCl3) δ 8.40 (dd, J = 7.8, 1.7 Hz, 1H), 8.36 – 8.27 (m, 2H), 7.78 (d, J = 

8.0 Hz, 1H), 7.61 (s, 1H), 7.28 (s, 1H), 7.24 (d, J = 1.6 Hz, 1H), 7.21 (ddd, J = 

8.3, 5.1, 1.6 Hz, 1H), 7.09 – 7.04 (m, 1H), 7.00 – 6.94 (m, 3H), 6.88 (dd, J = 8.3, 0.9 Hz, 1H), 6.78 (dd, J 

= 5.3, 2.1 Hz, 3H), 6.72 – 6.66 (m, 1H), 6.58 – 6.53 (m, 2H), 6.43 (dd, J = 7.9, 1.4 Hz, 1H), 6.31 (m, 1H). 
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13C NMR (100 MHz, CDCl3) δ 164.93, 146.03, 139.65, 136.45, 134.60, 132.76, 132.20, 131.64, 130.78, 

130.71, 130.57, 129.41, 128.63, 128.50, 128.22, 128.16, 128.08, 127.83, 127.70, 127.45, 127.38, 127.27, 

127.16, 127.11, 126.80, 124.65, 122.85, 122.53, 121.10. HRMS (ESI) m/z calcd for C33H24NOS [M + H]+: 

482.1573; found: 482.1553. 

 

Benzyl(10-phenylphenanthren-9-yl)sulfane (3ah) : White crystalline solid (0.143 g, 

76%); eluent hexane; mp = 185−187 oC; 1H NMR (400 MHz, CDCl3) δ 8.90 (dd, J = 

6.2, 3.3 Hz, 1H), 8.82 – 8.73 (m, 2H), 7.74 (dd, J = 6.3, 3.3 Hz, 2H), 7.68 – 7.63 (m, 

1H), 7.42 (d, J = 6.9 Hz, 3H), 7.37 (d, J = 8.2 Hz, 1H), 7.10 (d, J = 7.3 Hz, 3H), 6.97 

(dd, J = 7.5, 1.7 Hz, 2H), 6.82 (d, J = 6.4 Hz, 2H), 3.83 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 146.22, 

140.35, 137.72, 132.22, 132.10, 130.70, 130.60, 130.11, 128.95, 128.53, 128.19, 127.80, 127.40, 127.17, 

127.03, 126.84, 126.57, 122.98, 122.45, 40.84. HRMS (ESI) m/z calcd for C27H20S [M + H]+: 377.1358; 

found: 377.1285. 

 

 (10-Phenylphenanthren-9-yl)(propyl)sulfane (3ai) : White crystalline solid (0.115 

g, 70%); eluent hexane; mp = 100−102 oC; 1H NMR (400 MHz, CDCl3) δ 8.97 (d, J 

= 7.6 Hz, 1H), 8.79 (dd, J = 12.8, 8.0 Hz, 2H), 7.80 – 7.72 (m, 2H), 7.67 (ddd, J = 8.3, 

5.8, 2.4 Hz, 1H), 7.60 – 7.49 (m, 5H), 7.40 (dd, J = 7.8, 1.3 Hz, 2H), 2.66 (t, J = 7.3 

Hz, 2H), 1.45 (dd, J = 14.7, 7.3 Hz, 2H), 0.84 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 145.39, 

140.64, 132.53, 132.10, 130.65, 130.45, 130.35, 128.32, 127.93, 127.87, 127.20, 127.11, 126.98, 126.74, 

126.56, 122.85, 122.41, 38.67, 22.87, 13.41 (Overlapping peaks present). HRMS (ESI) m/z calcd for 

C23H21S [M + H]+: 329.1358; found: 329.1292. 

 

4-((10-Phenylphenanthren-9-yl)thio)butanoic acid (3aj) : Yellow 

crystalline solid (0.104 g, 56%); eluent hexane/EtOAc (20:1); mp = 130−132 

oC; 1H NMR (400 MHz, CDCl3) δ 8.90 (dd, J = 6.9, 2.6 Hz, 1H), 8.77 (dd, J 

= 12.4, 7.9 Hz, 2H), 7.77 – 7.71 (m, 2H), 7.67 (ddd, J = 8.3, 5.9, 2.4 Hz, 1H), 

7.56 – 7.48 (m, 5H), 7.37 (dd, J = 7.8, 1.5 Hz, 2H), 2.71 (t, J = 6.9 Hz, 2H), 2.24 (t, J = 7.4 Hz, 2H), 1.72 

– 1.65 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 179.33, 145.69, 140.38, 132.23, 131.97, 130.71, 130.53, 

130.40, 129.42, 128.38, 127.94, 127.69, 127.32, 127.26, 127.15, 126.83, 126.63, 122.94, 122.42, 77.00, 

35.54, 32.55, 24.04. HRMS (ESI) m/z calcd for C24H21O2S [M]: 373.1257; found: 373.1180. 
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2-(10-Phenylphenanthren-9-yl)ethan-1-ol (3ak) : Yellow solid (0.066g, 40%); 

eluent hexane/EtOAc (25:1); mp = 123−125 oC; 1H NMR (400 MHz, CDCl3) δ 

8.84 (dd, J = 7.5, 2.1 Hz, 1H), 8.79 (dd, J = 7.5, 2.0 Hz, 1H), 8.75 (d, J = 8.4 Hz, 

1H), 7.77 – 7.71 (m, 2H), 7.67 (ddd, J = 8.3, 5.0, 3.3 Hz, 1H), 7.60 – 7.55 (m, 2H), 

7.53 (dd, J = 5.1, 3.6 Hz, 1H), 7.49 – 7.45 (m, 2H), 7.39 – 7.35 (m, 2H), 3.38 (t, J = 5.6 Hz, 2H), 2.87 (t, J 

= 5.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 146.03, 140.35, 131.80, 130.89, 130.63, 130.38, 128.50, 

128.28, 127.60, 127.50, 127.37, 126.99, 126.80, 123.13, 122.48, 59.78, 39.77. Anal calcd for C22H18OS: 

C, 79.97; H, 5.49; S, 9.70; found C, 79.81; H, 5.61; S, 9.86. 

 

Cyclohexyl(10-phenylphenanthren-9-yl)sulfane (3al) :7 Off White solid (,0.074 g, 

38%); eluent hexane; mp = 129−131 oC; 1H NMR (400 MHz, CDCl3) δ 8.92 (dd, J = 

7.2, 2.5 Hz, 1H), 8.76 (dd, J = 10.5, 7.8 Hz, 2H), 7.72 (ddd, J = 4.6, 2.4, 0.6 Hz, 2H), 

7.65 (m, 1H), 7.55 – 7.52 (m, 1H), 7.52 – 7.46 (m, 2H), 7.45 (d, J = 3.6 Hz, 2H), 7.35 

(d, J = 1.6 Hz, 1H), 7.33 (d, J = 1.4 Hz, 1H), 2.83 (tt, J = 10.7, 3.7 Hz, 1H), 1.69 (dd, J = 13.3, 3.0 Hz, 2H), 

1.51 – 1.45 (m, 1H), 1.33 – 1.18 (m, 4H), 1.09 (ddd, J = 16.7, 10.3, 3.1 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 145.47, 140.62, 133.16, 132.17, 130.69, 130.56, 130.44, 129.85, 128.36, 128.25, 127.78, 127.10, 

127.05, 126.94, 126.70, 126.57, 122.77, 122.42, 48.55, 33.46, 26.03, 25.63.  

 

 (6-Chloro-10-phenylphenanthren-9-yl)(phenyl)sulfane (3ba) : Yellow crystalline 

solid (0.133 g, 67%); eluent hexane; mp = 155−157 oC; 1H NMR (400 MHz, CDCl3) 

δ 8.72 (d, J = 2.1 Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H), 8.63 (d, J = 8.9 Hz, 1H), 7.71 (ddd, 

J = 8.3, 6.2, 2.1 Hz, 1H), 7.51 (dd, J = 3.0, 1.6 Hz, 1H), 7.49 (dd, J = 1.9, 1.0 Hz, 2H), 

7.45 (d, J = 2.0 Hz, 2H), 7.44 (d, J = 1.8 Hz, 1H), 7.25 (d, J = 2.0 Hz, 1H), 7.24 – 7.22 (m, 1H), 7.06 (ddd, 

J = 4.9, 3.3, 1.9 Hz, 3H), 7.04 – 7.01 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 147.04, 141.63, 133.87, 

133.28, 132.45, 132.36, 131.80, 130.86, 130.09, 129.61, 129.20, 129.03, 128.03, 127.93, 127.72, 127.47, 

127.39, 127.14, 125.72, 122.63, 122.32. HRMS (ESI) m/z calcd for C26H17ClS [M]: 396.0739; found: 

396.0717. 
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(2-Chloro-10-phenylphenanthren-9-yl)(phenyl)sulfane (3ca):7 White crystalline solid 

(0.129 g, 65%); eluent hexane; mp = 145−147 oC; 1H NMR (400 MHz, CDCl3) δ 9.68 – 

9.57 (m, 3H), 8.66 – 8.61 (m, 1H), 8.60 – 8.50 (m, 2H), 8.47 – 8.34 (m, 4H), 8.23 – 8.17 

(m, 2H), 8.08 – 8.00 (m, 2H), 8.00 – 7.95 (m, 1H), 7.93 – 7.79 (m, 2H). 13C NMR (100 

MHz, CDCl3) δ 145.69, 139.37, 138.60, 133.31, 132.76, 131.96, 130.36, 129.44, 128.87, 

128.70, 128.20, 128.15, 128.00, 127.83, 127.67, 127.61, 127.42, 126.49, 124.85, 124.24, 122.68.  

 

 (2-Bromo-10-phenylphenanthren-9-yl)(phenyl)sulfane (3da) : White solid (0.155 g, 

70%); eluent hexane; mp = 166−168 oC; 1H NMR (400 MHz, CDCl3) δ 8.69 (dd, J = 18.2, 

8.2 Hz, 2H), 8.63 (d, J = 8.9 Hz, 1H), 7.78 (dd, J = 8.9, 2.1 Hz, 1H), 7.73 – 7.59 (m, 3H), 

7.50 – 7.44 (m, 3H), 7.28 – 7.25 (m, 2H), 7.11 (t, J = 7.6 Hz, 2H), 7.07 – 7.02 (m, 1H), 

6.93 (d, J = 8.1 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 145.63, 139.34, 138.61, 133.68, 

132.02, 130.76, 130.70, 130.41, 129.74, 129.46, 128.88, 128.71, 128.23, 128.16, 127.94, 127.70, 127.44, 

126.51, 126.37, 124.86, 124.38, 122.64, 121.06. Anal calcd for C26H17BrS: C, 70.75; H, 3.88; S, 7.26 found 

C, 70.96; H, 3.61; S, 7.10. 

 

 (4,10-Diphenylphenanthren-9-yl)(phenyl)sulfane (3ea) :White crystalline solid 

(0.154 g, 70%); eluent hexane; mp = 200−202 oC; 1H NMR (400 MHz, CDCl3) δ 8.63 

(d, J = 8.2 Hz, 1H), 7.88 (d, J = 8.5 Hz, 1H), 7.48 (d, J = 14.7 Hz, 12H), 7.31 (d, J = 

3.0 Hz, 2H), 7.12 (dd, J = 11.6, 7.3 Hz, 3H), 7.00 (dd, J = 31.2, 7.3 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 146.71, 145.25, 140.62, 140.23, 138.90, 133.74, 133.06, 131.89, 130.89, 129.60, 

129.09, 129.03, 128.89, 128.66, 128.28, 128.00, 127.77, 127.47, 127.35, 127.12, 126.94, 126.53, 125.68, 

124.97, 124.71. Anal calcd for C32H22S: C, 87.63; H, 5.06; S, 7.31; found C, 87.76; H, 5.18; S, 7.18. 

 

 (4-Methyl-10-phenylphenanthren-9-yl)(phenyl)sulfane (3fa) : Yellow solid 

(0.135 g, 72%); eluent hexane; mp = 188−190 oC; 1H NMR (400 MHz, CDCl3) δ 

8.92 (d, J = 8.2 Hz, 1H), 8.77 (dd, J = 8.2, 1.4 Hz, 1H), 7.69 (ddd, J = 8.5, 7.0, 1.6 Hz, 

1H), 7.65 – 7.59 (m, 2H), 7.46 (dd, J = 4.1, 2.4 Hz, 3H), 7.44 – 7.38 (m, 2H), 7.31 – 

7.27 (m, 2H), 7.14 – 7.09 (m, 2H), 7.06 – 7.02 (m, 1H), 6.98 (d, J = 1.4 Hz, 1H), 6.96 (s, 1H), 3.23 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 147.23, 140.88, 138.94, 134.98, 133.71, 132.94, 132.23, 132.03, 131.33, 

129.50, 128.62, 127.92, 127.71, 127.23, 127.11, 126.84, 126.39, 125.75, 125.64, 124.61, 27.29. HRMS 

(ESI) m/z calcd for C27H21S [M + H]+: 377.1358; found: 377.1286. 
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Phenyl(6-phenylbenzo[c]phenanthren-5-yl)sulfane (3ga) : Yellow solid (0.083 g, 

40%); eluent hexane; mp = 145−147 oC; 1H NMR (400 MHz, CDCl3) δ 9.15 (d, J = 

8.0 Hz, 2H), 8.83 (dd, J = 8.3, 1.0 Hz, 1H), 8.03 (d, J = 7.7 Hz, 1H), 7.80 – 7.67 (m, 

5H), 7.49 (dd, J = 5.5, 3.4 Hz, 4H), 7.37 – 7.29 (m, 2H), 7.12 (dd, J = 11.4, 4.3 Hz, 

2H), 7.05 (d, J = 7.1 Hz, 1H), 7.00 – 6.94 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 146.03, 140.21, 138.98, 

133.52, 133.31, 130.64, 130.40, 129.84, 129.53, 129.15, 128.83, 128.65, 128.58, 128.21, 127.95, 127.46, 

127.40, 127.12, 127.04, 126.64, 126.25, 126.22, 125.47, 124.74. HRMS (ESI) m/z calcd for C30H21S [M 

+ H]+: 413.1358; found: 413.1327. 

 

 (10-(2-Chlorophenyl)phenanthren-9-yl)(phenyl)sulfane (3ha) : White crystalline 

solid (0.188g, 95%); eluent hexane; mp = 130−132 oC; 1H NMR (400 MHz, CDCl3) δ 

8.74 (d, J = 2.0 Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H), 8.58 (d, J = 8.9 Hz, 1H), 7.72 (ddd, J 

= 8.3, 5.2, 3.1 Hz, 1H), 7.55 – 7.51 (m, 3H), 7.45 (dd, J = 4.9, 1.7 Hz, 3H), 7.30 – 7.26 

(m, 2H), 7.14 – 7.09 (m, 2H), 7.04 (ddd, J = 7.3, 3.6, 1.2 Hz, 1H), 6.94 – 6.90 (m, 2H).  

13C NMR (100 MHz, CDCl3) δ 147.03, 139.80, 138.57, 133.31, 132.59, 132.05, 130.47, 130.08, 129.78, 

129.45, 128.82, 128.75, 128.01, 127.97, 127.89, 127.50, 127.37, 126.80, 126.40, 124.89, 122.63, 122.42. 

Anal calcd for C26H17ClS: C, 78.67; H, 4.32; S, 8.08; found C, 78.56; H, 4.48; S, 8.21. 

 

Phenyl(10-(4-propylphenyl)phenanthren-9-yl)sulfane (3ia) : Off White 

crystalline solid (0.142 g, 70%); eluent hexane; mp = 150−152 oC; 1H NMR (400 

MHz, CDCl3) δ 8.81 (dd, J = 8.2, 3.4 Hz, 2H), 8.67 (dd, J = 8.3, 1.0 Hz, 1H), 7.72 

(dtd, J = 8.3, 6.7, 1.5 Hz, 2H), 7.62 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.57 (dd, J = 8.3, 

1.2 Hz, 1H), 7.54 – 7.50 (m, 1H), 7.28 (s, 1H), 7.20 (d, J = 8.1 Hz, 2H), 7.14 – 7.08 

(m, 2H), 7.06 – 7.01 (m, 1H), 6.99 – 6.94 (m, 2H), 2.75 – 2.70 (m, 2H), 1.78 (dd, J = 15.1, 7.5 Hz, 2H), 

1.06 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 146.96, 141.68, 139.11, 137.36, 132.44, 132.12, 

131.09, 130.86, 129.35, 128.82, 128.61, 128.06, 127.99, 127.55, 127.52, 127.24, 126.95, 126.67, 126.49, 

124.62, 122.73, 122.52, 37.91, 24.40, 13.96. Anal calcd for C29H24S: C, 86.10; H, 5.98; S, 7.92; found C, 

86.46; H, 5.66; S, 7.82. 
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Phenyl(10-(m-tolyl)phenanthren-9-yl)sulfane (3ja) : Yellow crystalline solid  

(0.132 g, 70%); eluent hexane; mp = 165−167 oC; 1H NMR (400 MHz, CDCl3) δ 

8.83 (d, J = 8.4 Hz, 2H), 8.74 (dd, J = 8.3, 1.1 Hz, 1H), 7.74 (m, 2H), 7.65 (ddd, J = 

8.2, 7.0, 1.2 Hz, 1H), 7.60 (dd, J = 8.3, 1.3 Hz, 1H), 7.54 (ddd, J = 8.2, 6.8, 1.1 Hz, 

1H), 7.39 (t, J = 7.5 Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H), 7.14 (ddd, J = 9.5, 5.0, 1.3 Hz, 4H), 7.08 (dd, J = 

4.9, 3.6 Hz, 1H), 7.03 – 6.99 (m, 2H), 2.41 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 146.93, 140.05, 139.11, 

137.39, 132.28, 132.15, 131.05, 130.83, 130.26, 128.76, 128.58, 128.07, 128.03, 127.81, 127.53, 127.15, 

126.96, 126.66, 126.53, 124.65, 122.72, 122.51, 21.48. HRMS (ESI) m/z calcd for C27H21S [M + H]+: 

377.1358; found: 377.1324. 

(10-Cyclopropylphenanthren-9-yl)(phenyl)sulfane (3ka) : Yellow liquid (0.083 g, 

51%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.42 (m, 2H), 7.40 – 7.34 (m, 

3H), 7.32 – 7.27 (m, 2H), 7.25 – 7.23 (m, 1H), 7.21 – 7.14 (m, 2H), 7.13 – 7.08 (m, 1H), 

6.94 (dd, J = 8.3, 1.2 Hz, 2H), 1.85 (tt, J = 8.2, 5.2 Hz, 1H), 0.76 – 0.64 (m, 2H), 0.64 – 

0.56 (m, 1H), 0.44 – 0.32 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 142.56, 140.88, 140.51, 138.79, 136.39, 

130.03, 129.37, 128.95, 128.55, 128.35, 127.79, 127.11, 127.00, 125.53, 107.14, 22.63, 9.54, 8.62. Anal 

calcd for C26H17ClS: C, 84.62; H, 5.56; S, 9.82; found C, 84.71; H, 5.36; S, 9.92. 

 

4-Phenyl-5-(phenylthio)naphtho[2,1-b]thiophene (3la) : Yellow solid (0.103 g, 

56%); eluent hexane; mp =80−82 oC; 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 8.4 

Hz, 1H), 8.47 – 8.38 (m, 1H), 8.09 (d, J = 5.5 Hz, 1H), 7.73 – 7.64 (m, 2H), 7.58 (ddd, 

J = 8.1, 7.1, 1.2 Hz, 1H), 7.52 – 7.38 (m, 5H), 7.14 – 7.08 (m, 2H), 7.07 – 7.01 (m, 

1H), 6.95 (dd, J = 7.2, 1.3 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 142.35, 140.14, 139.92, 139.21, 137.14, 

132.50, 129.45, 128.96, 128.76, 128.66, 128.15, 128.00, 126.74, 126.60, 126.31, 124.70, 123.98, 123.73, 

122.35. HRMS (ESI) m/z calcd for C24H17S2 [M]: 369.0766; found: 369.0732. 

 4-Phenyl-5-(phenylthio)pyrrolo[1,2-a]quinoline (3ma) : Yellow solid (0.127 g, 72%); 

eluent hexane; mp = 56−58 oC; 1H NMR (400 MHz, CDCl3) δ 8.19 – 8.09 (m, 1H), 7.56 

(s, 1H), 7.49 (d, J = 1.8 Hz, 1H), 7.47 (dd, J = 5.9, 1.6 Hz, 3H), 7.43 (dd, J = 4.9, 3.6 Hz, 

2H), 7.36 – 7.33 (m, 1H), 7.33 – 7.27 (m, 5H), 7.14 (s, 1H), 6.94 – 6.87 (m, 1H). 13C 

NMR (100 MHz, CDCl3) δ 140.31, 138.97, 138.85, 137.31, 136.06, 135.97, 130.21, 130.03, 129.93, 

128.78, 128.63, 128.49, 127.88, 127.80, 127.74, 127.70, 126.53, 126.48, 126.25, 126.13, 125.92, 125.83, 

123.89, 119.96, 101.08, 100.76. Anal calcd for C24H17NS: C, 82.02; H, 4.88; N, 3.99; S, 9.12; found C, 

82.26; H, 4.36; N, 4.07; S, 9.31. 
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1H and 13C NMR Spectra of Some Selected 

9-Sulfenylphenanthrenes  
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4.1.1. Introduction. 

Organoselenides, in particular, unsymmetrical diaryl selenides are prevalent in numerous biologically 

active molecules, including pharmacologically active molecules, for example, thyroxin receptor (TR) or 

glucocorticoid receptor (GR) inhibitor, 5-lipoxygenase (LOX) inhibitor, human breast cancer cell growth 

inhibitor, antitumor agent or retinoic acid (RAR) agonist (Fig 4.1.1).1 The electron donor, halogen-bond, 

and hydrogen-bond acceptor attributes of the selenium atom help an organoselenide to interact and alter the 

characteristics of enzymes’ active sites. Thus, incorporating a selenium atom into an organic molecule often 

significantly enhances its pharmacological and physical properties.2   

 

Figure 4.1.1. Some Examples of Biologically Active Unsymmetrical Diaryl or Aryl-heteroaryl Selenides. 

Owing to the importance of organoselenides, several synthetic strategies have been developed so 

far for the synthesis of this class of molecules.3 Among them, selenylative carbannulation or hetero-

annulation4 is perhaps the most frequently employed strategy for the construction of selenium-incorporated 

carbocyclic or heterocyclic compounds. The state-of-art of this research is described below. 

4.1.2. Review. 

4.1.2.1. Iodine-Catalyzed Selenylative Annulation 

In 2022, the Sun group disclosed an iodine-catalyzed cascade electrophilic selenylative cyclization of a 

diene (N-allyl-2-(1-phenylvinyl)-aniline) with diaryl diselenides in nitromethane as solvent at 40 oC for 10 

h. The reaction proceeded via regioselective selenylation followed by 7-exo-trig cyclization for the 

synthesis of seleno-benzo[b]azepines (Scheme 4.1.1).5 The scalability of the developed protocol was 

straight-forward and the synthetic utility was demonstrated by synthetic diversification of the product, 

seleno-benzo[b]azepines. Mechanistic studies revealed that the reaction proceeded through ionic pathway. 
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Scheme 4.1.1. Iodine-Catalyzed Electrophilic Selenylative Cyclization to Access Seleno-

Benzo[b]azepines. 

4.1.2.2. Selenylative Annulation in Water 

In 2018, Roehrs and co-workers reported an unltrasound-promoted selenylative annulation of alkynols 

using diorganyl diselenides using oxone as an oxidant in water to synthesize a wide variety of 2-

organoselanyl naphthalenes in moderate to excellent yield (Scheme 4.1.2).6 The reaction proceeded via the 

oxidative electrophilic selenylative annulation of 2-organoselanyl naphthalenes. 

 

Scheme 4.1.2. Ultrasound-promoted Selenylative Annulation of 2-Organoselanyl naphthalenes. 

4.1.2.3. Selenylative Annulation of Alkynes 

In 2022, Volla et al. developed a highly regio- and diastereoselective cascade radical selenylative Giese 

cyclization of alkynyl cyclohexadienones using diaryl diselenides, aryl diazonium salts as aryl partners and 

DABSO as a benign SO2 source and also a redox mediator via the formation of four new bonds i.e. C-Se, 

C-S, C-C, and C-H bonds for the synthesis of highly functionalized dihydrochromenones (Scheme 4.1.3).7 

 

Scheme 4.1.3. Selenylative Cyclization for The Synthesis of Dihydrochromenones. 
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In 2021, the Zhu group disclosed a selenylative cyclization of 1,6-enynes with diaryl diselenides 

under visible-light irradiation in an inert atmosphere at room temperature (Scheme 4.1.4). 8 The reaction 

proceeded via a radical addition/ cyclization/ selenation sequence being initiated by the formation of selenyl 

radical followed by the atom transfer radical coupling (ATRC) process. Both the terminal and internal 

alkynes were suitable for this reaction. 

 

Scheme 4.1.4. Visible-light Mediated Di-arylselenylative Cyclization. 

In 2020, the Ji group disclosed iron(III) chloride-promoted selenylative cyclization of α,β-alkynic 

tosylhydrazones using diselenides in DCE for 12 h at room temperature to afford a library of 4-

(arylselanyl)-1H-pyrazole derivatives (Scheme 4.1.5). 9 The reaction was a one-pot process that involved 

the formation of C-N and C-Se bonds. 

 

Scheme 4.1.5. FeCl3-Promoted Selenylative Cyclization for The Synthesis of 4-(Arylselanyl)-1H-

pyrazoles. 

In 2020, Koketsu and his co-workers disclosed an Fe(III)-promoted electrophilic selenylative 

cyclization of arylethynyl quinazoline with diorganyl diselenides for the synthesis of isoquinoline-fused 

quinazolinones (Scheme 4.1.6).10 Some of the synthesized isoquinoline-fused quinazolinone derivatives 

(Scheme 4.1.6) showed notable fluorescence properties. 
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Scheme 4.1.6. Iron (III)- Promoted Selenylative Cyclization of Isoquinoline-Fused Quinazolinones. 

In 2020, Wang and his co-workers developed a visible light-promoted regio- and chemoselective 

radical selenylative cyclization of 1,6-enynes with diaryl diselenides in acetone using 34 W blue LEDs to 

synthesize substituted pyrrolidines through the formation C-SO2, C-C, and C-Se bonds (Scheme 4.1.7). 11 

 

Scheme 4.1.7. Regio- and Chemoselective Radical Selenylative Cyclization of 1,6-enynes. 

In the same year, the Xu group disclosed a visible light-induced radical selenylative spirocyclization 

of indolylynones with diaryl diselenides at room temperature in THF using 30 W white LEDs to access a 

wide variety of 3-selenospiroindolenines (Scheme 4.1.8).12 Some of the synthesized compounds exhibited 

potent inhibitory activities by MTT assay against different cell-lines such as  Hela and MGC-803 cell lines 

with notable IC50 values. 



 

145 
 

 

 

Scheme 4.1.8. Visible Light-Promoted Selenylative Spirocyclization of Indolylynones. 

         In 2020, Sahoo et al. developed an unconventional radical selenylative annulation of yne-tethered-

ynamides using diorganyl diselenides and arylthiol at 70 oC for 36 h (Scheme 4.1.9).13 The experimental 

and theoretical (DFT) studies revealed the formation of RSe. over RS. followed by the regioselective attack 

of RSe. to alkynes over ynamides followed by 5-exo-dig cyclization to access 4-selenyl pyrrole derivatives.  

 

Scheme 4.1.9. Regio- and Chemoselective Cyclization of Yne-Ynamides. 

In 2019, Reddy et al. developed a copper-catalyzed intramolecular selenoamination of enynyl azides 

using diorganyl diselenides in MeCN to synthesize a library of 5-selenyl nicotinates via aza-annulation of 

enyl azides (Scheme 4.1.10).14 This method involved regioselective intramolecular chalcogenoamination 

of alkynes to provide substituted 5-chalcogenyl nicotinates in good to excellent yields. The synthetic utility 

of the protocol was demonstrated by further transformations of nicotinates to their corresponding oxides, 

sulfones, and acid derivatives. 



 

146 
 

 

 

Scheme 4.1.10. Copper-Catalyzed Intramolecular Selenoamination of Enynyl Azides. 

In 2019, the Xu group disclosed Se-radical triggered cascade cyclization of alkyne-tethered 

cyclohexadienones via the formation of 3,5-diselenyl-4a,8a-dihydro-2H-chromen-6(5H)-one followed by 

the hydrolysis in presence of CsOAc to afford 5-hydroxy-3-selenyl-4a,8a-dihydro-2H-chromen-6(5H)-ones 

(Scheme 4.1.11).15 Some of the synthesized compounds exhibited potent inhibitory activities by MTT assay 

against different cell-lines with notable IC50 values. 

 

Scheme 4.1.11. Visible-light Mediated Selenylative Cyclization to Synthesize 5-hydroxy-3-selenyl-4a,8a-

dihydro-2H-chromen-6(5H)-ones. 

In 2019, Perin et al. disclosed a consecutive electrophilic selenylative intramolecular cyclization of 

1,3-ynes with diorganyl diselenides using Oxone to access 5H-selenopheno[3,2-c]isochromen-5-ones in 

moderate to good yield (Scheme 4.1.12).16 
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Scheme 4.1.12. Selenylative Cyclization to Synthesize of 5H-Selenopheno[3,2-c]isochromen-5-ones 

Promoted by Diorganyl Diselenides and Oxone. 

In 2019, Lenardao and his co-workers developed an electrophilic cyclization of 2-functionalized 

chalcogenoalkynes promoted by Oxone to afford a library of 2,3-bis organochalcogenyl-

benzo[b]chalcogenophenes in good to excellent yield (Scheme 4.1.13).17 

 

Scheme 4.1.13. Selenylative Cyclization Synthesis of 2,3-Bis-organochalcogenyl-

benzo[b]chalcogenophenes promoted by Oxone. 

 

In 2019, Perin et al. reported an Oxone-mediated electrophilic selenylative cyclization of α,β – 

alkynyl hydrazones with diorganyl diselenides in ethanol as solvent at 70 oC to afford a wide varieties of 

4-organoselanyl-1H-pyrazoles in moderate to excellent yield (Scheme 4.1.14).18 The selenyl cation 

intermediate obtained from the reaction of diorganyl diselenides and Oxone was characterised by 77Se NMR 

spectroscopy and high-resolution mass spectroscopy (HRMS). 

 

Scheme 4.1.14. Selenylative Cyclization to Synthesize of 4-Organoselanyl-1H-pyrazoles 

In 2019, Baidya and co-workers disclosed a radical based switchable ortho/ipso oxidative 

cyclization of N-aryl alkynamides with readily available diaryl diselenides and K2S2O8 as an oxidant in 

DCE at 80 oC to access 3-selenyl quinolin-2-ones and 3-selenospiro [4,5]trienones in moderate to high yield 
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through the formation of a spirocyclic intermediate formed via an intramolecular ipso-cyclization route 

(Scheme 4.1.15).19 

 

Scheme 4.1.15. Selenylative Cyclization to Synthesize 4-Organoselanyl-1H-pyrazoles. 

In the same year, Wu et al. developed an AgNO2-catalyzed one-pot radical cyclization of 2-

alkynylanisoles or 2-alkynylthioanisoles using Se powder and aryl boronic acids in DMSO under aerobic 

atmosphere at 100 oC via the formation of two C−Se bonds, and a C−O(S) bond as well as the cleavage of 

a C−O(S) bond in a single step through the aryl selenium radical intermediate to afford a wide variety of 

selenated benzofurans or benzothiophenes in moderate to excellent yield (Scheme 4.1.16).20 

 

Scheme 4.1.16. Selenylative Cyclization to Synthesize Benzothiophenes. 

 

4.1.3. Conclusion. 

This short review revealed that selenylative annulation strategy is widely employed for the synthesis of 

selenyl heterocyclic compounds except for a couple of examples where selenyl carbocycles were 

synthesized.  However, most of the developed protocols require either a metal catalyst or over-

stoichiometric hazardous reagents. Hence the development of a metal-free, catalytic green synthetic 

strategy for the synthesis of organoselenides is highly desirable in the context of green chemistry. 
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4.2.1. Introduction. 

Considering the numerous potential applications of organoselenides and phenanthrenes in medicinal 

chemistry1, 2 as well as materials science,3,4 as described in the previous chapters (Chapters 2 and 3), the 

synthesis of selenylphenanthrenes is obviously of great importance. However, a literature survey revealed 

that only three synthetic methods have been developed so far which are based on the C-H annulation 

strategy of 2-alkynyl biaryls for the synthesis of selenyl phenanthrenes or polycyclic aromatic hydrocarbons 

(PAHs).5  

4.2.2. Review. 

In 2016, the Zeni group first developed a FeCl3-mediated electrophilic selanylative annulation of 2-alkynyl 

biaryls with diaryl diselenides (1.1 equiv) in dry DCM under inert atmosphere to synthesize 9-arylselanyl-

10-aryl-phenanthrenes in moderate to good yield (Scheme 4.2.1).6 However, the method suffered from 

several limitations such as low atom economy, the requirement of iron salt in over stoichiometric amounts, 

hazardous chlorinated solvent (DCM) and inert atmosphere, generation of iron complex, and aryl selenols 

as waste, and limited substrate scope. 

 

Scheme 4.2.1. FeCl3-Mediated Electrophilic Selanylative Annulation of 2-Alkynyl Biaryls with Diaryl 

Diselenides. 

In 2021, Arsenyan et. al. reported a metal-free, oxidative selenylative annulation of 2-

alkynyl biaryls with diphenyl diselenide (2 equiv) in dry MeCN under aerobic atmosphere to 

synthesize 9-phenylselanylphenanthrenes in good yield.7 This method also suffered from several 

severe limitations such as very low atom-economy, the requirement of super stoichiometric diphenyl 
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diselenide (2 equiv), and a hazardous oxidant, m-CPBA (5 equiv), toxic solvent, MeCN, high temperature 

(100 oC), generation of hazardous wastes, and limited substrate scope. 

 

Scheme 4.2.2. Oxidative Selenylative Annulation of 2-Alkynyl Biaryls with Diphenyl Diselenides. 

The Li-group reported an electrophilic cyclization of alkynes with triflic anhydride-activated 

methyl selenoxides and only 9-phenylselanyl-10-phenyl-phenanthrene was synthesized in 68% 

yield from 2-(phenylethynyl)-1,1-biphenyl and phenyl methyl selenoxide.8 The serious limitations 

associated with this method are the requirement of hazardous reagents in stoichiometric or super 

stoichiometric amounts, toxic solvent, specific reaction conditions (-78 oC), moderate yield of product, very 

low atom-economy, generation of hazardous wastes and the requirement of two-step synthesis of phenyl 

methyl selenoxide from diphenyl diselenide involving hazardous reagents, thus limiting the substrate scope 

of this method in accessing selanyl PAHs. 

 

Scheme 4.2.3. Electrophilic Selenylative Cyclization of Alkynes with Triflic Anhydride-activated Methyl Selenoxides. 
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4.2.3. Conclusion. 

This review revealed that none of the three synthetics methods is catalytic in nature for the synthesis 9-

selenyl phenanthrenes. Moreover, all of them suffer from some serious limitations, as described above, in 

the context of green chemistry. Hence the development of a metal-free, catalytic, and sustainable synthetic 

method for the general synthesis of selenyl-phenanthrenes, PAHs, and polycyclic heteroaromatics is highly 

desirable. 
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4.3.1. Introduction. 

The most important goal of sustainable chemistry is to reduce the adverse consequences of the substances 

that we use and generate. Moreover, one of the most attractive concepts in chemistry for sustainability is 

“Green Chemistry” which is the utilization of a set of principles that reduces or eliminates the use of 

generation of hazardous substances in the design, manufacture, and applications of chemical products. It 

should be noted that the rapid development of Green Chemistry is due to the recognition that 

environmentally friendly products and processes will be economical in the long term. 

As a part of our continued interest in developing iodinecatalyzed oxidative annulation reactions,1,2 we 

developed a recyclable iodine-catalyzed, highly atom-economic oxidative radical selenylative annulation 

of 2- alkynyl biaryls with diselenides through the in situ formation of selenyl iodides to synthesize a wide 

variety of selanyl PAHs and polycyclic heteroaromatics in water using only a substoichiometric amount 

(0.3 equiv) of H2O2 as the green oxidant under aerobic atmosphere (Scheme 4.3.1). The notable advantages 

of this protocol over the previously developed synthetic methods are metal-free, highly atom-economic 

protocol, the requirement of inexpensive reagents such as iodine as a recyclable catalyst and H2O2 as a 

green oxidant only in sub-stoichiometric amounts, use of water as the green reaction medium and generation 

of water as the only major waste, broad substrate scope in accessing a wide variety of selanyl PAHs and 

polycyclic heteroaromatics, straight-forward scale-up process up to gram scale, high atom-efficiency, 

carbon-efficiency, reaction-mass-efficiency, EcoScale score, and low E-factor. The only limitation 

associated with our developed method was the requirement of high temperature (100 oC). 

 

Scheme 4.3.1.  Synthetic Strategies to Selanyl PAHs and Polycyclic Heteroaromatics in Water. 
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 The notable advantages of this protocol over the previously developed synthetic methods are metal-

free, highly atom-economic protocol, the requirement of inexpensive reagents such as iodine as a recyclable 

catalyst and H2O2 as a green oxidant only in sub-stoichiometric amounts, use of water as the green reaction 

medium and generation of water as the only major waste, broad substrate scope in accessing a wide variety 

of selanyl PAHs and polycyclic heteroaromatics, straight-forward scale-up process up to gram scale, high 

atom-efficiency, carbon-efficiency, reaction-mass-efficiency, EcoScale score, and low E-factor. The only 

limitation associated with our developed method was the requirement of high temperature (100 oC). 

4.3.2. Results and Discussion. 

 

We started our investigation of oxidative selenylative annulation with 2-(phenylethynyl)-1,1-biphenyl 1a 

using 0.6 equiv diphenyl diselenide 2a, 20 mol% iodine, and 0.6 equiv H2O2 (30% aqueous v/v solution) 

in water (0.06 mL) at 60 oC under aerobic atmosphere which furnished the desired product, phenyl(10-

phenylphenanthren-9-yl)selane 3aa in 65% yield along with trace amount of 9-iodo-10-

phenylphenanthrene 4a (entry 1, Table 4.3.1). The yield of 3aa increased gradually with the gradual 

increase in temperature up to 100 oC, which was found as the optimum temperature for the selenylative 

annulation reaction (entry 3 vs. entries 1–4, Table 4.3.1). The stoichiometry of 2a was then optimized, and 

the usage of 0.6 equiv of 2a furnished the best result (entry 3 vs. entries 5–6, Table 4.3.1), which revealed 

that both the units of 2a are reactive. Notably, the use of sub-stoichiometric (0.3 equiv) H2O2 (30% aqueous 

v/v solution) was found to be optimum, furnishing only the desired product in almost quantitative yield 

(99%) (entry 7 vs. entries 3 and 8, Table 4.3.1). Among other oxidants such as TBHP, Na2S2O8, K2S2O8, 

m-CPBA, and oxone, only TBHP furnished 3aa in 98% yield (entry 7 vs. entries 9–13, Table 4.3.1). 

Although the reaction outcome was comparable using either H2O2 or TBHP as oxidant (entry 7 vs. 9, Table 

1), we chose H2O2 for our further study as it is a greener oxidant than TBHP. When DMSO (10 equiv) was 

used as oxidant as well as solvent, 60% 3aa was formed (entry 14, Table 4.3.1). Among other solvents 

(0.06 mL), such as methanol, 1,4-dioxane, DMF, MeCN, toluene, and DCM, 3aa was formed almost 

quantitatively (99%) only in toluene (entry 19 vs. entries 15–20, Table 4.3.1). Although the reaction 

outcome was the same using either water (0.06 mL) or toluene (0.06 mL) as solvent (entry 7 vs. 19, Table 

4.3.1), we chose water as the reaction medium for our further study as it is a green solvent. The use of either 

inorganic bases (K2CO3 and K3PO4) or an organic base (Et3N) harmed the reaction outcome (entry 7 vs. 

entries 21–23, Table 4.3.1). Lowering the catalyst loading to 10 mol% also negatively impacted the reaction 

outcome (entry 24, Table 4.3.1). The use of 0.06 mL water was found optimum (entry 7 vs. entries 25–26, 

Table 4.3.1). The blank experiments revealed the essential roles of iodine, H2O2, and a combination of both 
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of them (entry 7 vs. entries 27–29, Table 4.3.1). Notably, 42% 3aa was formed in the absence of H2O2, 

which revealed the participation of aerobic oxygen as another green oxidant too in the reaction (entry 28, 

Table 4.3.1). 

Table 4.3.1. Optimization of reaction conditionsa,b 

 

aReactions were conducted in 0.1 mmol scale; bconcentration of H2O2 used, wherever applicable, was 30% aqueous 

solution (v/v); cyield was determined by the 1H NMR of the crude reaction mixture using 1,3,5-trimethoxybenzene 
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as the internal standard; dreaction mixture was refluxed using cold-water circulation; eK2CO3 (1.2 equiv) was used; 

fK3PO4 (1.2 equiv) was used; gEt3N (1.2 equiv) was used. 

The participation of aerobic oxygen as an oxidant eventually lowered the required stoichiometry of 30% 

aqueous solution (v/v) of H2O2 (0.3 equiv for 1a and 0.5 equiv for 2a), leading to the higher atom economy 

of the reaction. The use of sub-stoichiometric H2O2 is found to be indispensable for the higher atom-

economy of the reaction as the use of super-stoichiometric H2O2 may cause the higher loading of diphenyl 

diselenide 2a owing to its favourable oxidation to phenyl selenic acid (PhSeO3H) by super-stoichiometric 

H2O2.
3 Notably, it has been found that the use of excess H2O2 (5 equiv) oxidized diphenyl diselenide 2a to 

phenyl selenic acid (PhSeO3H) quantitatively,3 but the same reaction was not effective at all when only 0.5 

equiv of H2O2 was used, as evident by the 77Se NMR spectrum of the corresponding reaction mixtures (Fig 

4.3.1). 

 

Figure 4.3.1. 77Se NMR of (A) Ph2Se2; (B) Ph2Se2 + H2O2 (5 equiv), 100 oC, 12 h; (C) Ph2Se2 + H2O2 (0.5 

equiv), 100 oC, 12 h; recorded in DMSO-d6. 

Next, the scope of the selenylative annulation reaction was explored with respect to both the substrates 

under the optimized reaction conditions, and the results are presented in Table 4.3.2. At first, the scope of 

diselenides was explored with 2-(phenylethynyl)-1,1-biphenyl 1a. Diphenyl diselenide 2a furnished the 

desired product 3aa in 98% isolated yield. Various diaryl diselenides such as electron-withdrawing (Br, Cl, 

F, CF3, and NO2) and electron-donating (Me) group substituted diaryl diselenides participated in the 

reaction with 1a smoothly to furnish the corresponding aryl(10-phenylphenanthren-9-yl)selanes (3ab–3ag) 
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in moderate to good yield. Notably, one dialkyl diselenide, i.e., dimethyl diselenide, reacted with 1a without 

any difficulties and afforded methyl(10-phenylphenanthren-9-yl)selane 3ah in 76% yield.  

Table 4.3.2. Substrate Scopea,b. 

 

 

aReaction conditions: 1 (0.5 mmol), 2 (0.3 mmol), I2 (0.1 mmol), 30% aq. solution (v/v) of H2O2 (0.15 mmol), H2O 

(0.3 mL), 100 °C. bIsolated yield of product was reported. 
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Next, the scope of 2-(phenylethynyl)-1,1-biaryls was explored with diphenyl diselenide 2a. Halogen 

(Cl, Br, and F) substituted and electron-donating (Me) group substituted 2-(phenylethynyl)-1,1-biaryls (1b-

1e) smoothly reacted with 2a to produce the corresponding phenyl(10-phenylphenanthren-9-yl)selanes 

(3ba–3ea) in good yield except 3ba. PAHs such as naphthalene, phenanthrene and pyrene-substituted 2-

phenylethynyl benzenes (1f – 1h) also underwent selenylative annulation with 2a under the optimized 

reaction conditions to furnish highly fused PAHs such as phenyl(6-phenylbenzo[c]phenanthren-5-yl)selane 

3fa, phenyl(5-phenylbenzo[g]chrysen-6-yl)selane 3ga, and phenyl(14-phenyldibenzo[ij,no]tetraphen-13-

yl)selane 3ha respectively in moderate yield. Next, the scope of 2-(arylethynyl)-1,1-biphenyls was 

explored with 2a and both electron-withdrawing (NO2, Cl) and electron-donating (Me, i-Pr) group 

substituted 2-(arylethynyl)-1,1-biphenyls (1i–1l) afforded the corresponding phenyl(10-arylphenanthren-

9-yl)selanes (3ia–3la). 2-(Cyclopropylethynyl)-1,1-biphenyl 1m also participated in the reaction with 2a 

to furnish (10-cyclopropylphenanthren-9-yl)(phenyl)selane 3ma in 54% yield. Finally, we employed a few 

2-heteroaryl-substituted phenylethynylbenzenes, i.e., 3-(2-(phenylethynyl)phenyl)thiophene 1n and 3-(2-

(phenylethynyl)phenyl)furan 1o which also underwent selenylative annulation with 2a under the optimized 

reaction conditions and produced two different classes of polycyclic heteroaromatics, i.e., 4-phenyl-5-

(phenylselanyl)naphtho[2,1-b]thiophene 3na and 4-phenyl-5-(phenylselanyl)naphtho[2,1-b]furan 3oa, 

respectively.  

In general, the scope of the reaction was found to be broad with respect to both substrates. The 

structures of 3ba, 3ea, and 3la were confirmed by X-ray crystallographic structure determination (Fig. 

4.3.2−4.3.4 and Table 4.3.3). The reactions were relatively more clean and efficient with diselenides 

compared to disulfides,2 since the by-product, 9-iodo-10-phenylphenanthrene 4a was hardly formed in most 

of the reactions. Unfortunately, the annulation of 1a did not work with diphenyl ditelluride, (PhTe)2. 

 

Figure 4.3.2. X-ray Crystal Structure of 3ba (Thermal Ellipsoids Shown at 50% Probability) Including 

Hetero-atom Numbering. 
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Figure 4.3.3.  X-ray Crystal Structure of 3ea (Thermal Ellipsoids Shown at 50% Probability) including 

Hetero-atom Numbering. 

 

 

 

 

 

 

 

Figure 4.3.4.  X-ray Crystal Structure f 3la (Thermal Ellipsoids Shown at 50% Probability) Including 

Hetero-atom Numbering. 
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Table- 4.3.3. Selected Crystal Data for Compounds 3ba, 3ea, 3la. 

 

Parameters 3ba 3ea 3la 

Empirical formula C26H17ClSe C27H20Se C29H24Se 

Formula weight 443.80 423.419 451.47 

Temperature/K 100 100 100 

Crystal system monoclinic monoclinic triclinic 

Space group P 1 21/c 1 P 1 21/c 1 P -1 

a/Å 15.3921(2) 11.2182(3) 9.9628(2) 

b/Å 10.18330(10) 10.3531(3) 10.1107(2) 

c/Å 13.1358(2) 17.3831(5) 12.9334(2) 

 (°) 

 

90 90 

 

71.458(2) 

 

 (°) 

 

107.7750(10) 100.258(3) 73.161(2) 

 

(°) 90 90 63.999(2) 

Volume/Å3 1960.65(4) 1986.66(10) 1092.75(4) 

Z 4 4 2 

μ/mm-1 3.894 2.605 2.402 

Dx [g cm-3] 1.503 1.416 1.372 

F(000) 896 862.989 463.6 

2 range for data collection 

(°) 

5.5900-79.1990 4.0480-79.2670 5.0300-79.4120 

 

Index ranges -19≤ h ≤ 19, - 

-12 ≤ k ≤ 12, - 

-16 ≤ l ≤ 13 

-13≤ h ≤ 14, - 

-11 ≤ k ≤ 12, - 

-16 ≤ l ≤ 21 

 

-12≤ h ≤ 9, - 

-12 ≤ k ≤ 12, - 

-16 ≤ l ≤ 16 

Reflections measured 7962 5183 12419 

Unique reflections 4133 4136 4610 

Parameters /restraints/ 321/0 254/0 285/0 

Goodness-of-fit on F2 1.149 1.085 1.027 

R1 [I ≥ 2 (I)] 0.075 0.100 0.0309 

wR2 (all data) 0.0882( 4133) 0.1256 (4136) 0.0814( 4610) 

Largest diff. peak/hole/e Å-3 0.548/-0.523 0.6378/-0.9648 0.5256/-0.6478 

 

CCDC 2176784 2176838 2170363 
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Scheme 4.3.2. Recovery and Recyclability of the Catalyst, Iodine. 

 

 

Next, we checked the feasibility of the recovery and recyclability the catalyst (iodine) after the reaction. 

Gratifyingly, we were able to recover 80% of the catalyst after the reaction of 1a with 2a, during the column 

chromatography stage and recycled the catalyst for the next (first) cycle experiment. After the first cycle 

experiment, we were able to recover 70% of the catalyst again and recycled the same for the second cycle 

experiment. In the recycling process of the catalyst the reaction outcome was found to be uncompromised 

in each time (Scheme 4.3.2). The little loss of the catalyst after each reaction could be because of the 

sublimation nature of iodine.  

To demonstrate the practicality of the developed synthetic method, a gram-scale reaction was 

conducted between 1a (1.017 g, 4 mmol) and 2a (0.749 g, 2.4 mmol) under the optimized reaction 

conditions, and 3aa was isolated in 80.6% yield (1.32 g, 3.224 mmol) which revealed that the scale-up 

process is straight-forward (Scheme 4.3.3). 

 

Scheme 4.3.3. Gram-scale Synthesis of 3aa. 

 

The synthesized product, 3aa, was further synthetically diversified through simple oxidation 

using m-CPBA to the corresponding selenoxide, 9-phenyl-10-(phenylseleninyl)phenanthrene 5 in 
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86% yield (Scheme 4.3.4.A). Moreover, the halogen, in particular, bromine (Br) which was intact 

in a couple of synthesized products (3ab and 3ca), was further utilized for synthetic diversification 

of 3ab and 3ca by a cross-coupling, i.e., Suzuki cross-coupling reaction using phenylboronic acid 

to afford 6 and 7 respectively in moderate yield (Scheme 4.3.4.B and 4.3.4.C). 

 

Table 4.3.4. Synthetic Diversification of 3aa, 3ab, and 3ca to Access 5, 6, and 7 Respectively. 
 

 

 

In order to measure the greenness of our developed method quantitatively, we evaluated the green 

chemistry metrics 4 for the synthesis of 3aa. The data is tabulated in Table 4.3.5. Notably, our method is 

found to be 95.8% atom economical, 93.9% atom efficient, 95.01% carbon-efficient, and 86.7% reaction 

mass efficient. In addition, an essential parameter to quantify the quality of an organic process based on the 

generated waste, i.e., E-factor, 4 is found to have a low value of 1.68 for the synthesis of 3aa, and the 

majority of the generated waste is water. Another crucial green parameter, i.e., EcoScale score, 4 which is 

based on an organic process’s safety, economic, and ecological features, is also evaluated, and it showed a 

high value of 70 for the synthesis of 3aa (Table 4.3.6). 
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Table 4.3.5. Evaluation of Green Chemistry Metrics for the Synthesis of 3aa. 

 
 



 

179 
 

Table 4.3.6. Calculation of EcoScale Score for the I2-Catalyzed Synthetic Process to 

Synthesize Phenyl(10-phenylphenanthren-9-yl)selane (3aa) from 2-(Phenylethynyl)-1,1'-

biphenyl (1a) and Diphenyl Diselenide (2a). 

 

 

To get insights into the reaction mechanism, several experiments were conducted. 

When diphenyl diselenide 2a reacted with iodine in DCM at room temperature, phenylselenyl 

iodide, PhSeI (6), was formed in situ, as evident by the LC-MS (Fig. 4.3.5) analysis (Scheme 

4.3.5.A). However, we could not detect the in situ formation of 6 in water may be because of 

relatively less life-time of PhSeI in water in comparison to DCM.  When the reaction of 1a was 
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conducted with 1.2 equiv of phenylselenyl bromide, PhSeBr 7 (Scheme 4.3.5.B) and 

phenylselenyl chloride, PhSeCl 8 (Scheme 4.3.5.C) in the presence of 0.3 equiv H2O2 (30% aq. 

sol. v/v) in water at 100 oC, 3aa was formed in 85% and 70% yield respectively. Hence, these 

observations revealed that the in situ formed PhSeI is not only the active intermediate for the 

iodine-catalyzed selenylative annulation of 2-alkynyl biaryls, but also a better reagent than its 

other halo-anlogues, i.e., PhSeBr and PhSeCl as the corresponding product 3aa was formed in 

relatively higher yield (99%) under similar reaction conditions (Scheme 4.3.5.D). Eventually, 

the order of reactivity of phenylselenyl halides (PhSeX where X = I, Br, and Cl) for the 

selenylative annulation of 2-alkynyl biaryls is found to be PhSeI (6) > PhSeBr (7) > PhSeCl 

(8) and that could be because of the opposite order of bond dissociation energies (BDE) of 

PhSe-X, i.e., PhSe-I (6) < PhSe-Br (7) < PhSe-Cl (8) which were calculated using the following 

equation: BDEX = EPhSe• + EX• – EPhSeX [where, EPhSeX represents Gibb’s free energy 

for PhSeX, EPhSe• represents Gibb’s free energy for PhSe• radical, and EX• is Gibb’s free 

energy for halogen radical] (Table 4.3.7). 

 

 

  

 

Figure 4.3.5. Mass Spectrum of the Reaction Mixture of Diphenyl Diselenide and I2. 
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Scheme 4.3.5. In situ Detection of PhSeI and The Reactions of 1a with PhSeBr, PhSeCl and 

in situ Formed PhSeI. 

 

aYield was determined by the 1H NMR of the crude reaction mixture using 1,3,5-trimethoxybenzene as the internal standard. 

Calculation of the Bond Dissociation Energies (BDE) for PhSe-X (X = Cl, Br, and I) 

The bond dissociation energies (BDE) for PhSe-X (X=Cl, Br, and I) were calculated using the 

following equation: BDEX = EPhSe
•
 + EX

• – EPhSeX 

where, EPhSeX
 represents Gibb’s free energy for PhSeX (X= Cl, Br, I), EPhSe

• represents Gibb’s 

free energy for PhSe• radical, and EX
•
 is Gibb’s free energy for halogen radical. 

Table 4.3.7. The Bond Dissociation Energies (kcal/mol) of the Se-X bond (X = Cl, Br, I) at 

the M06-2X/LanL2DZ Level of Theory in Water as an Implicit Solvent. 

 

System Bond dissociation energy (Se-

X bond, X=Cl, Br, I ) 

PhSeCl 47.53 

PhSeBr 39.57 

PhSeI 34.40 
 

Next, to figure out the involvement of any free radical, the reaction of 1a with 2a was conducted 

in the presence of various radical quenchers such as TEMPO, BHT, galvinoxyl radical, and 

ethene-1,1-diyldibenzene. In all cases, the yield of 3aa gradually decreased along with the 

increment of the stoichiometry of the corresponding quencher (Table 4), revealing the 

involvement of free radicals in the reaction. Moreover, (2,2-diphenylvinyl)(phenyl)selane 9 
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was detected in situ by LC-MS (Fig. 4.3.6) in the radical quenching experiment using ethene-

1,1-diyldibenzene as the quencher which revealed that the reaction involved the in situ 

formation of phenylselenyl radical  from 2a (Scheme 4.3.6).5 

Table 4.3.8. Radical Quenching Experimentsa. 

 

aReactions were conducted in 0.1 mmol scale; byield was determined by the 1H NMR of the crude 

reaction mixture using 1,3,5-trimethoxybenzene as the internal standard. 

 

Scheme 4.3.6. Radical Quenching Experiment using ethene-1,1-diyldibenzene and in situ 

Detection of 9.  
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To further validate the radical pathway for the oxidative selenylative annulation of 2-

alkynyl biaryls, particularly to investigate any possibility of the involvement of the polar (ionic) 

pathway in the reaction, we conducted computational studies. Specifically, to investigate the 

minimum energy pathway for forming 3aa from 1a and 6, formed in situ from 2a and iodine, 

we employed Density Functional Theory (DFT) calculations using Gaussian09 package5 with 

water as the implicit solvent (Fig 4.3.7). We investigated both the radical and polar pathways. 

We noted that the free energy barrier for the initial step for the polar pathway is highly energy 

demanding (∆G# = 31.75 kcal/mol, Fig. 4.3.8), suggesting that the polar pathway is not likely 

to be operative under reaction conditions (at 100 ºC). The radical mechanism entails homolytic 

cleavage of phenylselenyl iodide (PhSeI) to phenylselenyl radical (PhSe•), 11, and iodine 

radical (I•). The conversion of the PhSeI (singlet) → PhSe• + I• (triplet) is endergonic (∆G = 

15.98 kcal/mol). In the first step after the formation of radicals, PhSe• and I• interact with the 

triple bond of 2-(phenylethynyl)-1,1՛-biphenyl, 1a to from intermediate A (our reference point 

Figure 4.3.6. Mass Spectrum of the Reaction Mixture of 1a and Diphenyl Diselenide 2a in the 

Presence of Radical Quencher, Ethene-1,1-diyldibenzene under Standard Reaction Conditions. 
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for free energy profile) (Figure 3). Subsequently, A transforms to 10 with a low free energy 

barrier of 8.91 kcal/mol through the transition state TS1a. In the next step, 10 undergoes C-C 

bond rotation to form 10՛. We noticed π – π interaction between phenyl rings of the 

phenylethynyl and phenylselenyl groups during these conformational arrangements. The 

transformation from 10՛→11 (new C-C bond formation) through TSb required high activation 

free energy (19.45 kcal/mol) due to loss in the aromaticity of a phenyl ring of the biphenyl 

group. However, intermediate 11 is stabilized by the delocalization of the radical over the 

remaining double bonds of the phenanthrenyl ring. Due to such stabilization over previous 

vinyl radical (10), 11 is almost thermoneutral to A (∆G = 1.39 kcal/mol). Subsequently, the 

formation of 3aa from 11 involves the abstraction of a proton from the phenyl ring. This step 

is energetically demanding with an activation free energy barrier of 21.02 kcal/mol through 

TSc. 

 

 

Figure 4.3.7. Free Energy Profile for the Conversion of 1a and PhSeI 6, Formed in situ 

from Diphenyl Diselenide 2a and I2, to 3aa through the Radical Pathway in Water as 

Implicit Solvent at LanL2DZ/M06-2X Level of Theory. Free Energies are Referenced 

to the Intermediate A. 



 

185 
 

 

Scheme 4.3.7. Proposed Reaction Mechanism. 
 

 

 

Based on the experimental and computational studies we proposed a reaction mechanism for 

synthesizing 3aa from 1a and 2a as outlined in Scheme 4.3.7. At first, phenylselenyl iodine, 

PhSeI 6 was formed in situ from 1a and 2a.6 Then, PhSeI underwent homolytic cleavage under 

 

Figure 4.3.8. Free Energy Profile for the Initial Step for the Conversion of 1a and PhSeI to 3aa 

through the Polar Pathway in Water. 
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the reaction conditions to form iodine radical (I•) and phenylselenyl radical (PhSe•), which 

immediately added to 1a to form the corresponding vinyl radical 10. Intramolecular cyclization 

of the vinyl radical 10 with the tethered phenyl ring furnished highly stable phenanthrenyl 

radical 11.  Abstraction of a hydrogen atom by the iodine radical, driven by the aromatic 

stabilization energy, furnished the desired product 3aa along with the generation of HI, which 

subsequently underwent oxidation by H2O2 or aerobic oxygen to regenerate molecular iodine 

in the catalytic cycle. 

4.3.3. Conclusions. 

 

We have developed a metal-free, highly atom-economic, cost-effective, scalable, and 

sustainable synthetic strategy of oxidative selenylative annulation of 2-alkynyl biaryls or 2-

heteroaryl-substituted alkynyl benzenes with ready available diselenides in water, for the first 

time, through the in situ formation of the corresponding selenyl iodides. The organic 

transformation required only a couple of inexpensive reagents, such as iodine as a catalyst and 

H2O2 as a green oxidant only in sub-stoichiometric amounts (0.3 equiv). A wide variety of 

selanyl PAHs such as phenanthrenes, benzo[c]phenanthrene, benzo[g]chrysene, and 

dibenzo[ij,no]tetraphene and also selanyl polycyclic heteroaromatics such as naphtho[2,1-

b]thiophene and naphtho[2,1-b]furan were synthesized in moderate to excellent yield. In 

contrast to the previously reported electrophilic (ionic) selenylative annulations of 2-alkynyl 

biaryls,3,6,7 we unveiled and proposed that the reaction mechanism operates through a radical 

pathway but not through a polar (ionic) pathway, as supported by both experimental and 

computational studies. The in situ formed phenylselenyl iodide (PhSeI) was found to be more 

reactive than the commercially available PhSeBr or PhSeCl for the synthesis of selanyl PAHs 

or polycyclic aromatic hydrocarbons. Several synthesized products, such as 3aa, 3ab, and 3ac 

were further synthetically diversified to some interesting new  molecules. The notable 

advantages of this radical selenylative annulation over the previously reported electrophilic 

(ionic) annulations of 2-alkynyl biaryls are a) transition-metal-free protocol, b) use of iodine 

as a catalyst, c) use of sub-stoichiometric H2O2 and aerial oxygen as the green oxidants, d) use 

of water as a solvent, e) broad substrate scope in accessing a wide variety of selanyl PAHs, f) 

water was formed as the only major waste, f) straight-forward scale-up process, g) excellent 

green chemistry parameters such as high atom-economy (95.8%), high atom-efficiency 

(93.9%), high carbon-efficiency (95.01%), high reaction-mass-efficiency (86.7%), low E-
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factor (1.68) and high EcoScale score (70). All the green parameters of this radical selenylative 

annulation strategy in synthesizing selanyl PAHs would obviously be superior to those of the 

previously reported electrophilic (ionic) annulation strategies. Moreover, selanyl polycyclic 

heteroaromatics were also successfully synthesized in water by this protocol for the first time, 

to the best of our knowledge. Significantly, the catalyst, iodine was recovered after the reaction 

during column chromatography stage and recycled twice successfully without any 

compromisation in the yield of the product. Hence, we believe this green strategy of radical 

selenylative annulation will find practical applications in synthesizing other classes of valuable 

or challenging molecules. 

4.3.4. Experimental Section. 

General Experimental Procedure for the Synthesis of 9-Selenylphenanthrenes (3aa-3ah 

and 3ba−3ma) and Selenyl Polycyclic Heteroaromatics (3na and 3oa).  

 

Representative Experimental Procedure for the Synthesis of Phenyl(10-

phenylphenanthren-9-yl)selane (3aa): 2-(phenylethynyl)-1,1'-biphenyl 1a (0.127 g, 0.5 

mmol, 1 equiv), 1,2-diphenyldiselane 2a (0.094 g, 0.3 mmol, 0.6 equiv) and I2 (0.0254 g, 0.1 

mmol) were taken in a round-bottomed flask (RBF) and H2O (0.3 mL) was added to it. Then 

30% aqueous H2O2 (v/v) (0.012 mL, 0.15 mmol, 0.3 equiv) was added to the RBF and the 

reaction mixture was stirred in an oil bath at 100 oC under aerobic atmosphere. The progress 

of the reaction was monitored by TLC. The solution was then transferred to a separating funnel 

for extraction. The reaction mixture was extracted with ethyl acetate twice (2 X 20 mL) and 

the combined organic layer was washed with water (3 X 10 mL). The solvent was evaporated 

under reduced pressure and iodine was recovered from the reaction mixture first by column 

chromatography using pentane as eluent. The column chromatography process was further 

continued to afford the pure product, phenyl(10-phenylphenanthren-9-yl)selane 3aa (0.202 g, 

0.495 mmol) in 98% yield using hexane as eluent. 
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Experimental Procedure for the Synthesis of 9-Phenyl-10-

(phenylseleninyl)phenanthrene. 

 

3-Chloroperoxybenzoic acid, m-CPBA (purity: 65-70%) (0.140 g, 0.525 mmol) was added to 

a solution of phenyl(10-phenylphenanthren-9-yl)selane 3aa (0.205 g, 0.5 mmol) dissolved in 

dichloromethane (2.5 mL) at 0 oC. The reaction mixture was cooled at 0 oC. Then, the reaction 

mixture was stirred vigorously for 2 h. After the completion of the reaction the solvent was 

evaporated under reduced pressure. The crude reaction mixture was extracted with 

dichloromethane thrice (3 x 10 mL). The combined organic layer was washed with water (3 x 

10 mL) and evaporated under reduced pressure. The crude product was purified by flash 

column chromatography through silica gel to afford the 9-phenyl-10-

(phenylseleninyl)phenanthrene 5 in (0.182 g, 0.43 mmol) in 86% yield. 

Experimental Procedure of Suzuki Coupling Reaction of 4-Bromophenyl)(10-

phenylphenanthren-9-yl)selane 3ab and (2-Bromo-10-phenylphenanthren-9-

yl)(phenyl)selane 3ca. 

 

Representative Experimental Procedure for the Suzuki Reaction with 3ab: 4-

Bromophenyl)(10-phenylphenanthren-9-yl)selane 3ab (0.146 g, 0.3 mmol, 1 equiv), phenyl 

boronic acid (0.040 g, 0.33 mmol), Pd(PPh3)4 (0.017 g, 0.015 mmol), K2CO3 (0.248 g, 1.8 
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mmol) and solvent (0.96 mL, EtOH : H2O : PhMe = 1:1:4.4) were taken in a 25 mL round-

bottom flask (RBF). The reaction mixture was refluxed at 110 oC and the progress of the 

reaction was monitored by thin layer chromatography. The mixture was cooled to room 

temperature and extracted with ethyl acetate (30x3 mL) three times. The combined organic 

layer was further washed with brine (30 mL) and subsequently dried over anhydrous Na2SO4. 

Finally the solvent was evaporated under reduced pressure to get the crude product which was 

purified by flash column chromatography on silica gel to afford [1,1'-biphenyl]-4-yl(10-

phenylphenanthren-9-yl)selane 6 (0.0958 g, 0.2 mmol) in 65% yield. 

4.3.5. Analytical Data of All Aynthesized Products (3aa - 3ah, 3ba 

- 3oa and 5, 6, 7). 

 

Phenyl(10-phenylphenanthren-9-yl)selane (3aa):3 Yellow solid (0.201 

g, 98%); eluent hexane; mp = 82−84 oC; 1H NMR (400 MHz, CDCl3) δ 

8.85 – 8.74 (m, 3H), 7.72 (m, 2H), 7.62 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 

7.56 – 7.50 (m, 2H), 7.50 – 7.46 (m, 3H), 7.33 – 7.27 (m, 2H), 7.10 (d, J 

= 1.5 Hz, 5H). 13C NMR (100 MHz, CDCl3) δ 146.81, 141.95, 134.23, 132.42, 132.13, 131.07, 

130.70, 130.62, 129.65, 129.13, 128.90, 127.94, 127.61, 127.57, 127.43, 127.29, 127.02, 

126.72, 125.47, 122.68, 122.55 (Overlapping peaks are present). 77Se NMR (76 MHz, DMSO-

d6) δ 318.29 (s). 

 

4-Bromophenyl)(10-phenylphenanthren-9-yl)selane (3ab): 

Yellow solid (0.185 g, 76%); eluent hexane; mp = 127−129 oC; 1H 

NMR (400 MHz, CDCl3) δ 8.61 (t, J = 7.4 Hz, 2H), 8.50 (dd, J = 8.3, 

1.0 Hz, 1H), 7.56 – 7.50 (m, 2H), 7.43 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 

7.37 – 7.27 (m, 5H), 7.10 – 7.06 (m, 2H), 7.02 – 6.96 (m, 2H), 6.78 – 6.70 (m, 2H). 13C NMR 

(100 MHz, CDCl3) δ 146.99, 141.75, 133.18, 132.11, 132.02, 131.88, 131.09, 130.74, 130.59, 

130.31, 129.54, 128.91, 127.99, 127.68, 127.61, 127.40, 127.14, 126.81, 122.78, 122.55, 

119.35 55 (Overlapping peaks are present).77Se NMR (76 MHz, CDCl3) δ 323.21 (s).  HRMS 

(ESI) m/z calcd for C26H17BrSe [M]: 487.9679; found: 487.9665. 
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(2-Chlorophenyl)(10-phenylphenanthren-9-yl)selane (3ac): Yellow 

solid (0.160 g, 72%); eluent hexane;  1H NMR (400 MHz, CDCl3) δ 8.84 

(t, J = 8.8 Hz, 2H), 8.70 (dd, J = 8.3, 1.0 Hz, 1H), 7.75 (ddd, J = 15.7, 7.7, 

1.3 Hz, 2H), 7.67 – 7.60 (m, 2H), 7.58 – 7.53 (m, 1H), 7.52 – 7.47 (m, 

3H), 7.33 (ddd, J = 6.0, 3.4, 1.5 Hz, 3H), 7.03 (td, J = 7.7, 1.5 Hz, 1H), 6.85 (td, J = 7.8, 1.3 

Hz, 1H), 6.70 (dd, J = 8.0, 1.5 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 147.63, 141.55, 134.67, 

132.31, 132.12, 132.09, 131.21, 130.70, 130.27, 129.45, 129.25, 129.07, 128.97, 127.98, 

127.76, 127.69, 127.44, 127.19, 127.04, 126.77, 126.71, 126.20, 122.74, 122.56. 77Se NMR 

(76 MHz, CDCl3) δ 321.32 (s). HRMS (ESI) m/z calcd for C26H17ClSe [M]: 444.0184; found: 

444.0191. 

 

(2-Fluorophenyl)(10-phenylphenanthren-9-yl)selane (3ad): Yellow 

solid (0.151 g, 71%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.81 

(d, J = 8.8 Hz, 2H), 8.65 (dd, J = 8.3, 1.0 Hz, 1H), 7.74 – 7.68 (m, 2H), 

7.61 – 7.57 (m, 1H), 7.51 – 7.49 (m, 2H), 7.47 – 7.43 (m, 3H), 7.27 (s, 

1H), 7.25 – 7.24 (m, 1H), 7.05 (dtd, J = 6.4, 5.4, 2.7 Hz, 1H), 6.98 – 6.93 (m, 1H), 6.77 – 6.72 

(m, 1H), 6.70 – 6.65 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 159.79 (d, 1JC-F = 241 Hz), 

147.50, 141.68, 132.22 (d, 3JC-F = 18 Hz), 131.18, 130.72, 130.32, 129.50, 128.92, 128.01, 

127.68, 127.63, 127.45, 127.28, 127.15, 127.08, 126.79, 125.81, 125.53, 124.68, 124.66, 

122.67 (d, 3JC-F = 17 Hz), 120.96 (d, 2JC-F = 22 Hz), 115 (d, 2JC-F = 22 Hz). 77Se NMR (76 

MHz, CDCl3) δ 321.26 (s). 19F NMR (377 MHz, CDCl3) δ -106.16 (s).  HRMS (ESI) m/z 

calcd for C26H17FSe [M]: 428.0480; found: 428.0483. 

 

(10-Phenylphenanthren-9-yl)(4-(trifluoromethyl)phenyl)selane 

(3ae): Yellow solid (0.16 g, 67%); eluent hexane; mp = 190−192 

oC; 1H NMR (400 MHz, CDCl3) δ 8.78 – 8.73 (m, 2H), 8.58 (d, J 

= 8.2 Hz, 1H), 7.66 (m, 2H), 7.56 (dd, J = 11.2, 4.0 Hz, 1H), 7.48 – 

7.38 (m, 5H), 7.26 – 7.18 (m, 4H), 7.07 (d, J = 8.2 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 

147.40, 141.71, 139.69, 132.07, 131.24, 130.82, 130.17, 129.45, 129.03, 128.61, 128.05, 

127.84, 127.82, 127.67, 127.52, 127.30, 126.91, 126.47, 125.61, 125.58, 122.89, 122.62, 

120.10. 77Se NMR (76 MHz, CDCl3) δ 333.47 (s). 19F NMR (76 MHz, CDCl3) δ -62.44 (s).  

HRMS (ESI) m/z calcd for C27H17F3Se [M]: 478.0448; found: 478.0447. 



 

191 
 

 

(4-Nitrophenyl)(10-phenylphenanthren-9-yl)selane (3af): 

Yellow solid (0.151 g, 66%); eluent hexane; mp = 170−172 oC; 1H 

NMR (400 MHz, CDCl3) δ 8.74 (d, J = 4.0 Hz, 2H), 8.49 (d, J = 

7.8 Hz, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 5.6 Hz, 2H), 7.58 

– 7.53 (m, 1H), 7.44 (d, J = 26.3 Hz, 5H), 7.19 (s, 2H), 7.06 (d, J = 7.9 Hz, 2H). 13C NMR 

(100 MHz, CDCl3) δ 147.74, 145.61, 145.13, 141.50, 131.99, 131.79, 131.35, 130.93, 129.79, 

129.29, 129.12, 128.39, 128.13, 128.09, 127.99, 127.71, 127.49, 127.05, 125.82, 123.79, 

123.04, 122.68. 77Se NMR (76 MHz, CDCl3) δ 350.20 (s). HRMS (ESI) m/z calcd for 

C26H18NO2Se [M + H]+: 456.0497; found: 456.0499. 

 

(10-Phenylphenanthren-9-yl)(p-tolyl)selane (3ag):8 White solid 

(0.146 g, 69%); eluent hexane; mp = 110−112 oC; 1H NMR (400 

MHz, CDCl3) δ 8.85 – 8.74 (m, 3H), 7.71 (m, 2H), 7.61 (m, 1H), 

7.57 – 7.44 (m, 5H), 7.36 – 7.28 (m, 2H), 7.01 (d, J = 8.2 Hz, 2H), 

6.91 (d, J = 8.0 Hz, 2H), 2.24 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 146.62, 142.03, 135.26, 

132.45, 132.13, 131.02, 130.69, 130.32, 129.73, 129.28, 128.85, 127.93, 127.51, 127.34, 

127.25, 126.94, 126.68, 122.65, 122.52, 20.8855 (Overlapping peaks are present). 

 

Methyl(10-phenylphenanthren-9-yl)selane (3ah): Yellow solid (0.129 g, 

74%); eluent hexane; mp = 150−152 oC; 1H NMR (400 MHz, CDCl3) δ 

8.77 (d, J = 7.5 Hz, 1H), 8.66 (t, J = 7.7 Hz, 2H), 7.62 (dd, J = 6.3, 2.5 Hz, 

2H), 7.56 – 7.53 (m, 1H), 7.44 – 7.42 (m, 2H), 7.36 – 7.33 (m, 2H), 7.23 

(dd, J = 5.4, 1.5 Hz, 2H), 7.15 (d, J = 2.4 Hz, 1H), 1.96 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ 145.44, 142.42, 132.32, 131.92, 130.55, 130.35, 129.94, 129.37, 128.53, 128.01, 127.68, 

127.43, 127.21, 126.99, 126.81, 126.64, 122.91, 122.44, 10.04. 77Se NMR (76 MHz, CDCl3) 

δ 118.24 (s).  Anal calcd for C21H16Se: C, 72.62; H, 4.64; found C, 72.26; H, 4.92. 

 

(6-Chloro-10-phenylphenanthren-9-yl)(phenyl)selane (3ba): Off 

White solid (0.120 g, 54%); eluent hexane; mp = 163−165 oC; 1H 

NMR (400 MHz, CDCl3) δ 8.72 (d, J = 2.1 Hz, 1H), 8.69 (d, J = 8.4 

Hz, 1H), 8.63 (d, J = 8.9 Hz, 1H), 7.71 (m, 1H), 7.53 – 7.43 (m, 6H), 
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7.25 – 7.22 (m, 2H), 7.10 – 7.00 (m, 5H). 13C NMR (100 MHz, CDCl3) δ 147.04, 141.63, 

133.87, 133.28, 132.45, 132.36, 131.80, 130.86, 130.09, 129.61, 129.20, 129.03, 128.03, 

127.93, 127.72, 127.47, 127.39, 127.14, 125.72, 122.63, 122.32 55 (Overlapping peaks are 

present). 77Se NMR (76 MHz, CDCl3) δ 325.10 (s).  HRMS (ESI) m/z calcd for C26H17ClSe 

[M]: 444.0184; found: 444.0190; the assignment is also supported by an X-ray crystallographic 

structure determination (CCDC 2176784). 

 

(2-Bromo-10-phenylphenanthren-9-yl)(phenyl)selane (3ca): 

Yellowish viscous solid (0.210 g, 86%); eluent hexane; mp = 190−192 

oC; 1H NMR (400 MHz, CDCl3) δ 9.03 – 8.89 (m, 2H), 8.85 – 8.75 (m, 

1H), 7.95 – 7.82 (m, 3H), 7.81 – 7.77 (m, 1H), 7.66 (dd, J = 4.5, 2.2 Hz, 

4H), 7.49 – 7.43 (m, 2H), 7.26 (s, 4H). 13C NMR (100 MHz, CDCl3) δ 

146.76, 145.53, 141.89, 141.06, 133.89, 133.44, 132.30, 130.84, 130.75, 130.45, 130.12, 

129.56, 129.21, 128.93, 128.11, 127.59, 126.98, 126.68, 125.62, 124.31, 122.52, 121.01. 77Se 

NMR (76 MHz, CDCl3) δ 328.34 (s).  HRMS (ESI) m/z calcd for C26H17BrSe [M]+: 487.9679; 

found: 487.9707. 

 

(2-Fluoro-10-phenylphenanthren-9-yl)(phenyl)selane (3da): Yellow 

solid (0.161 g, 75%); eluent hexane; mp = 140−142 oC; 1H NMR (400 

MHz, CDCl3) δ 8.79 – 8.75 (m, 1H), 8.74 – 8.71 (m, 1H), 8.68 (d, J = 8.1 

Hz, 1H), 7.69 (m, 1H), 7.58 (m, 1H), 7.46 (dd, J = 5.0, 1.9 Hz, 3H), 7.45 

– 7.41 (m, 1H), 7.26 – 7.22 (m, 2H), 7.14 (dd, J = 10.8, 2.7 Hz, 1H), 7.07 

(s, 5H). 13C NMR (100 MHz, CDCl3) δ 161.18 (d, 1JC-F = 245 Hz), 145.98, 141.40, 133.97, 

133.64 (d, 3JC-F = 8 Hz), 131.97, 130.79, 130.34, 129.56, 129.30, 129.23, 128.97, 128.16, 

127.67, 127.58, 127.38, 125.66, 124.90 (d, 3JC-F = 9 Hz) 122.52, 116.3 (d, 2JC-F = 24 Hz), 

113.27 (d, 2JC-F = 22 Hz) (Overlapping peaks are present). 77Se NMR (76 MHz, CDCl3) δ 

327.35 (s).  19F NMR (377 MHz, CDCl3) δ -113.38 (s).  HRMS (ESI) m/z calcd for C26H17FSe 

[M]+: 428.0480; found: 428.0506. 
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(4-Methyl-10-phenylphenanthren-9-yl)(phenyl)selane (3ea): Off 

White solid (0.176 g, 83%); eluent hexane; mp = 130−132 oC; 1H 

NMR (400 MHz, CDCl3) δ 8.79 (d, J = 8.0 Hz, 1H), 8.75 (dd, J = 

8.2, 1.4 Hz, 1H), 7.52 (m, 3H), 7.42 – 7.34 (m, 4H), 7.28 (dd, J = 8.1, 

7.1 Hz, 1H), 7.19 (dd, J = 6.4, 3.1 Hz, 2H), 7.05 – 6.94 (m, 5H), 3.11 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 147.13, 142.61, 134.85, 134.21, 133.58, 133.28, 132.00, 131.82, 131.29, 

130.31, 129.65, 129.13, 128.87, 127.90, 127.74, 127.62, 127.30, 127.17, 126.81, 125.73, 

125.55, 125.42, 27.22. 77Se NMR (76 MHz, CDCl3) δ 324.16 (s).  The assignment is supported 

by an X-ray crystallographic structure determination (CCDC 2176838). 

 

Phenyl(6-phenylbenzo[c]phenanthren-5-yl)selane (3fa):7 Off 

White solid (0.102 g, 44%); eluent hexane; mp = 122−124 oC; 1H 

NMR (400 MHz, CDCl3) δ 9.11 (t, J = 8.3 Hz, 2H), 8.84 (d, J = 8.2 

Hz, 1H), 8.01 (d, J = 7.6 Hz, 1H), 7.81 – 7.58 (m, 6H), 7.47 (m, 4H), 

7.28 (dd, J = 7.2, 2.2 Hz, 2H), 7.08 (s, 5H). 13C NMR (100 MHz, CDCl3) δ 146.01, 141.94, 

134.24, 133.65, 133.45, 130.51, 130.26, 130.02, 129.55, 129.44, 129.09, 128.93, 128.86, 

128.57, 128.19, 127.98, 127.40, 127.12, 127.03, 126.56, 126.22, 126.18, 125.70, 125.60. 

 

Phenyl(5-phenylbenzo[g]chrysen-6-yl)selane (3ga):7 Off White 

solid (0.140 g, 55%); eluent hexane; mp = 210−212 oC; 1H NMR 

(400 MHz, CDCl3) δ 8.81 – 8.66 (m, 4H), 8.58 (d, J = 8.0 Hz, 1H), 

7.71 (m, 2H), 7.63 – 7.53 (m, 3H), 7.50 – 7.34 (m, 6H), 7.06 (s, 6H). 

13C NMR (100 MHz, CDCl3) δ 144.55, 143.37, 134.51, 133.77, 

131.40, 131.29, 130.67, 130.25, 130.09, 129.93, 129.84, 129.54, 129.27, 129.14, 128.90, 

128.67, 128.10, 127.88, 127.57, 127.23, 126.95, 126.49, 126.21, 125.97, 125.70, 125.61, 

123.54, 123.03. 

 

Phenyl(14-phenyldibenzo[ij,no]tetraphen-13-yl)selane (3ha):7 

Brown solid (0.182 g, 68%); eluent hexane; mp = 220−222 oC; 1H 

NMR (400 MHz, CDCl3) δ 9.37 (d, J = 9.3 Hz, 1H), 9.16 (d, J = 8.2 

Hz, 1H), 8.87 (dd, J = 8.2, 1.1 Hz, 1H), 8.32 (d, J = 9.3 Hz, 1H), 8.27 

(d, J = 7.6 Hz, 1H), 8.16 (d, J = 7.2 Hz, 1H), 8.13 (s, 1H), 8.05 (t, J 
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= 7.6 Hz, 1H), 7.98 (d, J = 9.0 Hz, 1H), 7.90 (d, J = 9.0 Hz, 1H), 7.78 – 7.73 (m, 1H), 7.68 (dd, 

J = 11.1, 4.1 Hz, 1H), 7.58 – 7.52 (m, 3H), 7.40 – 7.36 (m, 2H), 7.15 (dd, J = 6.5, 3.3 Hz, 2H), 

7.12 – 7.06 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 146.39, 142.01, 134.17, 133.06, 131.65, 

130.95, 130.59, 130.22, 129.97, 129.55, 129.40, 128.98, 128.12, 128.03, 127.85, 127.57, 

127.33, 127.19, 127.13, 126.75, 126.40, 126.26, 126.13, 125.65, 125.19, 124.97, 124.76, 

124.33. 

 

(10-(3-Nitrophenyl)phenanthren-9-yl)(phenyl)selane (3ia): Yellow  

crystal (0.107 g, 47%); eluent hexane; mp = 150−152 oC; 1H NMR 

(400 MHz, CDCl3) δ 8.85 – 8.78 (m, 3H), 8.32 – 8.24 (m, 1H), 8.03 – 

7.98 (m, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.66 (d, J = 1.2 Hz, 1H), 7.60 

– 7.49 (m, 5H), 7.33 (dd, J = 8.4, 1.0 Hz, 1H), 7.06 – 7.04 (m, 2H), 6.98 (d, J = 1.6 Hz, 1H). 

13C NMR (100 MHz, CDC3) δ 147.84, 143.16, 136.07, 133.50, 131.40, 131.16, 130.82, 

130.58, 129.53, 129.10, 128.89, 128.63, 127.93, 127.89, 127.83, 127.68, 127.11, 126.14, 

125.04, 122.92, 122.83, 122.35. 77Se NMR (76 MHz, CDCl3) δ 352.1 (s).  HRMS (ESI) m/z 

calcd for C26H17NO2Se [M]: 455.0425; found: 455.0436. 

 

(10-(2-Chlorophenyl)phenanthren-9-yl)(phenyl)selane (3ja) :Yellow 

crystal (0.120 g, 54%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.84 

(t, J = 8.8 Hz, 2H), 8.70 (dd, J = 8.3, 1.0 Hz, 1H), 7.75 (m, 2H), 7.67 – 7.60 

(m, 2H), 7.58 – 7.53 (m, 1H), 7.52 – 7.47 (m, 3H), 7.33 (ddd, J = 6.0, 3.4, 

1.5 Hz, 3H), 7.03 (td, J = 7.7, 1.5 Hz, 1H), 6.85 (m, 1H), 6.70 (dd, J = 8.0, 1.5 Hz, 1H). 13C 

NMR (100 MHz, CDCl3) δ 147.63, 141.55, 134.67, 132.31, 132.12, 132.09, 131.21, 130.70, 

130.27, 129.45, 129.25, 129.07, 128.97, 127.98, 127.76, 127.69, 127.44, 127.19, 127.04, 

126.77, 126.71, 126.20, 122.74, 122.56. 77Se NMR (76 MHz, CDCl3) δ 322.65 (s). HRMS 

(ESI) m/z calcd for C26H17ClSe [M]: 444.0184; found: 444.0191. 

 

Phenyl(10-(m-tolyl)phenanthren-9-yl)selane (3ka): Yellow solid 

(0.180 g, 85%); eluent hexane; mp = 140−142 oC; 1H NMR (400 

MHz, CDCl3) δ 8.82 (t, J = 7.4 Hz, 3H), 7.73 (m, 2H), 7.68 – 7.59 (m, 

2H), 7.57 – 7.51 (m, 1H), 7.41 (t, J = 7.5 Hz, 1H), 7.33 (d, J = 7.6 Hz, 

1H), 7.14 (ddd, J = 14.6, 6.8, 2.6 Hz, 7H), 2.43 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 146.91, 
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141.82, 137.39, 134.37, 132.48, 132.17, 131.02, 130.61, 130.40, 129.28, 128.92, 128.84, 

127.99, 127.80, 127.63, 127.51, 127.36, 126.92, 126.67, 125.47, 122.66, 122.50, 21.50. 77Se 

NMR (76 MHz, CDCl3) δ 323.31 (s).  HRMS (ESI) m/z calcd for C27H20Se [M]: 424.0730; 

found: 424.0728. 

 

Phenyl(10-(4-propylphenyl)phenanthren-9-yl)selane (3la) :Reddish 

Brown solid (0.102 g, 45%); eluent hexane; mp = 125−127 oC; 1H NMR 

(400 MHz, CDCl3) δ 8.67 (t, J = 8.6 Hz, 2H), 8.59 (dd, J = 8.3, 1.0 Hz, 

1H), 7.61 – 7.55 (m, 2H), 7.49 – 7.45 (m, 1H), 7.42 (dd, J = 8.2, 1.4 Hz, 

1H), 7.40 – 7.36 (m, 1H), 7.14 (d, J = 9.5 Hz, 3H), 7.04 (d, J = 8.1 Hz, 2H), 6.95 (s, 4H), 2.63 

– 2.58 (m, 2H), 1.66 (dd, J = 15.1, 7.5 Hz, 2H), 0.93 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δ 146.93, 141.66, 139.17, 134.35, 132.48, 132.34, 131.06, 130.65, 129.51, 129.28, 

128.98, 128.88, 127.98, 127.81, 127.50, 127.36, 126.91, 126.68, 125.47, 122.67, 122.51, 37.92, 

24.43, 13.95. 77Se NMR (76 MHz, CDCl3) δ 323.50 (s).  HRMS (ESI) m/z calcd for C29H24Se 

[M]: 452.1043; found: 452.1046; the assignment is supported by an X-ray crystallographic 

structure determination (CCDC 2170363). 

 

 

(10-Cyclopropylphenanthren-9-yl)(phenyl)selane (3ma): Brown Viscous 

liquid(0.101 g, 54%); eluent hexane;  1H NMR (400 MHz, CDCl3) δ 7.49 – 

7.45 (m, 2H), 7.38 – 7.36 (m, 3H), 7.33 – 7.29 (m, 2H), 7.18 – 7.13 (m, 4H), 

7.10 – 7.08 (m, 2H), 1.75 (ddd, J = 8.2, 5.2, 3.0 Hz, 1H), 0.75 – 0.67 (m, 2H), 

0.64 – 0.57 (m, 1H), 0.43 – 0.35 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 143.49, 140.84, 

140.44, 138.06, 134.34, 132.27, 130.95, 130.08, 129.57, 129.46, 129.37, 129.08, 128.85, 

128.49, 128.43, 127.81, 127.18, 127.05, 126.43, 104.39, 24.23, 10.38, 9.41. 77Se NMR (76 

MHz, CDCl3) δ 410.69 (s). Anal calcd for C23H18Se: C, 73.99; H, 4.86; found C, 73.26; H, 

4.49. 

 

4-Phenyl-5-(phenylselanyl)naphtho[2,1-b]thiophene (3na): Yellow solid 

(0.160 g, 77%); eluent hexane; mp = 95−97 oC; 1H NMR (400 MHz, 

CDCl3) δ 8.76 (d, J = 8.3 Hz, 1H), 8.42 (dd, J = 8.1, 0.6 Hz, 1H), 8.08 (d, J 

= 5.5 Hz, 1H), 7.69 – 7.63 (m, 2H), 7.60 – 7.56 (m, 1H), 7.49 – 7.45 (m, 
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3H), 7.42 – 7.39 (m, 2H), 7.08 (s, 5H). 13C NMR (100 MHz, CDCl3) δ 142.45, 141.77, 139.71, 

137.00, 134.24, 132.82, 130.45, 129.10, 129.07, 128.89, 128.47, 128.10, 128.02, 126.78, 

126.68, 126.56, 125.52, 123.91, 123.86, 122.24. 77Se NMR (76 MHz, CDCl3) δ 306.69 (s).  

HRMS (ESI) m/z calcd for C24H16SSe [M]: 416.0138; found: 416.0139. 

 

4-Phenyl-5-(phenylselanyl)naphtho[2,1-b]furan (3oa): Brown solid 

(0.080 g, 40%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.73 (d, J = 

8.4 Hz, 1H), 8.21 (dd, J = 8.1, 0.7 Hz, 1H), 7.77 (d, J = 2.1 Hz, 1H), 7.63 

(dt, J = 4.2, 2.3 Hz, 1H), 7.55 – 7.51 (m, 1H), 7.46 – 7.43 (m, 3H), 7.39 (ddd, 

J = 3.6, 2.4, 1.7 Hz, 2H), 7.36 (d, J = 2.1 Hz, 1H), 7.08 – 7.00 (m, 5H). 13C NMR (100 MHz, 

CDCl3) δ 150.75, 145.54, 137.38, 134.71, 134.38, 132.19, 131.50, 130.69, 130.05, 129.11, 

128.94, 127.98, 127.79, 126.63, 126.01, 125.57, 124.53, 124.14, 123.76, 105.81. 77Se NMR 

(76 MHz, CDCl3) δ 302.58 (s). HRMS (ESI) m/z calcd for C24H16OSe [M]: 400.0366; found: 

400.0359. 

 

9-Phenyl-10-(phenylseleninyl)phenanthrene (5): Orange crystal (0.182 

g, 86%); eluent hexane; mp = 172−175 oC; 1H NMR (400 MHz, CDCl3) 

δ 8.99 (d, J = 8.2 Hz, 1H), 8.66 (dd, J = 14.6, 8.3 Hz, 2H), 7.71 – 7.64 (m, 

3H), 7.62 – 7.57 (m, 2H), 7.53 (m, 5H), 7.46 – 7.40 (m, 2H), 7.32 (m, 

3H). 13C NMR (100 MHz, CDCl3) δ 143.71, 141.87, 137.15, 135.40, 131.64, 131.23, 130.59, 

130.36, 130.31, 130.15, 129.20, 129.08, 128.59, 128.35, 127.31, 127.23, 127.05, 126.59, 

126.11, 122.65, 122.59 (Overlapping peaks are present). 77Se NMR (76 MHz, CDCl3) δ 

895.08 (s). HRMS (ESI) m/z calcd for C26H18OSe [M]: 426.0523; found: 426.0656. 

[1,1'-biphenyl]-4-yl(10-phenylphenanthren-9-yl)selane (6): 

Yellow liquid (0.095 g, 65%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) δ 8.86 – 8.76 (m, 3H), 7.72 (dd, J = 3.2, 1.8 Hz, 2H), 7.63 (d, 

J = 1.2 Hz, 1H), 7.54 – 7.53 (m, 1H), 7.52 – 7.47 (m, 6H), 7.40 (dd, 

J = 8.2, 6.8 Hz, 2H), 7.34 – 7.30 (m, 5H), 7.17 – 7.12 (m, 2H). 13C 

NMR (100 MHz, CDCl3) δ 146.89, 141.94, 140.40, 138.37, 133.41, 132.43, 132.15, 131.10, 

130.73, 130.62, 129.67, 129.44, 128.91, 128.69, 127.98, 127.66, 127.53, 127.50, 127.33, 

127.09, 127.07, 126.76, 126.66, 122.73, 122.57(Overlapping peaks are present). 77Se NMR 
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(76 MHz, CDCl3) δ 319.82 (s). Anal calcd for C32H22Se: C, 79.17; H, 4.57; found C, 79.84; 

H, 4.06. 

(2,10-diphenylphenanthren-9-yl)(phenyl)selane (7): Yellow solid 

(0.080 g, 55%); eluent hexane; mp = 73-75 oC; 1H NMR (400 MHz, 

CDCl3) δ 8.76 (ddd, J = 18.5, 9.3, 4.8 Hz, 3H), 7.95 (dd, J = 8.6, 2.0 Hz, 

1H), 7.71 – 7.67 (m, 2H), 7.60 – 7.57 (m, 1H), 7.57 – 7.49 (m, 3H), 7.45 

– 7.38 (m, 5H), 7.35 (dd, J = 4.9, 3.6 Hz, 1H), 7.28 (d, J = 2.4 Hz, 1H), 

7.23 (s, 1H), 7.05 (d, J = 4.2 Hz, 4H). 13C NMR (101 MHz, CDCl3) δ 144.05, 141.82, 140.65, 

140.57, 139.36, 134.25, 132.53, 130.72, 130.58, 130.23, 130.23, 129.71, 129.22, 128.94, 

128.85, 128.20, 128.04, 127.60, 127.45, 127.30, 127.15, 126.95, 126.68, 125.54, 123.20, 

122.76. 77Se NMR (76 MHz, CDCl3) δ 324.04 (s). Anal calcd for C32H22Se: C, 79.17; H, 4.57; 

found C, 79.95; H, 4.04.  
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1H ,13C and 77Se NMR Spectra of Some 

Selected 9-Selanylphenanthrenes and 

Polycyclic Heteroaromatics 
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Electrochemical Selenylative Annulation for 

the Synthesis of Organoselenides 
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5.1.1. Introduction. 

In the past few years, electrochemical organic synthesis (electrosynthesis) has become very 

attractive in terms of the economical, ecological, and green aspects of organic synthesis.1 

Electrosynthesis involves transferring charge between two electrodes to promote chemical 

reactions either by applying potential (Constant Potential Electrolysis) or current (Constant 

Current Elecytolysis). During an electrochemical reaction, there is no net consumption of 

electrons: the electrons gained at the anode (during oxidation) or supplied at the cathode 

(during reduction) are consumed or obtained, respectively, at another electrode in the reaction 

cell.2 Generally, one of these reactions is the reaction of interest and the electrode at which it 

occurs is called the working electrode. The counter-reaction occurs at another electrode, called 

the auxiliary or counter electrode, to maintain electron neutrality in the solution.3 This transfer 

of electrons from the working to the counter electrode turns electrosynthesis into a no-reagent 

approach.  In electrochemical organic synthesis, a challenging organic transformation could be 

designed and developed via the in situ formation of radical ion or free radical from easily 

accessible starting materials through anodic oxidation or cathodic reduction followed by 

subsequent C-C or C-X (X = heteroatom) bond formation resulting desired product (Fig. 

5.1.1).4  Electrochemical organic synthesis where electricity plays the role of an 

oxidizing/reducing reagent to generate reactive species in a controlled fashion under mild 

conditions offers several advantages over other chemical technologies or traditional organic 

synthesis such as cost-effective and sustainable protocol avoiding the requirement of expensive 

and hazardous metallic or non-metallic reagents in catalytic or stoichiometric amounts, energy-

efficient and mild reaction conditions, high functional group tolerance and generation 

minimum and inoffensive waste such as H2. 

 

Figure 5.1.1. Schematic representation of a general electrochemical organic transformation 

and its advantages over traditional chemical methods involving expensive and toxic reagents 

and catalysts. 



 

236 
 

In recent years, several electrochemical selenylative annulation/cyclization reactions 

are developed for the synthesis of organoselenides.  The state-of-the-art of electrochemical 

selenylative annulation is discussed below. 

 

5.1.2. Review.  

In 2023, Zhang and his co-workers reported an electrochemical cascade cyclization of 

dienes with diselenides in an undivided cell using graphite rod as anode and platinum plate as 

cathode through constant current electrolysis (5 mA) under N2 atmosphere at room temperature 

to access a wide variety of seleno-benzo[b]azepines, an important class of biologically active 

molecules5 (Scheme 5.1.1).6 

 

Scheme 5.1.1. Electrochemical Cyclization of Dienes with Diselenides to Access Seleno-

Benzo[b]azepines. 

 

In 2022, Braga et al. disclosed an electrochemical oxidative intramolecular cyclization 

of 2-alkynylphenol with diorganyl diselenides in an undivided cell using platinum as both 

anode and cathode under a constant current of 10 mA at room temperature under aerobic 

atmosphere to access a wide variety of selenylbenzo[b]furan derivatives in moderate to 

excellent yield (Scheme 5.1.2).7 Mechanistic studies revealed that the reaction proceeded via 

ionic pathway. 

 

Scheme 5.1.2. Electrochemical Synthesis of Selenylbenzo[b]furan Derivatives through the 

Cyclization of 2-Alkynylphenols  
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In 2022, Lei group reported an electrochemical oxidative selenocyclization of olefinic 

amides with diphenyl diselenides in an undivided cell through constant current electrolysis (30 

mA) using carbon rod as anode and platinum plate as cathode in CH3CN at 40 oC under argon 

atmosphere to synthesize a library of iminoisobenzofurans in moderate to excellent yield 

(Scheme 5.13).8 This method was found to be scalable without the compromisation of the yield. 

Mechanistic studies revealed that the reaction proceeded via a radical pathway. 

 

Scheme 5.1.3. Electrochemical Oxidative Selenocyclization of Olefinic Amides towards the 

Synthesis of Iminoisobenzofurans. 

In 2022, Liu et al. developed electrochemical oxidative three-component cyclization of 

allylic alcohols, boronic acids, and diaryl diselenides under a constant current of 5 mA at room 

temperature to access chalcogenated boronic esters in moderate to good yield (Scheme 5.1.4). 

9 The synthetic utility of this protocol was demonstrated by further conversion of selenated 

boronic esters into their corresponding 1,3-diols. 

 

Scheme 5.1.4. Electrochemical Oxidative Cyclization of Alkenes, Boronic Acids, and 

Dichalcogenides to Access Chalcogenated Boronic Esters and 1,3-Diols. 

In 2021, Sarkar and his co-workers disclosed an electrochemical selenocyclization of 

homopropargylic alcohols with diaryl diselenides in mixed solvent, CH3CN/TFE = 20:1 using 

platinum as both anode and cathode through constant current electrolysis (8 mA) at room 

temperature under argon atmosphere in an undivided cell to synthesize polysubstituted furans 

in moderate to good yield (Scheme 5.1.5).10 
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Scheme 5.1.5. Synthesis of Polysubstituted Furans through Electrochemical Selenocyclization 

of Homopropargylic Alcohols. 

In 2021, the Ruan group developed an electrochemical selenylative cyclization of 

alkene-tethered benzoic acids/amides with diorganyl diselenides through constant current 

electrolysis (8 mA) using platinum as both anode and cathode at room temperature to access 

iminoisobenzofuran and lactones (Condition A). When N-aryl acrylamides were employed as 

substrate to react with diselenides under similar conditions but higher temperature (50 – 70 oC), 

a library of oxindoles and quinolinones were obtained (Condition B). The gram-scale reactions 

were found to be straight-forward furnishing the desired products in high yield (Scheme 

5.1.6).11 

 

Scheme 5.1.6. Electrochemical Selenoyclization of Alkenes to Access Functionalized 

Benzheterocycles. 

In 2021, Reddy et al. disclosed selenylative carbannulation (6-endo-dig cyclization; 

when X≠ OMe) and dearomative ipso-annulation (when X = OMe) of biaryl ynones with 

diphenyl diselenide using graphite electrode as anode and platinum electrode as cathode in an 

undivided cell under constant current of 15 mA at room temperature to access a wide variety 

of seleno-dibenzocycloheptenones and spiro[5.5]trienones, respectively (Scheme 5.1.7).12 

4 
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Scheme 5.1.7. Electrochemical Selenylative Carbannulation of Biaryl Ynones to Seleno-

Dibenzocycloheptenones/Spiro[5.5]Trienones. 

In 2020, Junior et al. disclosed an electrochemical oxidative selenation of quinones with 

diaryl diselenides in CH3CN as solvent at room temperature for only 1 h an undivided cell 

through constant current electrolysis (15 mA) using platinum as both cathode and anode to 

access a library of quinonoid compounds (Scheme 5.1.8).13 Some of the synthesized 

compounds showed anticancer activity against different cell lines with notable IC50 values.  

 

Scheme 5.1.8. Electrochemical Selenocyclization of Quinones. 

 

In 2020, Weisi group developed an electrochemical selenylative cyclization of N-

allylthioamides with diorganyl diselenides to access a wide variety of selenium containing 2-

thiazolines in an undivided cell using graphite electrode as both cathode and anode under 

constant current of 2 mA at room temperature (Scheme 5.1.9).14 
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Scheme 5.1.9. Electrochemical Selenocyclization of N-Allylthioamides to Access 2-

Thiazolines. 

In 2020, Braga and his co-workers reported an electrochemical oxyselenylation of allyl-

naphthol/phenol derivatives in an undivided cell in CH3CN as solvent through constant current 

electrolysis (5 mA) using platinum as both cathode and anode to access a library of selenyl-

dihydrofuran in good to excellent yield (Scheme 5.1.10). 15 Notably, several synthesized 

products exhibited a high percentage of acetylcholinesterase (AChE) inhibition highlighting 

their potential anti-Alzheimer activity. 

 

Scheme 5.1.10. Electrochemical Selenocyclization of of Allylnaphthol/phenol Derivatives to 

Access Selenyl-dihydrofurans. 

In 2019, Guo and his co-workers developed an electrochemical selenylative cyclization 

of alkynoates and alkynamides with diselenides for the synthesis of Se-containing coumarins 

and quinolinones in moderate to good yield under constant current of 15 mA using graphite rod 

as anode and platinum plate as anode at room temperature for 2 h in an undivided cell (Scheme 

5.1.11). 16 This method was scalable without the compromisation of the yield of the product. 
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Scheme 5.1.11. Electrochemical Selenocyclization of Activated Alkynes with Diselenides. 

 

5.1.3. Conclusion. 

During the past two decades, electrochemistry has experienced increased popularity as a 

versatile method in organic synthesis, especially for the generation of highly reactive 

intermediates in a controlled way under mild conditions. This review revealed the recent 

developments of selenylative annulation reactions under electrochemical conditions for the 

synthesis of organoselenides, in particular, selenyl heterocyclic compounds. However, very 

few electrochemical selenylative annulation reactions have been developed so far for the 

synthesis of selenyl polycyclic aromatic hydrocarbons (PAHs) and polycyclic heteroaromatics. 

Hence, the development of electrochemical selenylative annulation reactions to access selenyl 

PAHs and polycyclic heteroaromatics is an unexplored area of research.  
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5.2.1. Introduction 

As discussed in the previous chapter, we developed a metal-free, catalytic method for the 

oxidative selenylative annulation of 2-alkynyl biaryls with diselenides (0.6 equiv) using iodine 

as a catalyst and H2O2 as the oxidant in water at 100 oC for the synthesis of selanyl PAHs 

including phenanthrens and polycyclic heteroaromatics through the in situ generation of the 

corresponding selenyl iodide intermediate followed by its thermal activation.1 Despite the 

notable green features of the protocol, it still requires a couple of reagents, i.e., iodine as a 

catalyst, and H2O2 as an oxidant at high temperature (100 oC) for a prolonged period of time 

(12-22 h). Moreover, the protocol was found unsuccessful or inefficient in some cases 

furnishing the desired product in poor yield and also generating 9-iodophenanthrene or iodo-

PAHs or polycyclic heteroaromatics in small quantities as byproduct. In this context, the 

development of a catalyst- and oxidant-free, highly efficient, and practical synthetic strategy 

for the selenylative annulation of 2-alkynyl biaryls under mild reaction conditions is highly 

desirable. 

Being motivated by the advantages of the electrochemical approach over conventional 

approach, we planned to develop a catalyst- and oxidant-free selenylative annulation of 2-

alkynyl biaryls under electrochemical conditions wherein a direct electrochemical activation 

of diselenide would furnish the corresponding selenyl radical for the radical selenylative 

annulation of 2-alkynyl biaryls at room temperature and thus making the protocol highly 

energy-efficient. Moreover, under this electrochemical strategy, the only by-product that would 

form will be nothing but the innocuous hydrogen gas, making the protocol more sustainable 

(Scheme 5.2.1).  

 

Scheme 5.2.1. Synthetic Strategy for the Radical Selenylative Annulation to Access Selanyl 

PAHs and Polycyclic Heteroaromatics under Electrochemical Conditions. 
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5.2.2. Results and discussions 

With the abovementioned plan in mind, we performed a reaction between 2-(phenylethynyl)-

1,1'-biphenyl 1a and diphenyl diselenide 2a (0.6 equiv) in an undivided electrochemical cell 

equipped with carbon cloths both as anode and cathode under constant current electrolysis 

(CCE) at 10 mA using 0.02 M electrolyte (LiClO4) in MeCN, and to our delight, the desired 

product 3aa was formed in 99% yield in 20 min at room temperature (entry 1, Table 5.2.1). 

 

Table 5.2.1. Optimization of the Reaction Conditions.a 

 

 

aReaction conditions: 1a (0.1 mmol), 2a (0.06 mmol), LiClO4 (0.05 mmol), CH3CN (3 mL), carbon 

cloth (1 x 1.5 cm2) anode, carbon cloth (1 x 1.5 cm2) cathode, constant current, I = 10 mA, 20 min, rt, 
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aerobic atmosphere. Q = 12 C, 0.000124 F. bYield was determined by the 1H NMR of the crude reaction 

mixture using 1,3,5-trimethoxybenzene as the internal standard. 

The yield of 3aa was slightly reduced when Pt was used either as anode or cathode 

instead of carbon (entry 1 vs entries 2-4, Table 5.2.1). Increasing the concentration of LiClO4 

had a negative impact on the reaction outcome (entry 1 vs entries 5 and 6, Table 5.2.1). No 

product formation was detected when dimethyl sulfoxide (DMSO) and dimethyl formamide 

(DMF) were used as solvent (entries 7 and 8, Table 5.2.1). While the yield of 3aa greatly 

reduced in the presence of organic electrolytes such as tetrabutylammonium perchlorate 

(nBu4NClO4), tetrabutylammonium hexafluorophosphate (nBu4NPF6), only trace amount of 

3aa was formed in the presence of tetrabutylammonium iodide (nBu4NI), tetrabutylammonium 

bromide (nBu4NBr) and tetraethylammonium bromide (Et4NBr) (entries 9-13, Table 5.2.1). 

While with the increase of the current to 15 mA furnished 3aa in 96%, with decrease of the 

same to 5 mA the yield of 3aa reduced to 54% (entries 14-15, Table 5.2.1). Lowering the 

stoichiometry of diphenyl diselenide 2a to 0.5 equiv and lowering the reaction time to 10 min 

had a negative impact on the reaction outcome (entries 16 and 17, Table 5.2.1). The blank 

experiments revealed the essential requirements of an electrolyte and electricity for the 

selenylative annulation of 1a to access 3aa (entries 18 and 19, Table 5.2.1). 

With the optimized conditions in hand, we started exploring the scope of the reaction 

under electrochemical condition and also compared the outcome of the same with that of our 

previously developed iodine-catalyzed chemical conditions.1 The results are presented in Table 

5.2.2. At first, the scope of diselenides with 1a was explored. Diphenyl diselenide 2a furnished 

the desired product 3aa in 99% yield in 2 h at room temperature under electrochemical 

conditions while the same was produced in 98% yield in 12 h under iodine-catalysis at 100 oC. 

Halogen (Cl, and F) substituted diaryl diselenides (2b and 2c) reacted smoothly with 1a under 

electrochemical conditions furnishing the desired products 3ab and 3ac in relatively higher 

yield (88% and 92% respectively) within shorter time (3 h) as compared to that under iodine-

catalysis. Strongly electron-withdrawing group (CF3 and NO2) substituted diaryl diselenides 

(2d and 2e) afforded the desired products (3ad and 3ae) in 70% and 66% yield within 2 h, 

whereas to obtain the similar results 12-13 h of heating of the reaction mixture at 100 oC was 

required under iodine catalysis. Electron-donating group (Me) substituted diaryl diselenide i.e., 

p-tolyldiselenide 2f and dialkyl diselenides i.e., dimethyl diselenide 2g and dibenzyl diselenide 

2h furnished the desired products (3af–3ah) in much higher yield (60-85%) within shorter time 

(3-4 h) as compared to the iodine catalysis. Next, we explored the scope of 2-(phenylethynyl)-
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1,1′-biaryls under electrochemical conditions. Various halo (Br, Cl, and F), electron-

withdrawing (Ph and CF3), and electron-donating (Me) group substituted 2-(phenylethynyl)-

1,1′-biaryls (1b-1h) smoothly reacted with 2a irrespective to the position of the substituents to 

furnish the desired products (3ba–3ha) in good to excellent yield. In all the cases, the desired 

products were formed in a much higher yield within shorter time under electrochemical 

conditions in comparison to that under chemical approach (iodine catalysis). Notably, three 

substrates, i.e., 1d, 1f, and 1h which were unsuccessful to react with 2a under iodine-catalytic 

conditions, furnished the desired products 3da, 3fa, and 3ha in 85%, 70%, and 80% yield 

respectively under electrochemical conditions. The structures of 3da and 3ha were confirmed 

by X-ray crystallographic structure determination (Fig. 5.2.1 and 5.2.2 and Table 5.2.3). 

PAH-substituted 2-phenylethynyl benzenes (1i–1k) also furnished the desired highly 

fused selenyl PAHs, i.e., phenyl(6-phenylbenzo[c]phenanthren-5-yl)selane 3ia, phenyl(5-

phenylbenzo[g]chrysen-6-yl)selane 3ja, and phenyl(14-phenyldibenzo[ij,no]tetraphen-13-

yl)selane 3ka in better yield within shorter time under electrochemical conditions as compared 

to the conventional iodine-catalytic conditions. Next, the scope of 2-(arylethynyl)-1,1′-

biphenyls (1l–1r) was explored with 2a, and both electron-withdrawing (Cl, CN, and NO2) and 

electron-donating (i-Pr, Me and OMe) group substituted substrates, irrespective to their 

position, afforded the desired products 3la–3ra in much higher yield within shorter time under 

electrochemical conditions in comparison to that under iodine-catalyzed conditions. 2-

(Cyclopropylethynyl)-1,1′-biphenyl 1s also reacted smoothly with 2a to furnish (10-

cyclopropylphenanthren-9-yl)(phenyl)selane 3sa in relatively higher yield under 

electrochemical conditions as compared to the iodine-catalyzed conditions. Finally, the scope 

of 2-heteroaryl-substituted phenylethynylbenzenes was explored and both thiophene and furan 

substituted substrates furnished the desired products (3ta–3va) in much higher yield within 

shorter time as compared to the chemical approach. Notably, 2-(2-

(phenylethynyl)phenyl)thiophene (1t) which did not react with 2a under iodine catalysis, 

afforded the desired product 3ta in 62% yield under electrochemical conditions. 

While the dearomative ipso-annulation of 4'-methoxy-2-(phenylethynyl)-1,1'-biphenyl 

4a with diphenyl diselenide 2a and dimethyl diselenide 2g was found inefficient under iodine-

catalyzed conditions (chemical approach) furnishing the desired products 5aa and 5ag in poor 

yield (20-30%), the same was found highly efficient under electrochemical conditions 

affording 5a and 5g in 82% and 85% yield respectively in 2 h at room temperature (Scheme 

5.2.2). 
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Table 5.2.2. Substrate Scope and A Direct Comparison of the Scope of the Electrochemical 

Approach with that of Chemical Approach (I2-Catalysis) a, b, c 

 

aReaction conditions of electrochemical approach: 1 (0.5 mmol, 1 equiv), 2 (0.3 mmol, 0.6 equiv), 

LiClO4 (0.25 mmol, 0.5 equiv), CH3CN (15 mL), carbon cloth (1 x 1.5 cm2) anode, carbon cloth (1 x 

1.5 cm2) cathode, constant current, I = 10 mA, rt, aerobic atmosphere; bReaction conditions of chemical 

approach: 1 (0.5 mmol, 1 equiv), 2 (0.3 mmol, 0.6 equiv), I2 (0.1 mmol, 0.2 equiv), 30% aq. solution 

(v/v) of H2O2 (0.15 mmol, 0.3 equiv), H2O (0.3 mL), 100 °C. cIsolated yield of product was reported. 
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Figure 5.2.1 X-ray Crystal Structure of 3da (Thermal Ellipsoids Shown at 50% Probability) 

Including Hetero-atom Numbering. 

 

Figure 5.2.2.  X-ray Crystal Structure of 3ha (Thermal Ellipsoids Shown at 50% Probability) 

Including Hetero-atom Numbering. 

Table-5.2.3. Selected Crystal Data for Compounds 3da, 3ha 

Parameters 3da 3ha 

Empirical formula C26H17ClSe C32H22Se 

Formula weight 443.837 485.491 

Temperature/K 298 298 

Crystal system monoclinic triclinic 

Space group P 1 21/c 1 P -1 

a/Å 15.7518(2) 9.7916(2) 

b/Å 7.7471(1) 10.1862(2) 

c/Å 16.8615(2) 12.1187(2) 

 (°) 90 91.214(1) 

 (°) 

 

107.619(1) 106.997(2) 
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(°) 90 95.940(1) 

Volume/Å3 1961.10(4) 1148.02(4) 

Z 4 2 

μ/mm-1 3.893 2.333 

Dx [g cm-3] 1.503 1.404 

F(000) 896.443 

 

495.687 

2 range for data collection (°) 5.40-79.94 3.82-79.55 

Index ranges -19≤ h ≤ 20, - 

-9 ≤ k ≤ 9, - 

-21 ≤ l ≤ 21 

-12≤ h ≤ 11, - 

-11 ≤ k ≤ 12, - 

-15 ≤ l ≤ 15 

 

Reflections measured 11660 9396 

Unique reflections 4168 4815 

Parameters /restraints 253/0 298/0 

Goodness-of-fit on F2 0.7037 0.9336 

R1 [I ≥ 2 (I)] 0.184 0.098 

wR2 (all data) 0.0908 0.0875 

 

Largest diff. peak/hole/e Å-3 0.3794/-0.5859 0.3441/-0.5393 

CCDC 2234652 2235895 

 

The reaction kinetics for the synthesis of 3aa from 1a and 2a was studied under 

electrochemical conditions as well as under iodine-catalyzed chemical conditions which 

certainly revealed that electrochemical selenylative annulation is much faster than that of the 

iodine-catalysed chemical conditions (Figure 5.2.3). 

To demonstrate the practicality of the electrochemical protocol, a gram-scale reaction 

of 1a (1.27 g, 5 mmol) with 2a (0.936 g, 3 mmol, 0.6 equiv) was conducted under constant 

current electrolysis (CCE) at 30 mA using 0.08 M LiClO4 and gratifyingly the desired product, 

3aa was formed in 95% yield (1.95 g, 4.76 mmol) in 7 h at room temperature (Figure 5.2.4A). 

This result revealed that the electrochemical process is more practical as it could be scaled-up 

efficiently up to gram-scale without any considerable compromisation in the reaction outcome 

whereas the same is associated with a certain loss of yield of 3aa (81%) under iodine-catalyzed 

(chemical approach) selenylative annulation of 1a with 2a (Figure 5.2.4B). 
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Figure 5.2.3. Reaction Kinetics Studies for the Synthesis of 3aa from 1a and 2a under 

Electrochemical and Chemical (I2-catalyzed) Standard Conditions. 

Scheme 5.2.2. Selenylative Ipso-Annulation of 4'-Methoxy-2-(phenylethynyl)-1,1'-biphenyl 4 

with Diselenides to Access Spiro[cyclohexane-1,1'-indene]-2,5-dien-4-ones.  

 

 

Figure 5.2.4. (A) Gram-scale Synthesis of 3aa under Electrochemical Conditions; (B) 

Comparison of the Outcome of the Scale-up Experiment of 1a with 2a under Electrochemical 

and Chemical Conditions. 
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Table 5.2.4. Evaluation of Green Chemistry Metrics for the Synthesis of 3aa. 

 

To quantify the greenness of the electrochemical protocol, various green chemistry 

metrics2 were evaluated for the gram-scale synthesis of 3aa from 1a and 2a under 

electrochemical conditions (Table 5.2.4). Significantly, atom-economy of the protocol was 

found to be almost quantitative (99.8%) and other parameters such as atom-efficiency (94.8%), 

carbonefficiency (91%), reaction-mass-efficiency (88.6%) were also excellent. Moreover, E-

factor, 2b an essential green chemistry parameter of an organic process based on the generated 

waste, is calculated to have a low value of 1.29 for the electrochemical synthesis of 3aa. In 

addition, another crucial green parameter based on an organic process’s safety, economic, and 

ecological features, i.e., EcoScale score, 2c  is also found to have a high value of 69.5 for the 

synthesis of 3aa (Table 5.2.5). 
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Table 5.2.5. Calculation of EcoScale Score for the I2-Catalyzed Synthetic Process to 

Synthesize Phenyl(10-phenylphenanthren-9-yl)selane (3aa) from 2-(Phenylethynyl)-1,1'-

biphenyl (1a) and Diphenyl Diselenide (2a). 

 

The product 3aa was further synthetically diversified to a new class of molecule, i.e., 

benzo[b]phenanthro[9,10-d]selenophene 6 through a Pd-catalyzed, dephenylative C-H 

selenation reaction in the presence of Pd(OAc)2 as a catalyst and 2,6-dimethylbenzoic acid as 

a ligand in toluene at 140 oC (Scheme 5.2.4).3 The photophysical properties of 6 were evaluated 

in THF by UV-VIS and fluorescence spectroscopy. It showed absorbance at 330 nm, and 

emission at 440 nm (stoke shift = 110 nm) with a fluorescence quantum yield of 20.26% (Table 

5.2.6). 
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Table 5.2.6. Photophysical Data of Synthesized Compound 6. 

 

Scheme 5.2.4. Synthetic Diversification of 3aa to 6 via a Pd-Catalyzed C-H Selenation 

Reaction. 

 

To get insights into the reaction mechanisms, several control experiments were 

conducted including radical quenching experiments and cyclic voltammetry. In the presence of 

various radical quenchers such as BHT, 1,1-diphenylethene, and TEMPO, the selenylative 

annulation of 1a with 2a was quenched to considerable extent furnishing 3aa in 40%, 35%, 

and 10% respectively (Scheme 5.2.5). These results revealed a radical pathway for the reaction 

which was further supported by the in situ detection of the adduct of phenylselenyl radical and 

the quencher, 1,1-diphenylethene, i.e., (2,2-diphenylvinyl)(phenyl)selane 7, by LC-MS (Fig. 

5.2.5). 

Scheme 5.2.5. Radical Quenching Experiments. 
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Figure 5.2.5. Mass Spectrum of the Reaction Mixture of 1a and Diphenyl Diselenide 2a in the 

Presence of Radical quencher, Ethene-1,1-diyldibenzene under Standard Reaction. 

Next, the cyclic voltammetry (CV) experiments were carried out in order to analyze the 

redox potential of the substrates wherein the diphenyl diselenide (2a) showed an oxidation peak 

at 1.35 V and 1a showed an oxidation peak at 1.61 V (Figure 5.2.6). The CV analysis revealed 

that diphenyl diselenide (2a) having a lower oxidation potential (1.35 V) in comparison to that 

of 1a (1.61 V) would undergo preferential oxidation at anode. 

 

Figure 5.2.6. Cyclic Voltammograms. Conditions:  a Pt-working electrode, a Ag/Ag+ (1 M 

AgNO3) reference electrode, and a carbon-cloth counter electrode, LiClO4 (0.1 M in MeCN), 

scan rate = 100 mV/s with (a) blank; (b) 1a (0.02 M); (c) 2a (0.02 M). 
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Scheme 5.2.6. Proposed Reaction Mechanism. 

 

 

Based on the experimental results and the previous literature reports4,5 we proposed a 

plausible mechanism for the synthesis of 3aa from 1a and 2a under electrochemical conditions 

(Scheme 5). Preferential oxidation of 2a over 1a at anode furnishes a radical cation A which 

immediately dissociates to form a phenyl selenyl radical B and phenyl selenyl cation C. The 

phenyl selenyl cation C gets reduced at cathode to furnish the phenyl selenyl radical B (Path 

A). Thus B is formed effectively under electrochemical conditions which then adds to 1a to 

form the corresponding vinyl radical D. Then D undergoes radical cyclization with the tethered 

phenyl ring to form the phenanthrenyl radical E which after one electron oxidation at anode 

followed by deprotonation furnished the desired product 3aa. Although we proposed a radical 

mechanism for the synthesis of 3aa, we cannot fully rule out the ionic pathway wherein 1a 

could undergo electrophilic selenylative annulation with the in situ generated phenyl selenyl 

cation (C) followed by deprotonation to afford 3aa (Path B). The liberated proton gets reduced 

at the cathode to form hydrogen gas as the only byproduct.5 
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Figure 5.2.7. Cyclic Voltammograms of Radical Quenchers. Conditions:  a Pt-working 

electrode, a Ag/Ag+ (1 M AgNO3) reference electrode, and a carbon-cloth counter electrode, 

LiClO4 (0.1 M in MeCN), scan rate = 100 mV/s with (a) blank; (b) TEMPO (0.02 M); (c) BHT 

(0.02 M); (d) 1,1-diphenylethene (0.02 M). 

To understand the quenching mechanisms of the reaction of 1a with 2a in the presence 

of various radical quenchers under electrochemical conditions, we conducted the CV 

experiments of the radical quenchers. While BHT (Eox = 1.48 V) and 1,1-diphenylethene (Eox 

= 1.85 V) showed higher oxidation potentials than that of diphenyl diselenide 2a (Eox = 1.35 

V), TEMPO showed a relatively lower reversible oxidation potential (Eox = 0.49 V) than that 

of 2a (Figure 5.2.7). 

Scheme 5.2.7. Plausible Quenching Mechanism with TEMPO. 
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Hence, we speculate that in the presence of BHT and 1,1-diphenylethene, the in situ 

generated phenyl selenyl radical B, formed via direct electrolysis, was quenched by the 

respective radical quenchers. However, TEMPO having much lower and reversible oxidation 

potential than 2a, underwent preferential oxidation at the anode to form the oxidized TEMPO+ 

which then oxidized 2a to form A via indirect electrolysis and regenerated TEMPO (Scheme 

5.2.7).6 The phenyl selenyl radical B, generated from A, was then quenched by TEMPO and 

thus the formation of 3aa was prohibited to a considerable extent. However, we couldn’t detect 

the formation of phenyl selenyl radical adduct of TEMPO (Scheme 5.2.7) by LC-MS may be 

because of its instability. 

5.2.3. Conclusion. 

In conclusion, we have developed a catalyst- and oxidant-free but highly efficient synthetic 

protocol under electrochemical conditions using electricity as the only green reagent for the 

selenylative annulation of 2-alkynyl biaryls or 2-heteroayl-substituted alkynyl benzenes to 

access a wide variety of selenyl PAHs, spiro[cyclohexane-1,1'-indene]-2,5-dien-4-ones and 

polycyclic heteroaromatics. The transformation required only electricity as the green reagent 

and obviates the need for any catalyst and external chemical oxidant and produces hydrogen 

gas as the only inoffensive byproduct. Notably, it has been found that the developed 

electrochemical selenylative annulation furnished all the desired products in higher yield within 

a much shorter time at room temperature in comparison to that of our previously developed 

iodine-catalyzed chemical conditions at high temperature (100 oC) which certainly revealed 

that electrochemical process is more energy-efficient.1 Moreover, the scope of the selenylative 

annulation reactions of 2-alkynyl biaryls under electrochemical conditions was found wider in 

comparison to that under iodine-catalyzed chemical conditions since some substrates such as 

1d, 1f, 1h, and 1t which were unsuccessful under iodine-catalyzed chemical conditions, 

furnished the desired products (3da, 3fa, 3ha and 3ta) in moderate to high yield under 

electrochemical conditions. Significantly, the electrochemical scale-up process is found to be 

highly efficient up to gram scale furnishing the desired product in 95% yield. The 

electrochemical process was found 99.8% atom-economic, 94.8% atom-efficient, 91% carbon-

efficient, 88.6% reaction-mass-efficient having a low E-factor (1.29) and high EcoScale score 

(69.5). Overall, the electrochemical approach for the selenylative annulation of 2-alkynyl 

biaryls is highly energy efficient, cost-effective, high-yielding, efficiently scalable, and 
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sustainable. We believe this highly-efficient and practical electrochemical protocol will be 

useful for the synthesis of various valuable selanyl PAHs and polycyclic heteroaromatics. 

5.2.4. Experimental Section. 

General Experimental Procedure for the Synthesis of Selenyl PAHs (3aa-3ah and 

3ba−3ma) and Selenyl Polycyclic Heteroaromatics (3na and 3oa). Representative 

Experimental Procedure for the Synthesis of 3aa. 

 

2-(Phenylethynyl)-1,1'-biphenyl 1a (0.127 g, 0.5 mmol, 1 equiv), 1,2-diphenyldiselane 2a 

(0.094 g, 0.3 mmol, 0.6 equiv), lithium perchlorate (27 mg, 0.25 mmol, 0.5 equiv) and CH3CN 

(15 mL) were taken into an electrochemical undivided cell. The cell was equipped with a 

Ag/Ag+ reference electrode and two carbon cloth (1 X 1.5 cm2) electrodes as the working 

(anode) and counter (cathode) respectively. The reaction mixture was stirred and electrolyzed 

at a constant current of 10 mA at room temperature under aerobic atmosphere. The progress of 

the reaction was monitored by TLC until full conversion of 1a to 3aa. The solvent was 

evaporated and recovered under reduced pressure. The crude product was extracted with ethyl 

acetate twice (2 X 20 mL) and the combined organic layer was washed with water (3 X 10 

mL). The solvent was evaporated under reduced pressure and the crude product was purified 

by column chromatography using hexane as eluent to afford the pure product, phenyl(10-

phenylphenanthren-9-yl)selane 3aa (0.203 g, 0.496 mmol) in 99% yield. 
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Experimental Procedure for the Synthesis of 3'-(Methylselanyl)-2'-

phenylspiro[cyclohexane-1,1'-indene]-2,5-dien-4-one (5ag) 

 

4'-Methoxy-2-(phenylethynyl)-1,1'-biphenyl 4a (0.140 g, 0.5 mmol, 1 equiv), 1,2-

diphenyldiselane 2a (0.054 mL, 0.3 mmol, 0.6 equiv), lithium perchlorate (27 mg, 0.25 mmol, 

0.5 equiv), CH3CN (15 mL) were combined and taken into an electrochemical cell. The cell 

was equipped with a Ag/Ag+ reference electrode two carbon cloth (1 X 1.5 cm2) as the working 

(anode) and counter (cathode). The reaction mixture was stirred and electrolyzed at a constant 

current of 10 mA at room temperature under aerobic atmosphere. The progress of the reaction 

was monitored by TLC until full conversion of 1a to 5ag (120 min). The solvent was 

evaporated and recovered under reduced pressure. The crude product was extracted with ethyl 

acetate twice (2 X 20 mL) and the combined organic layer was washed with water (3 X 10 

mL). The column chromatography process was further continued to afford the pure product, 

3'-(methylselanyl)-2'-phenylspiro[cyclohexane-1,1'-indene]-2,5-dien-4-one 5ag (0.174 g, 0.48 

mmol) in 85% yield using hexane as eluent. 

5.2.5. Analytical Data of All Synthesized Products (3aa - 3ah, 3ba 

– 3va and 5aa, 5ag, 6). 

 

Phenyl(10-phenylphenanthren-9-yl)selane (3aa):1 Yellow solid (0.203 

g, 99%); eluent hexane;  1H NMR (400 MHz, CDCl3)  δ 8.72 (t, J = 8.6 

Hz, 2H), 8.67 (dd, J = 8.3, 1.0 Hz, 1H), 7.66 – 7.61 (m, 2H), 7.53 (td, J = 

7.0, 3.5 Hz, 1H), 7.47 – 7.42 (m, 2H), 7.40 (dd, J = 5.0, 1.7 Hz, 3H), 7.23 

– 7.20 (m, 2H), 7.01 (d, J = 1.5 Hz, 5H). 13C NMR (100 MHz, CDCl3) δ 146.8, 142.0, 134.2, 

132.4, 132.1, 131.1, 130.7, 130.6, 129.7, 129.1, 128.9, 127.9, 127.6, 127.6, 127.4, 127.3, 127.0, 

126.7, 125.5, 122.7, 122.5. (Overlapping peaks present). 
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(2-Chlorophenyl)(10-phenylphenanthren-9-yl)selane (3ab):1 Yellow 

solid (0.196 g, 88%); eluent hexane;  1H NMR (400 MHz, δ 8.84 (t, J = 

8.8 Hz, 2H), 8.70 (dd, J = 8.3, 1.0 Hz, 1H), 7.75 (ddd, J = 15.7, 7.7, 1.3 

Hz, 2H), 7.66 – 7.60 (m, 2H), 7.57 – 7.53 (m, 1H), 7.52 – 7.47 (m, 3H), 

7.33 (ddd, J = 6.0, 3.4, 1.5 Hz, 3H), 7.03 (td, J = 7.7, 1.5 Hz, 1H), 6.85 (td, J = 7.8, 1.3 Hz, 

1H), 6.70 (dd, J = 8.0, 1.5 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 147.6, 141.6, 134.7, 132.3, 

132.1, 132.1, 131.2, 130.7, 130.3, 129.5, 129.3, 129.1, 129.0, 128.0, 127.8, 127.7, 127.4, 127.2, 

127.0, 126.8, 126.7, 126.2, 122.7, 122.6. 

 

 

 

2-Fluorophenyl)(10-phenylphenanthren-9-yl)selane (3ac): 1 Yellow 

solid (0.197 g, 92%); eluent hexane; 1H NMR (400 MHz) δ 8.81 (d, J = 

8.8 Hz, 2H), 8.65 (dd, J = 8.3, 1.0 Hz, 1H), 7.74 – 7.68 (m, 2H), 7.61 – 

7.57 (m, 1H), 7.51 – 7.49 (m, 2H), 7.47 – 7.43 (m, 3H), 7.26 (s, 1H), 7.25 

– 7.24 (m, 1H), 7.05 (dtd, J = 6.4, 5.4, 2.7 Hz, 1H), 6.98 – 6.93 (m, 1H), 6.77 – 6.72 (m, 1H), 

6.69 – 6.65 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 159.8 (d, 1JC-F = 240 Hz), 147.5, 141.7, 

132.2 (d, 3JC-F = 17 Hz), 131.2, 130.7, 130.3, 129.5, 128.9, 128.0, 127.7, 127.6, 127.5, 127.3, 

127.2, 127.1, 126.8, 125.8, 125.5, 124.68, 124.66, 122.7 (d, 3JC-F = 17 Hz), 121.0 (d, 2JC-F = 22 

Hz), 115.0 (d, 2JC-F = 22 Hz). 

 

 

(10-Phenylphenanthren-9-yl)(4-(trifluoromethyl)phenyl)selane 

(3ad): 1 Yellow solid (0.168 g, 70%); eluent hexane; 1H NMR (400 

MHz, CDCl3 δ 8.81 – 8.75 (m, 2H), 8.60 (d, J = 8.2 Hz, 1H), 7.69 

(tdd, J = 6.8, 4.8, 1.8 Hz, 2H), 7.58 (dd, J = 11.2, 4.0 Hz, 1H), 7.51 

– 7.41 (m, 5H), 7.28 – 7.20 (m, 4H), 7.09 (d, J = 8.2 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 

147.4, 141.7, 139.7, 132.1, 131.2, 130.8, 130.2, 129.4, 129.0, 128.6, 128.0, 127.8, 127.81, 

127.51, 127.50 (q, 2JC-F = 36 Hz), 127.3, 126.9, 126.5, 125.6, 125.6, 122.9, 122.6, 121.4 (q, 1JC-

F = 270 Hz). 
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(4-Nitrophenyl)(10-phenylphenanthren-9-yl)selane (3ae):1 

Yellow solid (0.150 g, 66%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) δ 8.69 (d, J = 4.0 Hz, 2H), 8.44 (d, J = 7.8 Hz, 1H), 7.76 

(d, J = 8.0 Hz, 2H), 7.62 (d, J = 5.6 Hz, 2H), 7.53 – 7.47 (m, 1H), 

7.38 (d, J = 26.3 Hz, 5H), 7.14 (s, 2H), 7.00 (d, J = 7.9 Hz, 2H). 13C NMR (100 MHz, CDCl3 

δ 147.7, 145.6, 145.1, 141.50, 132.0, 131.8, 131.4, 130.9, 129.8, 129.3, 129.1, 128.4, 128.1, 

128.1, 128.0, 127.7, 127.5, 127.1, 125.8, 123.8, 123.0, 122.7. 

 

 

 (10-Phenylphenanthren-9-yl)(p-tolyl)selane (3af):1 White solid 

(0.180g, 85%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.67 – 

8.57 (m, 3H), 7.53 (dddd, J = 8.3, 7.0, 5.0, 1.7 Hz, 2H), 7.44 (ddd, J 

= 8.2, 7.0, 1.3 Hz, 1H), 7.40 – 7.27 (m, 5H), 7.19 – 7.10 (m, 2H), 

6.84 (d, J = 8.2 Hz, 2H), 6.74 (d, J = 8.0 Hz, 2H), 2.07 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ 146.6, 142.0, 135.3, 132.5, 132.1, 131.0, 130.7, 130.3, 129.7, 129.3, 128.9, 127.9, 127.5, 

127.3, 127.3, 126.9, 126.7, 122.6, 122.5, 20.9. (Overlapping peaks present). 

 

Methyl(10-phenylphenanthren-9-yl)selane (3ag):1 Yellow solid (0.139 g, 

80%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.89 – 8.86 (m, 1H), 

8.79 – 8.75 (m, 2H), 7.73 (ddd, J = 4.8, 2.4, 0.8 Hz, 2H), 7.67 – 7.63 (m, 

1H), 7.55 – 7.51 (m, 3H), 7.46 – 7.44 (m, 2H), 7.35 – 7.32 (m, 2H), 2.07 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ 145.5, 142.4, 132.3, 131.9, 130.6, 130.4, 130.0, 129.4, 

128.6, 128.3, 128.2, 128.0, 127.5, 127.2, 127.0, 126.8, 126.7, 122.9, 122.5, 10.0. 

 

Methyl(10-phenylphenanthren-9-yl)selane (3ah): White solid (0.127 

g, 60%); eluent hexane; ; mp = 158−160 oC; 1H NMR (400 MHz, 

CDCl3) δ 8.94 – 8.84 (m, 1H), 8.83 – 8.73 (m, 2H), 7.76 – 7.70 (m, 2H), 

7.65 (s, 1H), 7.45 – 7.35 (m, 5H), 7.14 – 6.97 (m, 4H), 6.92 – 6.90 (m, 

1H), 6.79 (d, J = 5.8 Hz, 1H), 3.86 (s, 2H). 13C NMR (10 MHz, CDCl3) 

δ 146.6, 142.1, 138.8, 132.6, 132.0, 130.7, 130.5, 130.4, 130.1, 128.7, 128.7, 128.2, 128.1, 

127.8, 127.5, 127.1, 127.0, 126.8, 126.6, 126.5, 122.9, 122.5, 32.9. 77Se NMR (76 MHz, 

CDCl3) δ 289.1 (s). Anal calcd for C27H20Se: C, 76.59; H, 4; found C, 76.26; H, 4.92. 
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6-Chloro-10-phenylphenanthren-9-yl)(phenyl)selane (3ba):1 Off 

White solid (0.205 g, 92%); 1H NMR (400 MHz, CDCl3) δ 8.70 (dd, 

J = 11.0, 5.2 Hz, 2H), 8.62 (d, J = 8.9 Hz, 1H), 7.70 (ddd, J = 8.3, 6.4, 

1.9 Hz, 1H), 7.52 – 7.43 (m, 6H), 7.25 – 7.21 (m, 2H), 7.08 – 7.00 

(m, 5H). 13C NMR (100 MHz, CDCl3) δ 147.1, 141.6, 133.9, 133.3, 132.5, 132.4, 131.8, 130.9, 

130.1, 129.6, 129.2, 129.0, 128.0, 127.9, 127.7, 127.5, 127.4, 127.2, 125.7, 122.6, 122.3 

(Overlapping peaks present). 

 
 

(2-Bromo-10-phenylphenanthren-9-yl)(phenyl)selane (3ca):1 Yellow 

viscous liquid (0.240 g, 98%); 1H NMR (400 MHz, CDCl3) δ 8.59 – 8.47 

(m, 2H), 8.43 (d, J = 8.9 Hz, 1H), 7.59 (dd, J = 8.9, 2.1 Hz, 1H), 7.54 – 

7.47 (m, 2H), 7.44 (dd, J = 8.2, 1.1 Hz, 1H), 7.33 – 7.27 (m, 3H), 7.10 – 

7.05 (m, 2H), 6.90 (s, 5H). 13C NMR (100 MHz, CDCl3) δ 145.6, 141.1, 

133.9, 133.5, 132.4, 130.9, 130.8, 130.5, 130.2, 129.7, 129.6, 129.3, 129.1, 129.0, 128.1, 127.9, 

127.6, 127.4, 125.7, 124.3, 122.6, 121.0. 

 

(2-chloro-10-phenylphenanthren-9-yl)(phenyl)selane (3da): White 

crystalline solid (0.188 g, 85%); mp = 161−163 oC; 1H NMR (400 MHz, 

CDCl3) δ 8.50 (d, J = 8.1 Hz, 1H), 8.39 (d, J = 8.9 Hz, 2H), 7.38 (dt, J = 

27.8, 7.2 Hz, 3H), 7.31 – 7.14 (m, 4H), 7.01 (dd, J = 6.1, 2.6 Hz, 2H), 

6.83 (s, 5H). 13C NMR (100 MHz, CDCl3) δ 145.6, 141.1, 133.9, 133.1, 

132.7, 132.3, 130.73, 130.1, 129.6, 129.3, 129.2, 128.9, 128.1, 127.8, 127.7, 127.6, 127.3, 

125.6, 124.2, 122.6 (Overlapping peaks present). 77Se NMR (76 MHz, CDCl3) δ 327.8 (s). 

Anal calcd for C26H17ClSe: C, 70.36; H, 3.86; found C, 70.74; H, 3.15. 

 

 

2-Fluoro-10-phenylphenanthren-9-yl)(phenyl)selane (3ea): 1 Yellow 

solid (0.176 g, 82%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.64 

(dd, J = 9.2, 5.5 Hz, 1H), 8.61 – 8.54 (m, 2H), 7.57 (m, 1H), 7.45 (m, 1H), 

7.36 – 7.28 (m, 4H), 7.14 – 7.08 (m, 2H), 7.00 (dd, J = 10.8, 2.7 Hz, 1H), 

6.95 (t, J = 2.5 Hz, 5H). 13C NMR (100 MHz, CDCl3) δ 161.2 (d, 1JC-F = 
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245 Hz), 146.0, 141.4, 134.0, 133.6 (d, 3JC-F = 8 Hz), 132.0, 130.8, 130.4, 129.6, 129.3, 129.2, 

129.0, 128.7, 128.2, 127.7, 127.4, 127.4, 125.7, 125.0 (d, 3JC-F = 8 Hz), 122.5, 116.3 (d, 2JC-F = 

23 Hz), 113.3 (d, 2JC-F = 23 Hz). 

 

Phenyl(10-phenyl-2-(trifluoromethyl)phenanthren-9-yl)selane 

(3fa): Viscous liquid (0.167 g, 70%); eluent hexane;  1H NMR (400 

MHz, CDCl3) δ 8.89 (d, J = 8.8 Hz, 1H), 8.79 – 8.73 (m, 2H), 7.88 

(dd, J = 8.7, 1.7 Hz, 1H), 7.77 (s, 1H), 7.73 (ddd, J = 8.3, 7.0, 1.4 Hz, 

1H), 7.65 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.48 – 7.44 (m, 3H), 7.24 

(m, 2H), 7.06 (d, J = 2.9 Hz, 5H). 13C NMR (100 MHz, CDCl3) δ 146.5, 140.9, 133.8, 133.2, 

133.1, 131.6, 130.9, 129.9, 129.7, 129.4, 129.2, 129.0, 128.9, 128.7, 128.2, 127.95, 128.0 (q, 

1JC-F = 269 Hz), 127.7 (q, 2JC-F = 28 Hz), 127.4 (q, 3JC-F = 14 Hz), 126.7, 123.6, 123.2, 122.6 

(q, 3JC-F = 14 Hz). 77Se NMR (76 MHz, CDCl3) δ 328.2 (s). 19F NMR (377 MHz, CDCl3) δ -

62.2 (s). Anal calcd for C27H17F3Se: C, 67.93; H, 3.59; found C, 67.56; H, 4.06. 

 

(4-Methyl-10-phenylphenanthren-9-yl)(phenyl)selane (3ga):1 

Off White solid (0.202 g, 95%); eluent hexane;  1H NMR (400 MHz, 

CDCl3) δ 8.93 (d, J = 8.0 Hz, 1H), 8.89 (dd, J = 8.2, 1.4 Hz, 1H), 

7.71 (m, 1H), 7.67 – 7.61 (m, 2H), 7.53 – 7.48 (m, 4H), 7.45 – 7.41 

(m, 1H), 7.36 – 7.31 (m, 2H), 7.18 – 7.11 (m, 5H), 3.26 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ 147.1, 142.6, 134.9, 134.2, 133.6, 133.3, 132.0, 131.8, 131.3, 129.7, 129.1, 128.9, 127.9, 

127.7, 127.6, 127.5, 127.3, 127.2, 126.8, 125.7, 125.6, 125.4, 27.2. 

 

 (4,10-diphenylphenanthren-9-yl)(phenyl)selane (3ha): White 

crystalline solid (0.194 g, 80%); eluent hexane; ; mp = 185−187 oC 1H 

NMR (400 MHz, CDCl3) δ 8.53 (dd, J = 8.3, 0.9 Hz, 1H), 7.75 – 7.69 

(m, 1H), 7.36 – 7.33 (m, 2H), 7.32 – 7.24 (m, 9H), 7.23 – 7.19 (m, 1H), 

7.14 – 7.10 (m, 2H), 6.96 – 6.86 (m, 6H). 13C NMR (100 MHz, CDCl3) 

δ 146.6, 145.3, 142.4, 140.1, 134.2, 133.6, 133.4, 131.7 130.7, 130.1, 129.7, 129.6, 129.3, 

129.0, 129.0, 128.9, 128.9, 128.4, 128.3, 128.0, 127.3, 127.1, 126.9, 125.7, 125.5, 124.9. 77Se 

NMR (76 MHz, CDCl3) δ 325.8 (s). Anal calcd for C32H22Se: C, 79.17; H, 4.57; found C, 

79.54; H, 4.15. 
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Phenyl(6-phenylbenzo[c]phenanthren-5-yl)selane (3ia):1 Off 

White solid (0.147 g, 64%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) δ 8.97 (t, J = 8.3 Hz, 2H), 8.70 (d, J = 8.2 Hz, 1H), 7.87 (d, 

J = 7.6 Hz, 1H), 7.62 (d, J = 8.9 Hz, 1H), 7.59 – 7.53 (m, 3H), 7.49 

(s, 1H), 7.33 (m, 4H), 7.14 (dd, J = 7.2, 2.2 Hz, 2H), 6.94 (s, 5H). 13C NMR (100 MHz, CDCl3) 

δ 146.0, 141.9, 134.2, 133.7, 133.5, 130.5, 130.3, 130.0, 129.6, 129.4, 129.1, 128.9, 128.9, 

128.57, 128.2, 128.0, 127.4, 127.1, 127.0, 126.6, 126.2, 126.2, 125.7, 125.6. 

 

Phenyl(5-phenylbenzo[g]chrysen-6-yl)selane (3ja):1 Off White 

solid (0.178 g, 70%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 

8.76 (dd, J = 15.5, 8.0 Hz, 2H), 8.69 (t, J = 6.8 Hz, 2H), 8.57 (d, J = 

8.0 Hz, 1H), 7.71 (dt, J = 14.8, 6.9 Hz, 2H), 7.63 – 7.52 (m, 3H), 

7.49 – 7.32 (m, 6H), 7.06 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 

144.6, 143.4, 134.5, 133.8, 131.4, 130.7, 130.3, 130.1, 129.9, 129.8, 129.3, 129.1, 128.9, 128.7, 

128.1, 127.9, 127.6, 127.2, 127.0, 126.5, 126.2, 126.0, 125.7, 125.6, 123.5, 123.0. 

 

Phenyl(14-phenyldibenzo[ij,no]tetraphen-13-yl)selane (3ka):1 

Brown solid (0.211 g, 79%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) δ 9.36 (d, J = 9.3 Hz, 1H), 9.16 (d, J = 8.2 Hz, 1H), 8.87 (dd, 

J = 8.2, 1.1 Hz, 1H), 8.32 (d, J = 9.3 Hz, 1H), 8.27 (d, J = 7.6 Hz, 

1H), 8.21 – 8.10 (m, 2H), 8.05 (t, J = 7.6 Hz, 1H), 7.98 (d, J = 9.0 

Hz, 1H), 7.90 (d, J = 9.0 Hz, 1H), 7.78 – 7.72 (m, 1H), 7.68 (dd, J = 11.1, 4.1 Hz, 1H), 7.60 – 

7.48 (m, 3H), 7.42 – 7.33 (m, 2H), 7.15 (dd, J = 6.5, 3.3 Hz, 2H), 7.13 – 7.00 (m, 3H). 13C 

NMR (100 MHz, CDCl3) δ 146.4, 142.0, 134.2, 133.1, 131.7, 131.0, 130.6, 130.2, 130.0, 

129.6, 129.4, 129.0, 128.1, 128.0, 127.9, 127.6, 127.3, 127.2, 127.1, 126.7, 126.4, 126.3, 126.1, 

125.7, 125.2, 125.0, 124.8, 124.3. 

 

(10-(2-Chlorophenyl)phenanthren-9-yl)(phenyl)selane (3la) :1Yellow 

crystalline solid (0.210 g, 95%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) δ 8.64 (t, J = 8.6 Hz, 2H), 8.59 (dd, J = 8.3, 1.0 Hz, 1H), 7.57 – 7.51 

(m, 2H), 7.47 – 7.42 (m, 1H), 7.36 (dd, J = 3.6, 1.3 Hz, 1H), 7.31 (dd, J = 

5.0, 1.8 Hz, 3H), 7.15 – 7.10 (m, 2H), 6.95 – 6.89 (m, 5H). 13C NMR (100 MHz, CDCl3) δ 
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146.8, 142.0, 134.2, 132.4, 132.1, 131.1, 130.7, 130.6, 129.7, 129.1, 128.9, 127.9, 127.61, 

127.57, 127.4, 127.3, 127.0, 126.7, 125.5, 122.7, 122.5 (Overlapping peaks present). 

 

 

4-(10-(Phenylselanyl)phenanthren-9-yl)benzonitrile (3ma) : Yellow 

viscous liquid (0.143 g, 65%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) δ 8.85 – 8.76 (m, 3H), 7.77 – 7.68 (m, 4H), 7.67 – 7.63 (m, 

1H), 7.54 – 7.50 (m, 1H), 7.37 – 7.30 (m, 3H), 7.12 – 7.04 (m, 3H), 7.05 

– 6.97 (m, 2H).13C NMR (100 MHz, CDCl3) δ 146.5, 144.7, 133.6, 132.2, 131.7, 131.2, 131.0, 

130.7, 130.5, 130.4, 129.1, 129.0, 127.9, 127.8, 127.7, 127.5, 127.0, 125.8, 122.8, 122.7, 118.8, 

111.1. 77Se NMR (76 MHz, CDCl3) δ 351.0 (s). Anal calcd for C27H17NSe: C, 74.65; H, 3.94; 

N, 3.22; found C, 74.85; H, 3.00; N, 3.60. 

 

 

10-(3-Nitrophenyl)phenanthren-9-yl)(phenyl)selane (3na):1 

Yellow  solid (0.155 g, 68%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) 1H NMR (400 MHz, CDCl3) δ 8.89 – 8.78 (m, 3H), 8.35 – 

8.27 (m, 1H), 8.13 – 8.07 (m, 1H), 7.75 (m, 2H), 7.68 (m, 1H), 7.61 – 

7.56 (m, 2H), 7.55 – 7.50 (m, 1H), 7.41 (dd, J = 8.3, 0.9 Hz, 1H), 7.13 – 7.02 (m, 5H). 13C 

NMR (100 MHz, CDCl3) δ 147.7, 143.8, 143.0, 136.0, 133.4, 132.4, 131.3, 131.0, 130.7, 

130.5, 129.4, 129.0, 128.8, 128.7, 127.80, 127.78, 127.7, 127.6, 127.0, 126.0, 124.9, 122.8, 

122.8, 122.2. 

 

(10-(4-Nitrophenyl)phenanthren-9-yl)(phenyl)selane (3oa): Semi 

Yellow  solid (0.125 g, 55%); eluent hexane; mp = 159−161 oC  1H 

NMR (400 MHz, CDCl3) δ 8.86 – 8.74 (m, 3H), 8.33 – 8.19 (m, 2H), 

7.79 – 7.70 (m, 2H), 7.68 – 7.61 (m, 1H), 7.53 – 7.47 (m, 1H), 7.42 – 

7.35 (m, 2H), 7.34 – 7.29 (m, 1H), 7.11 – 7.03 (m, 3H), 7.03 – 6.94 (m, 2H). 13C NMR (100 

MHz, CDCl3) δ 148.6, 147.1, 144.4, 133.6, 132.3, 131.2, 131.2, 130.8, 130.5, 129.1, 128.0, 

127.9, 127.7, 127.1, 126.0, 123.3, 122.9, 122.8. 77Se NMR (76 MHz, CDCl3) δ 352.8 (s). Anal 

calcd for C26H17NO2Se: C, 68.73; H, 3.77; N, 3.08; found C, 68.90; H, 3.65; N, 3.16. 
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Phenyl(10-(4-propylphenyl)phenanthren-9-yl)selane (3pa) :1 

Reddish Brown solid (0.172 g, 76%); eluent hexane; 1H NMR (400 

MHz, CDCl3) δ 8.77 (t, J = 8.6 Hz, 2H), 8.68 (dd, J = 8.3, 1.0 Hz, 1H), 

7.68 (dt, J = 8.0, 6.7 Hz, 2H), 7.59 – 7.55 (m, 1H), 7.52 (s, 2H), 7.23 (d, 

J = 8.0 Hz, 2H), 7.15 – 7.12 (m, 2H), 7.05 (s, 5H), 2.72 – 2.67 (m, 2H), 1.75 (dd, J = 15.1, 7.5 

Hz, 2H), 1.03 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 146.9, 141.7, 139.2, 134.4, 

132.5, 132.4, 131.1, 130.7, 129.5, 129.3, 129.0, 128.9, 128.0, 127.8, 127.5, 127.4, 126.9, 126.7, 

125.5, 122.7, 122.5, 37.9, 24.4, 14.0(Overlapping peaks present). 

 

Phenyl(10-(m-tolyl)phenanthren-9-yl)selane (3qa):1 Yellow solid 

(0.204 g, 96%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.82 (t, 

J = 7.4 Hz, 3H), 7.73 (m, 2H), 7.68 – 7.58 (m, 2H), 7.57 – 7.51 (m, 

1H), 7.41 (t, J = 7.5 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 7.14 (m, 7H), 

2.43 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 146.9, 141.8, 137.4, 134.4, 132.5, 132.2, 131.0, 

130.6, 130.4, 129.3, 128.9, 128.8, 128.0, 127.8, 127.6, 127.5, 127.4, 126.9, 126.7, 125.5, 122.7, 

122.5, 21.5. 

 

Phenyl(10-(m-tolyl)phenanthren-9-yl)selane (3ra): Yellow solid 

(0.165 g, 75%); eluent hexane;  mp = 137−139 oC;  
1H NMR (400 

MHz, CDCl3) δ 8.57 (m, 3H), 7.54 – 7.51 (m, 1H), 7.48 (dd, J = 8.1, 

1.3 Hz, 1H), 7.43 – 7.38 (m, 2H), 7.32 (m, 1H), 7.01 (d, J = 8.7 Hz, 

2H), 6.95 – 6.86 (m, 5H), 6.82 (d, J = 8.7 Hz, 2H), 3.71 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ 158.7, 146.5, 134.3, 132.4, 131.0, 130.7, 130.6, 129.0, 128.9, 128.1, 127.5, 127.3, 126.9, 

126.6, 125.4, 122.6, 122.5, 113.3, 55.1 (Overlapping peaks present). 77Se NMR (76 MHz, 

CDCl3) δ 322.7 (s). Anal calcd for C27H20OSe C, 73.80; H, 4.59; found C, 73.92; H, 4.36. 

 

 

(10-Cyclopropylphenanthren-9-yl)(phenyl)selane (3sa):1 Brown Viscous 

liquid (0.122 g, 65%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.43 

(dd, J = 6.5, 3.2 Hz, 2H), 7.36 (dd, J = 5.0, 2.0 Hz, 3H), 7.29 (dd, J = 2.5, 1.1 

Hz, 2H), 7.22 (dd, J = 9.4, 8.9 Hz, 2H), 7.17 (d, J = 1.4 Hz, 1H), 7.12 (dd, J 
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= 4.9, 3.7 Hz, 1H), 6.96 – 6.92 (m, 2H), 1.84 (m, 1H), 0.74 – 0.65 (m, 2H), 0.59 (m, 1H), 0.41 

– 0.34 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 143.4, 140.8, 140.4, 138.0, 134.3, 132.2, 130.8, 

130.0, 129.5, 129.4, 129.3, 129.0, 128.8, 128.4, 128.4, 127.7, 127.7, 127.5, 127.1, 127.0, 126.5, 

126.4, 104.3, 24.2, 10.3, 9.3. 

 

4-Phenyl-5-(phenylselanyl)naphtho[1,2-b]thiophene (3ta): Colourless 

liquid (0.129 g, 62%); eluent hexane;  1H NMR (400 MHz, CDCl3) δ 8.68 

(dd, J = 8.4, 0.5 Hz, 1H), 8.20 (dd, J = 8.1, 0.7 Hz, 1H), 7.60 (ddd, J = 8.1, 

7.0, 1.2 Hz, 1H), 7.55 – 7.51 (m, 1H), 7.41 (dd, J = 3.4, 2.2 Hz, 3H), 7.28 

(dd, J = 6.6, 3.0 Hz, 2H), 7.07 – 7.00 (m, 7H). 13C NMR (100 MHz, CDCl3) δ 143.8, 141.8, 

139.3, 138.0, 134.3, 132.1, 130.9, 129.4, 129.1, 128.9, 128.0, 127.8, 127.5, 127.0, 127.0, 126.3, 

125.5, 124.7, 124.6, 124.0. 77Se NMR (76 MHz, CDCl3) δ 304.5 (s). Anal calcd for C27H20OSe 

C, 69.39; H, 3.88; found C, 69.48; H, 3.76. 

 

4-Phenyl-5-(phenylselanyl)naphtho[2,1-b]thiophene (3ua):1 Yellow 

solid (0.177 g, 85%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.73 

(dd, J = 8.5, 0.6 Hz, 1H), 8.42 (d, J = 0.8 Hz, 1H), 8.08 (d, J = 5.5 Hz, 1H), 

7.68 – 7.63 (m, 2H), 7.58 – 7.54 (m, 1H), 7.48 – 7.43 (m, 3H), 7.40 – 7.36 

(m, 2H), 7.09 – 7.02 (m, 5H). 13C NMR (100 MHz, CDCl3) δ 142.485, 141.8, 139.7, 137.0, 

134.3, 132.9, 130.5, 129.3, 129.14, 129.1, 128.9, 128.5, 128.1, 128.1, 126.7, 126.6, 125.5, 

123.9, 122.3 (Overlapping peaks present). 

 

4-Phenyl-5-(phenylselanyl)naphtho[2,1-b]furan (3va): 1 Brown solid 

(0.140 g, 70%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.73 (d, J = 

8.4 Hz, 1H), 8.21 (dd, J = 8.1, 0.7 Hz, 1H), 7.77 (d, J = 2.1 Hz, 1H), 7.63 

(dd, J = 3.2, 2.1 Hz, 1H), 7.55 – 7.51 (m, 1H), 7.45 (dd, J = 3.8, 2.8 Hz, 3H), 

7.41 – 7.38 (m, 2H), 7.36 (d, J = 2.1 Hz, 1H), 7.08 – 7.01 (m, 5H). 13C NMR (100 MHz, 

CDCl3) δ 150.8, 145.5, 137.4, 134.7, 132.2, 131.5, 130.7, 130.1, 129.1, 129.0, 128.0, 127.8, 

126.6, 126.0, 125.6, 124.5, 124.1, 123.8, 105.8. 
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2'-Phenyl-3'-(phenylselanyl)spiro[cyclohexane-1,1'-indene]-2,5-dien-4-

one (5a): Yellow solid (0.174 g, 82%); eluent hexane;  mp = 175−177 oC; 

1H NMR (400 MHz, CDCl3) δ 7.27 – 7.13 (m, 10H), 7.12 – 7.04 (m, 4H), 

6.52 (d, J = 10.1 Hz, 2H), 6.41 (d, J = 10.1 Hz, 2H). 13C NMR (100 MHz, 

CDCl3) δ 186.0, 151.6, 148.0, 145.3, 140.7, 134.3, 132.1, 130.9, 129.8, 

129.3, 128.8, 128.7, 128.5, 128.1, 127.2, 126.8, 123.5, 123.0, 62.2. 77Se NMR (76 MHz, 

CDCl3) δ 280.43 (s). Anal calcd for C26H18OSe C, 73.4; H, 4.27; found C, 73.65; H, 4.02. 

 

3'-(Methylselanyl)-2'-phenylspiro[cyclohexane-1,1'-indene]-2,5-dien-

4-one (5ag): Yellow solid (0.154g, 85%); eluent hexane;  mp = 165−167 

oC; 1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 7.6 Hz, 1H), 7.45 (td, J = 

7.5, 1.1 Hz, 1H), 7.41 – 7.37 (m, 2H), 7.33 (qd, J = 3.7, 1.6 Hz, 3H), 7.29 

(dd, J = 7.5, 1.1 Hz, 1H), 7.15 (d, J = 7.4 Hz, 1H), 6.54 (d, J = 10.1 Hz, 

2H), 6.46 (d, J = 10.1 Hz, 2H), 2.07 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 186.1, 148.4, 

147.6, 145.9, 140.4, 134.7, 133.3, 130.9, 128.9, 128.6, 128.5, 128.2, 127.2, 123.6, 122.2, 62.3, 

7.3. 77Se NMR (76 MHz, CDCl3) δ 86.3 (s). Anal calcd for C21H16OSe C, 69.42; H, 4.44; 

found C, 69.58; H, 4.07. 

 

Benzo[b]phenanthro[9,10-d]selenophene (6):5 White solid (0.060 g, 60%); 

eluent hexane;  mp = 130−132 oC; 1H NMR (400 MHz, CDCl3) δ 9.10 – 9.02 

(m, 1H), 8.87 – 8.79 (m, 2H), 8.72 (dd, J = 8.4, 0.9 Hz, 1H), 8.07 (dd, J = 7.9, 

0.7 Hz, 1H), 8.04 – 7.98 (m, 1H), 7.76 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 7.73 – 

7.64 (m, 3H), 7.59 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.46 – 7.42 (m, 1H). 13C 

NMR (100 MHz, CDCl3) δ 141.5, 140.5, 139.8, 130.7, 130.1, 129.2, 127.5, 127.4, 127.2, 

126.6, 126.3, 125.6, 125.4, 125.2, 124.1, 123.9, 123.3. 77Se NMR (76 MHz, CDCl3) δ 446.1 

(s). Anal calcd for C20H12Se C, 72.51; H, 3.65; found C, 72.38; H, 3.82. 
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6.1.1. Introduction 

Owing to the high atom-economic feature, the C-H functionalization reaction (Figure 6.1.1.) 

has become one of the important strategies in organic synthesis in the context of green 

chemistry.1  With an appropriate catalyst, C-H bond functionalization can be performed 

enabling the efficient synthesis of potential organic molecules including drug-molecules and 

natural products.2 Although a huge number of C-H functionalization strategies have been 

developed under transition-metal-catalysis or metal-free approach,3 a few are developed under 

iodine-catalysis.4 As a part of our continued interest in developing iodine-catalyzed organic 

transformations, we intend to develop C-H functionalization, in particular, C-H chalcogenation 

reactions under iodine catalysis. A thorough literature survey revealed that a few iodine-

catalyzed C-H chalcogenation reactions, in particular, C-H chalcogenation of heterocycles 

have been developed so far which are described below.  

 

Figure 6.1.1. Schematic Representation of C-H Functionalization Reaction. 

6.1.2. Review. 

In 2021, Das group reported a C-H chalcogenation of 4H-pyrido[1,2-a]pyrimidin-4-ones with 

diaryl dichalcogenides using potassium pursulfate (K2S2O8) as an oxidant in CH3CN at 70 oC 

to synthesize a variety of 3-chalcogenyl 4H-pyrido[1,2-a]pyrimidin-4-ones in moderate to 

excellent yield (Scheme 6.1.1).5 Mechanistic studies revealed a radical pathway involving the 

in situ formation of aryl chalcogenyl radical (Ar-X·), formed via the homolytic cleavage of the 

active intermediate, Ar-X-I (X= S/Se), followed by radical-addition, oxidation and proton 

elimination steps to form the desired products.  
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Scheme 6.1.1. C-H Chalcogenation of 4H-Pyrido[1,2-a]pyrimidin-4-ones. 

In 2020, Singh and his co-workers disclosed an iodine-catalyzed regioselective C-H 

sulfenylation of indoles using 1-aryltriazene/CS2 as a new sufenylating reagent for the 

synthesis of 3-arylthioindoles in good yield (Scheme 6.1.2).6 1-Aryltriazene A reacted with 

iodine to form B which after the elimination of N-iodopyrrolidine C furnished arene diazonium 

intermediate D. The diazonium ion D was then reduced by the iodide ion to form the aryl 

radical E. Carbon disulphide was then reacted with E to form the radical intermediate F. After 

the loss of carbon monosulfide, F gets converted to thiyl radical G which immediately was 

captured by iodine radical to form aryl selenyl iodide H. Finally, the substrate indole I 

underwent electrophilic substitution with H (ArSI) to afford the sulfenylated product J. 

 

Scheme 6.1.2. Iodine-Catalyzed Synthesis of 3-Arylthioindoles Employing a 

1-Aryltriazene/CS2 as a New Arylsulfenyl (ArS-) Source. 

In 2020, Song et al. reported an iodine-catalyzed, C-3 chalcogenation of 

imidazopyridines using KXCN (X = S, Se) and PIDA in aqueous medium at 110 oC for the 

synthesis of a library of chalcogenated imidazopyridines (Scheme 6.1.3).7 Iodine reacted with 

KXCN in the presence of PIDA to generate electrophilic iodochalcogenocyanate IXCN8 
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Subsequently, 2-phenylimidazo[1,2-a]pyridine A underwent Friedel−Crafts reaction with 

IXCN to affords intermediate B. Intermediate B underwent HI elimination to afford 

chalcogenocyanated product C. Homolytical cleavage of C afforded selenium radical D, which 

immediately reacted with A to form intermediate E. Intermediate E formed the final product 

G along with the loss of HI (Scheme 6.1.3). This protocol is scalable up to gram-scale without 

compromising the yield of the product. 

 

Scheme 6.1.3. C-H Chalcogenation of Imidazopyridines in Water. 

In 2019, Hazra and his co-workers developed an iodine-catalyzed C-3 aryl-selenation 

of 2H-indazole with diaryl diselenides under the neat condition at room temperature to access 

a wide variety of 3-(phenylselanyl)-2H-indazoles with wide functional group tolerance in good 

yield (Scheme 6.1.4).9 Mechanistic studies revealed that the reaction proceeded through an 

ionic pathway. 
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Scheme 6.1.4. Iodine-Catalyzed Selenylation of 2H-Indazole. 

In the same year, Saha group reported a regioselective C-5 chalcogenation of 8-

aminoquinoline analogues with diorganyl dichalcogenides using TBHP (tBuOOH) at room 

temperature to access a library of chalcogenated quinolines in moderate to good yield (Scheme 

6.1.5).16 The reaction went well with various disulfides and diselenides irrespective of the 

nature and position of various substituents. The protocol is scalable up to gram-scale without 

any appreciable loss in product’s yield. The further diversification of the developed protocol 

was demonstrated by synthesizing N-Boc premaquine derivatives, an antimalarial drug. 

Mechanistic studied revealed that the reaction proceeded through an ionic pathway (Scheme 

6.1.6).10 

 

Scheme 6.1.5. Iodine-Catalyzed C-5 Chalcogenation of 8-Aminoquinolines. 

 

In 2019, Yang et al. disclosed an regioselective iodine-catalyzed deoxygenative C-H 

chalcogenation of 7-azindole-N-oxides with diaryl diselenides in PEG-200 at 110 oC under 

aerobic atmosphere to afford a wide variety of 7-azaindoles with broad substrate scope in good 

to excellent yield (Scheme 6.1.6).11 



 

294 
 

 

Scheme 6.1.6. I2-Catalyzed Chalcogenation of 7-Azindole-N-oxides. 

In 2018, Ohkado et al. disclosed a tandem flavin-iodine-catalyzed aerobic oxidative 

sulfenylation of imidazo[1,2-a]pyridines with thiols to afford a library of biologically active 3-

sulfenylimidazo[1,2-a]pyridines in moderate to excellent yield and H2O as the only by-product 

(Scheme 6.1.7).12  The reaction proceeded via the oxidation of thiol to disulphide under aerobic 

atmosphere followed by the in situ formation of PhSI. Mechanistis studied revealed that the 

the reaction proceeded through ionic pathway. 

 

Scheme 6.1.7. Iodine-Catalyzed Aerobic Oxidative Sulfenylation of Imidazo[1,2-a]Pyridines 

with Thiols. 

6.1.3. Conclusion. 

Although there are several iodine-catalyzed C-H chalcogenation reactions developed so far, 

most of them are focused on the development of C-H chalcogenation of heterocyclic molecules. 

Most of the reactions proceeded through the formation of. However, this strategy of C-H 

chalcogenation of alkenes through the formation of chalcogenyl iodide intermediates is hardly 

explored so far. Hence, the development of iodine-catalyzed C-H chalcogenation of alkenes is 

a research topic of interest that we intend to explore.  
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6.2.1. Introduction. 

Vinyl sulfides1 and selenides2 are valuable structural units in numerous biologically active 

compounds including drug molecules such as antibiotics and proliferation-inhibitor (Fig. 

6.2.1). Moreover, these classes of molecules also find useful applications as versatile 

intermediates or valuable building blocks in organic syntheses such as Michael acceptor,3 

olefin metathesis, 4 enol substitutes,5 and vinyl or ethylene derivatives.6 Vinyl sulfides possess 

various applications in materials science, such as aggregation-induced emission (AIE),7 

luminogens,7b polymers,8 and molecular electronics (Fig. 1).9 

 

Figure 6.2.1. Examples of valuable vinyl sulfides and selenides. 

 Consequently, several synthetic strategies have been developed to synthesize vinyl 

sulfides10 and selenides,11 and among them, the following two are employed most frequently 

i.e., (a) transition-metal-catalyzed cross-coupling of vinyl halides or boronic acids with various 

organochalcogenides such as thiols/disulfides and selenols/diselenides12 and (b) 

hydrothiolation/hydroselenation of alkynes.13 However, these strategies suffered from one of 

the following limitations such as (a) the requirement of expensive and/or hazardous metallic or 

non-metallic reagents and/or ligands in catalytic or stoichiometric amounts, thus producing 

considerable waste, (b) the requirement of prefunctionalized starting materials leading to the 

generation of stoichiometric waste and resulting in poor atom-economy and (c) poor 

stereoselectivity.  

Since the last few decades, developing the C-H functionalization strategy for 

synthesizing valuable classes of molecules has received tremendous attention from synthetic 

organic chemists owing to its high atom-economic feature and non-requirement of 
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prefunctionalized substrates.14 Consequently, several C-H chalcogenation strategies have also 

been developed to synthesize vinyl sulfides and selenides. The traditional approaches of C-H 

chalcogenation, particularly C-H sulfenylation, involved deprotonating a vinylic proton by 

organolithium reagent followed by quenching with disulfides.15 However, these strategies also 

suffered from some limitations, such as the requirement of hazardous and harsh reagents such 

as organolithium reagent and poor atom economy since one part of the disulfide is lost during 

the reaction. A couple of transition-metal-catalyzed/mediated, directing group-assisted alkenyl 

C-H sulfenylation/selenylation of enamides16 and N-tosyl acrylamides17 have been developed 

which relied on the requirement of various expensive and hazardous transition-metal salts/ 

complexes in either catalytic or (sub)stoichiometric amounts. Recently, some other synthetic 

strategies for C-H chalcogenation were also developed. The state-of-art of area of research is 

given below. 

6.2.2. Review. 

Zhang and co-workers reported a Cu-catalyzed and iodine-mediated oxidative C-H 

sulfenylation of alkenes with diaryl disulfides for the stereoselective synthesis of alkenyl 

sulfides (Scheme 6.2.1). 18   

 

Scheme 6.2.1. Copper-Mediated Stereospecific C–H Oxidative Sulfenylation of Terminal 

Alkenes with Disulfides. 

The Zeng group reported a pyridinium chloride-mediated tandem sulfenylation 

and elimination strategy with 1,1-disubstituted alkenes for synthesizing 1,1-

disubstituted vinyl sulfides using N-thiosuccinimide as the source of sulfenyl group 

(Scheme 6.2.2).19  
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Scheme 6.2.2. Pyridine Hydrochloride-Catalyzed Thiolation of Alkenes to Access Allyl and 

Vinyl Sulphides. 

Wang and Jiang et al. reported HI-mediated C-H sulfenylation of 1,1-

diarylethenes with sodium arylsulfinates using over stoichiometric (3 equiv) HI 

(Scheme 6.2.3). 7b  

 

Scheme 6.2.3. C-H Sulfenylation of 1,1-Diphenylvinylsulfide. 

The Zhou and Liu group reported a Cu-catalyzed radical C-H selenation of 1,1-

diarylethenes to synthesize vinyl selenides using aryl boronic acids as the source of the 

aryl group of arylselenyl unit and selenium powder as the source of Se (Scheme 6.2.4).20 

 

Scheme 6.2.4. Cu-Catalyzed Radical Selenylation of Olefin: A Direct Access to Vinyl 

Selenides. 



 

299 
 

6.2.3. Conclusion. 

Although several synthetic strategies have been developed for oxidative C-H 

sulfenylation, C-H selenation is relatively underdeveloped. Despite significant 

advancement, these methods suffer from at least one of the following limitations (a) the 

requirement of metal catalyst, (b) over stoichiometric hazardous reagents, (c) hazardous 

solvent, (d) poor atom economy, and (e) generation of hazardous wastes. Hence, the 

development of a metal-free, highly atom-economic, and sustainable synthetic strategy 

for both vinylic C-H sulfenylation and selenation is highly desirable in the context of 

green chemistry. 
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6.3.1. Introduction. 

As a part of our continued interest in developing iodine-catalyzed/mediated sustainable 

synthetic methodologies,1 herein we report a recyclable iodine-catalyzed, oxidative C-

H sulfenylation and selenation of 1,1-diarylethenes with diorganyl dichalcogenides 

using catalytic amounts of iodine in water which exhibits several advantages with 

respect to the previous reports in the context of green chemistry (Scheme 6.3.1). 

 

Scheme 6.3.1. Iodine-Catalyzed C-H Functionalization of Alkenes in Water. 

6.3.2. Results and Discussion. 

We commenced our investigation of optimization of the reaction conditions using 1,1-diphenyl 

ethene 1a and diphenyl disulfide 2a (0.6 equiv) as the model substrates and the results are 

summarized in Table 6.3.1. When the reaction was conducted using iodine (20 mol%) as the 

catalyst, 30% (v/v) aqueous H2O2 (0.5 equiv) as the oxidant in DMSO (0.06 mL) at 120 oC 

under aerobic atmosphere, gratifyingly, the desired product, i.e., (2,2-

diphenylvinyl)(phenyl)sulfane 3aa was formed in 90% yield in 4 h (entry 1, Table 6.3.1). The 

blank experiment without H2O2 also furnished the same result (entry 2, Table 6.3.1), which 

revealed that DMSO could play the role of an oxidant. However, it leads to the formation of 

hazardous dimethyl sulfide (DMS) in stoichiometric amounts and that is not desirable in the 

context of green chemistry. Hence we screened various other solvents such as toluene, 1,4-

dioxane, DMF, MeCN, DCM, EtOH, and H2O using H2O2 (0.5 equiv) as oxidant. Gratifyingly, 

3aa was formed in 78% yield in EtOH and in 75% yield in H2O (entries 4-10, Table 6.3.1). 

Next, we continued our optimization studies in water. The change of oxidant from H2O2 to 

TBHP, Oxone, and Na2S2O8 had a negative impact on the reaction outcome which revealed 

that the green oxidant, H2O2 is the best (entry 10 vs entries 11-13, Table 6.3.1). Notably, when 

the loading of iodine was reduced to 10 mol%, the yield of 3aa increased to 93% (entry 15, 

Table 6.3.1). However, further lowering of the loading of iodine to 5 mol% lowered the yield 

of 3aa to 66% (entry 16, Table 6.3.1). Lowering the stoichiometry of 2a and H2O2 to 0.5 equiv 

and 0.3 equiv respectively had no impact on the reaction outcome (entries 17 and 18, Table 
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6.3.1) revealing the higher atom economy of the reaction. Next, we optimized the temperature, 

and 50 oC was found the optimum (entry 18 vs entries 19-21, Table 6.3.1). The blank 

experiment without using H2O2 furnished 3aa in 55% yield which revealed that aerobic oxygen 

is also playing the role of another oxidant (entry 22, Table 6.3.1). When the reaction was 

performed under an argon atmosphere, only 30% of 3aa was formed which further revealed 

the essential role of aerobic oxygen for the efficient synthesis of 3aa (entry 23, Table 6.3.1). 

When the reaction was performed under a pure oxygen atmosphere without using H2O2, 66% 

of 3aa was formed which revealed that pure molecular oxygen cannot fully replace the 

requirement of H2O2 (entry 24, Table 6.3.1).  When NaI or PhI(OAc)2 was used instead of I2, 

only a trace amount of 3aa was formed in both cases (entries 25 and 26, Table 6.3.1). The blank 

experiment without iodine did not furnish 3aa (entry 27, Table 6.3.1), which revealed the 

essential role of iodine for this reaction. Hence, heating the reaction mixture of 1a with 2a (0.5 

equiv) in the presence of only 10 mol% I2 and 0.3 equiv H2O2 in water at 50 oC under air is 

found to be the optimum reaction conditions for the synthesis of 3aa. 

Table 6.3.1. Optimization of Reaction Conditionsa. 
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aThe reactions were carried out on a 0.1 mmol scale; byield of 3aa was determined by the 1H NMR of 

the crude reaction mixture using 1,3,5-trimethoxybenzene as the internal standard; cthe reaction was 

performed under argon atmosphere; dthe reaction was performed under oxygen atmosphere without 

using H2O2; 
eNaI was used instead of I2; 

fPhI(OAc)2 was used instead of I2. 

Table 6.3.2. Scope of C-H Sulfenylation of 1,1-Diarylethenes with Dioraganyl Disulfidesa,b. 
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aReaction conditions: 1 (0.5 mmol), 2 (0.25 mmol), I2 (0.05 mmol), 30% (v/v) aqueous H2O2 (0.3 equiv), 

H2O (0.3 mL), 50 oC; bYield of isolated products was reported; creaction was conducted in the presence 

of 1.2 equiv of PhSH instead of (PhS)2 2a; d100% conversion of the reactants to product, which was 

purified by only work-up avoiding column chromatography. 

With the optimized conditions in hand, we started exploring the scope of C-H 

sulfenylation of 1,1-disubstituted alkenes in a 0.5 mmol scale and the results are summarized 

in Table 2. At first, the scope of diaryl disulfides was explored with 1,1-diphenylethene 1a. 

Diphenyl disulfide 2a reacted with 1a to furnish the desired product, (2,2-

diphenylvinyl)(phenyl)sulfane 3aa in 94% yield.  The reaction of 1a with thiophenol (1.2 

equiv) under the standard reaction conditions furnished 3aa in 48% yield which revealed that 

the reaction is more efficient with disulfide as compared to thiol. Both halogen (4-Br, 4-Cl, and 

4-F) and strong electron-withdrawing (4-NO2) group-substituted diaryl disulfides (2b – 2e) 

reacted smoothly with 1a to furnish the desired trisubstituted alkenyl sulphides (3ab – 3ae) in 

good to excellent yield (75% – 94%). Electron-donating (4-Me and 4-OMe) group substituted 

diaryl disulfides also reacted with 1a to furnish the desired products 3af and 3ag in 68% and 

82% yield respectively. Notably, three molecules, i.e., 3ab, 3ae, and 3af which are known as 

AIEgens (Chapter-6, Section-II, Fig 6.2.1),7b were synthesized in moderate to good yields. A 

base-sensitive functional group (NHCOPh) was tolerated under the optimized reaction 

conditions while 2h was employed as the disulfide to react with 1a furnishing 3ah. Next, the 

scope of dialkyl disulfides was explored and various 1o and 2o dialkyl disulfides smoothly 

reacted with 1a to furnish the desired products (3ai – 3al) in moderate to excellent yield (62% 

– 96%) wherein some sensitive functional groups such as –COOH and –OH were tolerated. 

 

Figure 6.3.1. X-ray Crystal Structure of 3bi (Thermal Ellipsoids Shown at 50% Probability) 

Including Hetero-Atom Numbering. 
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Table-6.3.3. Crystal Data of 3bi. 

 

Parameters 3bi 

Empirical formula C17H18S 

Formula weight 254.37 

Temperature/K 295 

Crystal system orthorhombic 

Space group P 21 21 21 

a/Å 9.4617(5) 

b/Å 11.8672(7) 

c/Å 13.2190(8) 

 (°) 90 

 (°) 90 

(°) 90 

Volume/Å3 1484.28(15) 

Z 4 

μ/mm-1 1.754 

Dx [g cm-3] 1.138 

F(000) 544 

2 range for data collection (°) 5.008-79.763 

Index ranges -11≤ h ≤ 12, - 

-10 ≤ k ≤ 14, - 

-16 ≤ l ≤ 15 

Reflections measured 2648 

Unique reflections 5041 

Parameters /restraints 209/0 

Goodness-of-fit on F2 1.084 

R1 [I ≥ 2 (I)] 0.0419 

wR2 (all data) 0.1226 

Largest diff. peak/hole/e Å-3 0.204/-0.264 

CCDC 2261525 

 

A diheteroaryl disulfide, i.e., 1,2-di(thiophen-2-yl)disulfane 2n also reacted with 1a 

without any difficulties and furnished the desired product 3an in 74% yield. Finally, the scope 

of 1,1- diarylethene was explored and both electron-donating (4-Me) and electron-withdrawing 

(4-Cl and 4-F) group substituted symmetrical 1,1-diarylethenes (1b – 1d) reacted with 2a to 

furnish the desired products (3ba-3da) in moderate to high yield. Dimethyl disulfide (2i) also 

reacted with 1,1-diarylethenes (1b and 1c) to afford the corresponding products, i.e., 3bi in 



 

306 
 

92% yield and 3ci in 72% yield respectively. The structure of 3bi was confirmed by X-ray 

crystallographic structure determination ( Fig. 6.3.1 and Table 6.3.3).  When unsymmetrical 

1,1-diarylethene, i.e., 1-methyl-4-(1-phenylvinyl)benzene (1e) was subjected to react with 2a, 

the desired product 3ea was formed in 75% yield but with poor stereoselectivity (Z:E= 55:45). 

However, when 1,3-dimethyl-2-(1-phenylvinyl)benzene (1f) was subjected to react with 2a, 

the reaction was highly stereoselective furnishing only (E)-(2-(2,6-dimethylphenyl)-2-

phenylvinyl)(phenyl)sulfane 3fa in 43% yield. The stereochemistry of 3fa was confirmed by 

NOE difference spectroscopy (Fig. 6.3.2). The reaction of 1-aryl-1-alkyl-substituted ethene, 

i.e., α-methylstyrene with 2a was ineffective while 1,1-dialkyl-sustututed ethene, i.e., 

camphene and styrene were unsuccessful. Notably, for the synthesis of 3aa, 3ac, 3ad, 3ai, 3aj, 

3ca and 3bi, no column chromatographic purification was required. 

 

 

Figure 6.3.2: (A) 1H-NMR Spectrum of 3fa, (B) NOE Difference Spectrum, with Irradiation 

at 6.79 ppm. 
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When the reaction of 1a was conducted with di-tert-butyl disulfide 2o, interestingly an 

unprecedented product, i.e., 1,2-bis(2,2-diphenylvinyl)disulfane 4  was formed and the desired 

C-H sulfenylated product, i.e., 3ao was not obtained (Scheme 6.3.2). However, 3ao was 

detected in situ by LC-MS (Fig. 6.3.3). We speculate that the protonation of 3ao at the α-carbon 

furnishes a stable carbocation A. However, it is a reversible process as the intermediate A could 

not lead to the formation of any stable compound through C-C or C-S bond cleavage. On the 

other hand, protonation at the β-carbon of 3ao leads to the formation of carbocation A’ which 

leads to the formation of intermediate B through C-S bond cleavage along with the elimination 

of isobutene. Next, B undergoes tautomerism immediately to form a more stable 2,2-

diphenylethene-1-thiol (C) which is also detected in situ by LC-MS (Fig. 6.3.4). Finally, under 

the oxidative conditions, intermediate C is dimerized to 1,2-bis(2,2-diphenylvinyl)disulfane 

(4). 

 

Figure 6.3.3. Mass Spectrum of the Reaction Mixture of Ethene-1,1-diyldibenzene, I2 and 1,2-

Di-tert-butyldisulfane. 

 

Figure 6.3.4. Mass Spectrum of the Reaction Mixture of Ethene-1,1-diyldibenzene, I2 and 

1,2-Di-tert-butyldisulfane. 
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Scheme 6.3.2. Unprecedented Synthesis of 1,2-Bis(2,2-diphenylvinyl)disulfane. 

 

 

 

Next, we explored the scope of C-H selanation of alkenes with diselenides under the 

optimized reaction conditions, and the results are summarized in Table 6.3.4.  

Table 6.3.4. Scope of C-H Selenation of Alkenes with Dioraganyl Diselenidesa,b. 
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aReaction conditions: 1 (0.5 mmol), 2 (0.25 mmol), I2 (0.05 mmol), 30% (v/v) aqueous H2O2 (0.3 equiv), 

H2O (0.3 mL), 50 oC; bYield of isolated products was reported; c100% conversion of the reactants to 

product, which was purified by only work-up avoiding column chromatography. 

The reaction of 1a with diphenyl diselenide 5a afforded (2,2- 

diphenylvinyl)(phenyl)selane 6aa in 96% yield. Both halogen (4-Br, 2-Cl, 2-F), electron-

withdrawing (2-Ph, 4-NO2, 4-CF3), and electron-donating (4-Me) groups substituted diaryl 

diselenides reacted smoothly with 1a to afford the desired products (6ab – 6ah) in 37-94% 

yield. 1,2-Di(naphthalen-1-yl)diselane furnished the desired product, 6ai in 84% yield upon 

reaction with 1a. Dialkyl diselenide, in particular, dimethyl diselenide also furnished the 

desired product 6aj in 92% yield. p-Me, p-Cl, and p-F-substituted symmetrical 1,1-

diarylethene smoothly reacted with 5a to afford the desired products, 6ba, 6ca, and 6da 

respectively in high yield (74% - 91%).  

 

 

Figure 6.3.5: (A) 1H-NMR Spectrum of 6fa, (B) NOE Difference Spectrum, with Irradiation 

at 6.95 ppm. 
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While the reaction of unsymmetrical 1,1-diarylethene, i.e., 1e with 5a was non-stereoselective 

furnishing 6ea in 65% yield with E:Z = 50:50, the same with 1f was highly stereoselective 

furnishing only (E)-(2-(2,6-dimethylphenyl)-2-phenylvinyl)(phenyl)selane 6fa in 55% yield. 

The stereochemistry of 6fa was confirmed by NOE difference spectroscopy (Fig. 6.3.5). 

Although, C-H sulfenylation did not work with α-methylstyrene (1g) and styrene (1i) under the 

optimized reaction conditions, C-H selenation of the same with diphenyl diselenide 5a 

furnished the desired products i.e., phenyl(2-phenylprop-1-en-1-yl)selane 6ga in 31% yield 

(E:Z = 50:50) and (E)-phenyl(styryl)selane 6ia  in 25% yield respectively. However, the C-H 

selenation did not work with camphene 1h. Notably, for the synthesis of 6aa, 6ac, 6ad, 6aj, 

and 6da, no column chromatographic purification was required. 

Scheme 6.3.3. Explanation of Stereoselectivity of C-H Chalcogenation Reactions with 

Unsymmetrical Alkenes. 
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We speculate that the stereoselectivity of C-H chalcogenation of unsymmetrical alkenes 

depends on the difference in stability of the two different conformations of alkyl iodides from 

which HI elimination (E2) could happen leading to the formation of (E) and (Z) alkenes. If 

there is a certain difference in stability, the reaction is stereoselective, otherwise not. Hence the 

reactions with 1,3-dimethyl-2-(1-phenylvinyl)benzene (1f) and styrene (1i) were found highly 

stereoselective while the same with 1-methyl-4-(1-phenylvinyl)benzene (1e) was not (Scheme 

6.3.3). 

To check the practicality of the developed method, we conducted the gram-scale 

experiments of 1a with both diphenyl disulfide 2a and diphenyl diselenide 5a, and to our 

delight, the desired products 3aa and 6aa were formed in 90% and 96% yields (no appreciable 

loss in yields) respectively which certainly revealed that the protocol is efficiently scalable 

(Scheme 6.3.4). 

In order to measure the greenness of our developed method quantitatively, we evaluated 

the green chemistry metrics3 for the synthesis of 3aa and 6aa from 1a on a gram scale and the 

results are tabulated in Tables 6.3.5 -  6.3.8. Notably, for the synthesis of 3aa, the method was 

found to be 96.3% atom-economic, 87% atom-efficient, 88.3% carbon-efficient, 81% reaction-

mass-efficient having low E-factor (4.52 g waste as water/g product formation), and very high 

EcoScale score (82) while for the synthesis of 6aa, the method was found to be 97% atom-

economic, 93% atom-efficient, 96.3% carbon-efficient 89% reaction-mass-efficient having a 

low E-factor (3.5 g waste as water/g product formation), and very high EcoScale score (85), 

which revealed that the developed method is excellent in the context of green chemistry. 

Scheme 6.3.4. Gram-Scale Synthesis of 3aa and 6aa. 
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Table 6.3.5. Evaluation of Green Chemistry Metrics for the Synthesis of 3aa. 
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Table 6.3.6. Calculation of EcoScale Score of the Developed Protocol for the Synthesis of 

(2,2-Diphenylvinyl)(phenyl)sulfane (3aa). 3 
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Table 6.3.7. Evaluation of Green Chemistry Metrics for the Synthesis of 6aa. 
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Table 6.3.8. Calculation of EcoScale Score of the Developed Protocol for the Synthesis of 

(2,2-Diphenylvinyl)(phenyl)selane (6aa).3 
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Next, we checked the feasibility of recovery and recyclability of the catalyst, iodine. 

After the completion of the reaction of 1a with 2a in a 6 mmol scale, 80% iodine was recovered 

during the column chromatography stage and recycled in the next run, i.e., the first-cycle 

experiment in a 4.8 mmol scale (Scheme 6.3.5). After the first-cycle experiment, we were able 

to recover 67% of iodine which was further reused in the next run, i.e., the second-cycle 

experiment in a 3.2 mmol scale. Notably, in each cycle of the experiment, the reaction outcome 

remained uncompromised which revealed that the developed protocol is highly sustainable, 

cost-effective, and practical. 

Scheme 6.3.5. Recovery and Recyclability of the Catalyst, Iodine. 

 

To demonstrate the synthetic utility of the method, the products such as 3aa, 3ab and 6aa were 

further synthetically diversified to different classes of potential molecules. The results are 

summarized in Scheme 6.3.6. 

At first, 3aa was synthetically diversified to corresponding sulfoxide 7 and sulfone 8 

by simple and controlled oxidation using m-CPBA or Oxone (Scheme 6.3.6). When 3aa was 

treated with chloramine T, a new class of molecule, i.e., 9 was formed in 78% yield. Notably, 

a biologically active heterocyclic scaffold i.e., benzo[b]thiophene,4 in particular, 3-

phenylbenzo[b]thiophene 10 was synthesized through a sulfur-directed, Pd-catalyzed, C-H 

sulfenylation of 3aa (Scheme 6.3.6).5 The AIEgen, (4-Bromophenyl)(2,2-

diphenylvinyl)sulfane 3ab was also synthetically diversified to access 11 and 12 by Suzuki and 

Sonogashira cross-coupling reactions respectively. 
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Scheme 6.3.6. Synthetic Diversification of 3aa, 3ab and 6aa. 

 

Reaction conditions: (a) m-CPBA (1.05 equiv), DCM, 0-5 oC; (b) Oxone (6 equiv), EtOH, 60 oC; (c) 

Chloramin T (2.1 equiv), AcOH (20 mol%), MeCN, 80 oC; (d) Pd(OAc)2 (15 mol%), 2,6-

Me2C6H3CO2H (45 mol%), toluene, 140 oC; (e) PhB(OH)2 (1.1 equiv), Pd(PPh3)4 (5 mol%); K2CO3 (3 

equiv), EtOH:H2O:toluene (1:1:3); (f) Phenyl acetylene (1.2 equiv), Pd(PPh3)2Cl2 (3 mol%), CuI (3 

mol%), Et3N, 80 oC (g) m-CPBA (1.05 equiv), DCM, 0-5 oC. 

To shed light on the reaction mechanism, several control experiments were conducted 

which are summarized in Scheme 6.3.7 When the reaction of 1a with 2a was conducted in the 

presence of 1 equiv of iodine, 3aa was formed in 50% yield along with the formation of (2-

iodoethene-1,1-diyl)dibenzene 14  in 20% yield (Scheme 6.3.7.A), which revealed that the use 

of stoichiometric iodine had a negative impact on the reaction outcome. In the absence of 2a, 

14 was formed in 91% yield using 1 equiv iodine, however, 14 was formed in trace amount 

when only 10 mol% iodine was used. When 14 was treated with 2a under the standard reaction 

condition, 3aa was not formed at all which revealed that 14 is not an intermediate of the 

reaction. 
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Scheme 6.3.7. Control Experiments. 

 

Next, we conducted the reaction of 1a with 2a and 5a in the presence of various radical 

quenchers such as BHT, galvinoxyl radical, and TEMPO. The results are summarized in Table 

6.3.9. 

Table 6.3.9. Radical Quenching Experiments. 

 

aYield of 3aa/6aa was determined by the 1H NMR of the crude reaction mixture using 1,3,5-

trimethoxybenzene as the internal standard. 
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While in the presence of BHT, the formation of 3aa and 6aa quenched to a certain 

extent, in the presence of TEMPO it was quenched fully which suggested a radical pathway for 

these reactions.  

Based on the radical quenching experiments and the previous literature reports1b, 1c we 

proposed a plausible mechanism for the synthesis of 3aa/6aa from 1a (Scheme 6.3.8). 

Diphenyl disulfide (3a) or diphenyl diselenide (5a) reacted with iodine to form the 

corresponding phenyl chalcogenyl iodide (D) in situ which underwent hemolytic cleavage to 

form phenyl chalcogenyl radical (E) and iodine radical.6 

Scheme 6.3.8. Plausible Reaction Mechanism. 

 

Then phenyl chalcogenyl radical E was added to the terminal carbon of 1a to furnish a 

relatively more stable radical F. The radical F captured the iodine radical which underwent the 

elimination of HI under the reaction conditions to furnish the desired product 3aa/6aa. Finally, 

HI was oxidized by H2O2 and/or aerobic oxygen to regenerate iodine in the catalytic cycle 

along with the formation of water as the only byproduct. 

6.3.3. Conclusions. 

In conclusion, we have developed a metal-free, iodine-catalyzed oxidative C-H chalcogenation 

of 1,1-diaryl ethenes in water for the highly atom-economic, cost-effective, and sustainable 

synthesis of a wide variety of valuable trisubstituted vinyl sulfides and selenides including 

some AIEgens (3ab, 3ae and 3af). The transformation required only 10 mol% iodine as a 

catalyst and 0.3 equiv of a green oxidant, H2O2, and proceeded under mild conditions, i.e., 50 
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oC and an aerobic atmosphere. The gram-scale reactions were found straightforward revealing 

the practicality of the developed method. Significantly, the green metrics, i.e., atom-economy, 

atom-efficiency, carbon-efficiency, reaction-mass efficiency, E-factor and EcoScale score of 

the developed protocol for the synthesis of 3aa and 6aa from 1a in a gram scale were found 

excellent. Notably, the catalyst, iodine could be recovered after the reaction during the column 

chromatography stage and recycled for two successive runs without any compromization in the 

reaction outcome, revealing the high sustainability of the developed protocol. To the best of 

our knowledge, this is the first report on both C-H sulfenylation and selenation of alkenes under 

metal-free, mild conditions in water. We believe this green strategy of C-H chalcogenation will 

find useful applications in preparing valuable molecules including vinyl chalcogenides in a 

cost-effective, sustainable, and practical manner. 

6.3.4. Experimental Section. 

General Experimental Procedure for the Synthesis of Vinyl Sulfanes (3aa-3an, 3bi, 3ci 

and 3ba−3fa) and Vinyl Selanes (6aa-6aj and 6ba−6ia). 

 

Representative Experimental Procedure for the Synthesis of (2,2-

Diphenylvinyl)(phenyl)sulfane (3aa):  

Ethene-1,1-diyldibenzene 1a  (0.088 mL, 0.5 mmol, 1 equiv), I2 (0.013 g, 0.05 mmol) and 1,2-

diphenyldisulfane 2a (0.055 g, 0.25 mmol, 0.5 equiv) in a round-bottom flask (RBF) and H2O  

(0.3 mL). was added to it.  Then 30% aqueous H2O2 (v/v) (0.015 mL, 0.15 mmol, 0.3 equiv) 

was added and the reaction mixture was stirred at 50 oC under aerobic atmosphere. The progress 

of the reaction was monitored by TLC and after 7 h both the starting materials were found to 

be fully converted to product. To avoid the huge-solvent-consuming column chromatographic 

technique, we first quenched the iodine by saturated Na2S2O8 solution and then the product was 

separated from the reaction mixture by simple work-up using EtOAc (3 x 25 mL). The organic 

layers were combined and washed with water and evaporated to dryness which furnished the 

pure product, (2,2-diphenylvinyl)(phenyl)sulfane 3aa (0.135 g, 0.47 mmol) in 94% yield. The 
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reactions were staring materials were not fully consumed, column chromatographic 

purification were conducted to obtain the pure product. 

Experimental Procedure for the Synthesis of  2-(Phenylsulfinyl)ethene-1,1-diyl)dibenzene 

7 and (2-(Phenylsulfonyl)ethene-1,1-diyl)dibenzene 8. 

 

Experimental Procedure for the Synthesis of 2-(Phenylsulfinyl)ethene-1,1-diyl)dibenzene 

7:  

3-Chloroperoxybenzoic acid, m-CPBA (purity: 65-70%) (0.140 g, 0.32 mmol) was added to 

the solution of (2,2-diphenylvinyl)(phenyl)sulfane 3aa (0.087 g, 0.3 mmol, 1 equiv) dissolved 

in dichloromethane, DCM (2.5 mL) at 0 oC. Then, the reaction mixture was stirred vigorously 

for 2 h at room temperature. The progress of the reaction was monitored by TLC and after the 

completion of the reaction the solvent was evaporated under reduced pressure. The crude 

reaction mixture was extracted with DCM thrice (3 x 10 mL). The combined organic layer was 

washed with water (3 x 10 mL) and evaporated under reduced pressure. The crude product was 

purified by flash column chromatography through silica gel to afford the (2-

(phenylsulfinyl)ethene-1,1-diyl)dibenzene 7 in (0.082 g, 0.25 mmol) in 82% yield. 

Experimental Procedure for the Synthesis of (2-(Phenylsulfonyl)ethene-1,1-

diyl)dibenzene 8:  

Oxone (1.11 g, 1.8 mmol) was added to the solution of (2,2-diphenylvinyl)(phenyl)sulfane 3aa 

(0.091 g, 0.3 mmol, 1 equiv)  in ethanol (1.5 mL). The reaction mixture was stirred at 60 oC. 

The progress of the reaction was monitored by TLC until completion. After the completion of 

the reaction, the solvent was evaporated under reduced pressure. The crude reaction mixture 

was extracted with ethyl acetate thrice (3 x 10 mL). The combined organic layer was washed 

with water (3 x 10 mL) and evaporated under reduced pressure. The crude product was purified 

by flash column chromatography through silica gel to afford (2-(phenylsulfonyl)ethene-1,1-

diyl)dibenzene 8 in (0.073 g, 0.23 mmol) 76% yield. 
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Experimental Procedure for the Synthesis of N-((2,2-Diphenylvinyl)(phenyl)-λ4-

sulfanylidene)-4-methylbenzenesulfonamide (9):  

 

To a solution of (2,2-Diphenylvinyl)(phenyl)sulfane 3aa (0.091 g, 0.3 mmol) in MeCN (0.1 M) 

was added Chloramin-T trihydrate (0.18 g , 0.63 mmol) and glacial acetic acid (3 μL, 0.06 

mmol). The reaction mixture was then refluxed at 80 °C for 16 h. The mixture was allowed to 

cool to room temperature. The solvent was removed under reduced pressure. The crude reaction 

mixture was extracted with ethyl acetate thrice (3 x 30 mL). The combined organic layer was 

washed with brine solution (30 mL) and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography through silica gel to afford N-((2,2-

diphenylvinyl)(phenyl)-λ4-sulfanylidene)-4-methylbenzenesulfonamide 9 (0.11 g, 0.24 mmol) 

in 78% yield. 

Experimental Procedure for the Synthesis of 3-Phenylbenzo[b]thiophene 5 

 

(2,2-diphenylvinyl)(phenyl)sulfane 3aa (0.091 g, 0.3 mmol),  diacetoxypalladium (0.010 g, 

0.045 mmol, 1 equiv) , 2,6-dimethylbenzoic acid (0.021 g, 0.135 mmol) in toluene (1.5 M) 

were taken in a 10 mL RBF. The reaction mixture was refluxed at 140 oC for 16 h. The mixture 

was cooled to room temperature and extracted with ethyl acetate (30x3 mL) three times. The 

combined organic layer was further washed with brine (30 mL) and subsequently dried over 

anhydrous Na2SO4. Finally, the solvent was evaporated under reduced pressure to get the crude 
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product which was purified by flash column chromatography on silica gel to afford 3-

phenylbenzo[b]thiophene 10 (0.025 g, 0.12 mmol) in 40% yield. 

Experimental Procedure for the Synthesis of [1,1'-Biphenyl]-4-yl(2,2-

diphenylvinyl)sulfane (11): 

 

4(4-Bromophenyl)(2,2-diphenylvinyl)sulfane 3ab (0.11 g, 0.3 mmol, 1 equiv), phenyl boronic 

acid (0.040 g, 0.33 mmol), Pd(PPh3)4 (0.017 g, 0.015 mmol), K2CO3 (0.124 g, 0.9 mmol) and 

solvent (1 mL, EtOH : H2O : PhMe = 1:1:3) were taken in a 25 mL RBF. The reaction mixture 

was refluxed at 110 oC and the progress of the reaction was monitored by thin layer 

chromatography. The mixture was cooled to room temperature and extracted with ethyl acetate 

(30x3 mL) three times. The combined organic layer was further washed with brine (30 mL) 

and subsequently dried over anhydrous Na2SO4. Finally the solvent was evaporated under 

reduced pressure to get the crude product which was purified by flash column chromatography 

on silica gel to afford [1,1'-biphenyl]-4-yl(2,2-diphenylvinyl)sulfane 11 (0.092 g, 0.25 mmol) 

in 84% yield. 

 

Experimental Procedure for The Synthesis of (2,2-diphenylvinyl)(4-

(phenylethynyl)phenyl)sulfane (12): 

 

To a solution of 4(4-Bromophenyl)(2,2-diphenylvinyl)sulfane 3ab (0.11 g, 0.3 mmol, 1 equiv) 

in Et3N (3 mL) were added PdCl2(PPh3)2 (0.006 g , 0.009 mmol) and CuI (0.0017 g, 0.009 

mmol) under nitrogen atmosphere in a standard Schlenk-line process. The reaction mixture was 

stirred for 5 min under an inert atmosphere. Then, 2-phenyl acetylene (40 μL, 0.36 mmol, 1.2 
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equiv) was added to the reaction mixture. The resulting mixture was then heated under an inert 

atmosphere at 80 °C for 18 h. The mixture was allowed to cool to room temperature. The 

solvent was evaporated under reduced pressure. The crude reaction mixture was extracted with 

ethyl acetate thrice (3 x 30 mL). The combined organic layer was washed with brine solution 

(30 mL) and concentrated under reduced pressure. The crude product was purified by flash 

column chromatography through silica gel to afford the product (2,2-diphenylvinyl)(4-

(phenylethynyl)phenyl)sulfane 12 (0.049 g, 0.13 mmol) in 42% yield. 

 

Experimental Procedure for the Synthesis of (2-(Phenylseleninyl)ethene-1,1-

diyl)dibenzene (13): 

 

3-Chloroperoxybenzoic acid, m-CPBA (purity: 65-70%) (0.140 g, 0.32 mmol) was added to a 

solution of (2,2-diphenylvinyl)(phenyl)selane 6aa (0.168 g, 0.3 mmol) dissolved in 

dichloromethane (2.5 mL) at 0 oC. The reaction mixture was cooled at 0 oC. Then, the reaction 

mixture was stirred vigorously for 2 h. After the completion of the reaction the solvent was 

evaporated under reduced pressure. The crude reaction mixture was extracted with 

dichloromethane thrice (3 x 10 mL). The combined organic layer was washed with water (3 x 

10 mL) and evaporated under reduced pressure. The crude product was purified by flash 

column chromatography through silica gel to afford the (2-(phenylseleninyl)ethene-1,1-

diyl)dibenzene 13  in (0.09 g, 0.26 mmol) in 85% yield. 

 

6.3.5. Analytical Data of All Synthesized Products (3aa - 3an, 3ba – 

3fa, 3bi, 3ci and 4, 6aa - 6aj, 6ba – 6ia, 7 - 14). 

 

(2,2-Diphenylvinyl)(phenyl)sulfane (3aa):2 White solid (0.135 g, 94%); 

eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.48 (m, 4H), 7.45 

(m, 3H), 7.42 – 7.36 (m, 3H), 7.35 (d, J = 2.9 Hz, 3H), 7.32 (m, 2H), 6.95 



 

325 
 

(s, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 141.4, 141.0, 139.1, 136.5, 129.7, 129.5, 129.1, 

128.3, 128.3, 127.7, 127.3, 127.2, 126.7, 124.1. 

(4-Bromophenyl)(2,2-diphenylvinyl)sulfane (3ab):2 White solid 

(0.138 g, 75%); eluent hexane; 1H NMR (400 MHz, CDCl3
 δ 7.39 – 

7.07 (m, 14H), 6.68 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 

142.1, 141.2, 138.9, 135.7, 132.1, 130.8, 129.7, 128.4, 128.3, 127.9, 127.5, 127.2, 122.9, 120.6. 

 

(4-Chlorophenyl)(2,2-diphenylvinyl)sulfane (3ac):2 White solid 

(0.15 g, 94%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.49 – 

7.44 (m, 2H), 7.43 – 7.37 (m, 5H), 7.36 – 7.29 (m, 7H), 6.83 (s, 1H). 

13C NMR (100 MHz, CDCl3) δ 141.9, 141.2, 138.9, 135.0, 132.7, 130.6, 129.7, 129.2, 128.4, 

128.3, 127.9, 127.5, 127.2, 123.2. 

 

2,2-Diphenylvinyl)(4-fluorophenyl)sulfane (3ad):2 White solid (0.14 

g, 92%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.30 (m, 4H), 

7.23 (m, 3H), 7.17 – 7.10 (m, 5H), 6.94 – 6.85 (m, 2H), 6.65 (s, 1H). 

13C{1H} NMR (100 MHz, CDCl3) δ 162.1 (d, 1JC-F = 246 Hz), 141.3, 140.8, 139.0, 132.0 (d, 

3JC-F = 8 Hz), 131.5 (d, 4JC-F = 4 Hz), 129.7, 128.4, 128.2, 127.8, 127.3, 127.1, 124.6, 116.2(d, 

2JC-F = 22 Hz) (Overlapping peaks present). 19F NMR (376 MHz, CDCl3) δ -114.45 (s). 

 

(2,2-Diphenylvinyl)(4-nitrophenyl)sulfane (3ae):2 Yellow solid 

(0.13 g, 79%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.17 

(d, J = 9.0 Hz, 2H), 7.48 (d, J = 9.0 Hz, 2H), 7.45 – 7.42 (m, 2H), 

7.36 – 7.30 (m, 8H), 6.87 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 146.61, 146.33, 145.70, 

140.77, 138.56, 129.57, 128.47, 128.32, 128.19, 128.12, 127.42, 127.21, 124.13, 118.51. 

 

(2,2-Diphenylvinyl)(p-tolyl)sulfane (3af):2 White solid (0.103 g, 

68%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.27 (s, 1H), 

7.27 – 7.18 (m, 6H), 7.13 – 7.06 (m, 5H), 6.99-6.97 (m, 2H), 6.70 (s, 

1H), 2.18 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 141.5, 140.1, 139.2, 136.9, 132.8, 

130.0, 129.8, 129.7, 128.3, 128.2, 127., 127.1, 125.2, 21.0 (overlapping peaks are present). 
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(2,2-Diphenylvinyl)(4-methoxyphenyl)sulfane (3ag):2 Colourless 

liquid (0.13 g, 82%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 

7.29-7.24 (m, 6H), 7.22 (s, 1H), 7.11-7.10 (m, 5H), 6.76-6.73 (m, 

2H), 6.65 (s, 1H), 3.64 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 159.2, 141.4, 139.1, 132.5, 

129.7, 128.3, 128.2, 127.6, 127.03, 126.99, 126.7, 126.5, 114.7, 55.3 (overlapping peaks are 

present). 

N-(2-((2,2-Diphenylvinyl)thio)phenyl)benzamide (3ah): Yellow liquid 

(0.11 g, 52%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.92 (brS, 

1H), 8.62 (dd, J = 8.3, 1.1 Hz, 1H), 7.90 – 7.78 (m, 2H), 7.67 (dd, J = 7.7, 

1.4 Hz, 1H), 7.57 – 7.52 (m, 1H), 7.49 – 7.41 (m, 6H), 7.32 (dd, J = 8.0, 

1.5 Hz, 2H), 7.23 (dd, J = 5.1, 1.8 Hz, 3H), 7.18 – 7.10 (m, 3H), 6.49 (s, 1H). 13C{1H} NMR 

(100 MHz, CDCl3) δ 165.2, 142.4, 140.7, 139.3, 138.6, 134.8, 134.6, 132.0, 130.5, 129.6, 

128.8, 128.5, 128.3, 128.2, 127.6, 127.2, 127.1, 124.4, 124.0, 123.2, 120.8. HRMS (ESI), m/z 

calcd for C27H22NOS [M + H]+: 408.1417; found: 408.1390. 

 

(E)-Phenyl(styryl)selane (3ai):2 Yellow oil (0.109 g, 96%); eluent hexane; 

1H NMR (400 MHz, CDCl3 δ 7.31 – 7.27 (m, 2H), 7.24 – 7.20 (m, 3H), 7.15 

(s, 1H), 7.12 (m, 4H), 6.45 (s, 1H), 2.25 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 141.7, 

139.4, 138.3, 129.63 128.3, 128.2, 127.6, 127.5, 126.9, 126.8, 17.9. 

 

 (2,2-Diphenylvinyl)(propyl)sulfane (3aj): Yellow liquid (0.12 g, 92%); 

eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.51-7.48 (m, 1H), 7.47 (d, J 

= 2.0 Hz, 1H), 7.45 (d, J = 1.7 Hz, 1H), 7.43 (m, 1H), 7.40 (m, 1H), 7.37-

7.35 (m, 2H), 7.34 – 7.30 (m, 3H), 6.70 (s, 1H), 2.86 – 2.81 (m, 2H), 1.81 (d, J = 7.3 Hz, 2H), 

1.11 (t, J = 7.3 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 141.9, 139.5, 138.2, 129.62 

128.2, 128.1, 127.3, 126.9, 126.7, 126.3, 36.8, 23.6, 13.2. HRMS (ESI), m/z calcd for C18H19S 

[M + H]+: 255.1202; found: 255.1169. 

 

 4-((2,2-Diphenylvinyl)thio)butanoic acid (3ak): Yellow viscous 

liquid (0.11 g, 76%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 

7.31-7.29 (m, 3H), 7.25 – 7.20 (m, 3H), 7.14 – 7.12 (m, 4H), 6.47 (s, 1H), 2.73 (t, J = 7.1 Hz, 

2H), 2.42 (t, J = 7.2 Hz, 2H), 1.97 – 1.89 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 179.0, 
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141.7, 139.4, 139.3, 129.6, 128.3, 128.2, 127.5, 126.95, 126.9, 125.2, 33.8, 32.3, 25.1. HRMS 

(ESI), m/z calcd for C18H18O2S [M]: 298.1028; found: 298.1053. 

 3-((2,2-Diphenylvinyl)thio)propan-1-ol (3al): Viscous liquid (0.084 g, 

62%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.28 (m, 

2H), 7.24 – 7.22 (m, 3H), 7.19 – 7.17 (m, 2H), 7.16 – 7.11 (m, 3H), 6.59 (s, 1H), 2.88 – 2.80 

(m, 1H), 1.96 (d, J = 2.9 Hz, 1H), 1.74 – 1.68 (m, 2H), 1.35-1.25 (m, 2H).13C{1H}  NMR (100 

MHz, CDCl3) δ 178.6, 141.7, 139.5, 139.4, 129.7, 128.3, 128.2, 127.5, 127.0, 126.9, 125.2, 

33.8, 32.2, 25.1. Anal calcd for C17H18OS: C, 75.52; H, 6.71; S, 11.86; found C, 75.40; H, 

6.82; S, 11.79. 

 

 Cyclohexyl(2,2-diphenylvinyl)sulfane (3am): Colourless oil (0.097 g, 

69%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.28 (m, 3H), 

7.23 (d, J = 7.4 Hz, 2H), 7.119 – 7.17 (m, 2H), 7.16 – 7.11 (m, 3H), 6.59 

(s, 1H), 2.88 – 2.80 (m, 1H), 2.02 – 1.94 (m, 2H), 1.74 – 1.68 (m, 2H), 1.58 – 1.53 (m, 1H), 

1.40 – 1.16 (m, 5H). 13C{1H} NMR (100 MHz, CDCl3) δ 142.2, 139.7, 138.2, 129.7, 128.2, 

128.2, 127.3, 127.0, 126.7, 124.7, 46.8, 33.8, 26.1, 25.6. HRMS (ESI), m/z calcd for C20H22S 

[M]: 294.1442; found: 294.1437. 

 

 2-((2,2-Diphenylvinyl)thio)thiophene (3an):2 White solid (0.109 g, 74%); 

eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.32 (m, 2H), 7.31 – 

7.25 (m, 4H), 7.20 – 7.14 (m, 3H), 7.13 – 6.91 (m, 4H), 6.63 (s, 1H). 13C 

NMR (100 MHz, CDCl3) δ 141.0, 139.2, 138.8, 133.9, 132.7, 129.7, 129.3, 128.5, 128.3, 

127.9, 127.6, 127.3, 127.1. 

 

(2,2-Di-p-tolylvinyl)(phenyl)sulfane (3ba):2 Colourless liquid (0.124 g, 

78%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.35 – 7.31 (m, 2H), 

7.22 (t, J = 7.6 Hz, 2H), 7.15 – 7.14 (m, 5H), 7.07 (d, J = 8.2 Hz, 2H), 7.00 

(d, J = 7.9 Hz, 2H), 6.68 (s, 1H), 2.30 (s, 3H), 2.24 (s, 3H). 13C{1H} NMR 

(100 MHz, CDCl3), δ 141.4, 138.9, 137.5, 137.1, 136.8, 136.4, 129.6, 

129.3, 129.03, 128.96, 128.2, 127.2, 126.6, 122.4, 21.3, 21.1. 
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(2,2-Bis(4-chlorophenyl)vinyl)(phenyl)sulfane (3ca): White solid (0.16 g, 

91%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.33 (m, 3H), 

7.31 – 7.26 (m, 3H), 7.22 – 7.16 (m, 5H), 7.08 – 7.06 (m, 2H), 6.76 (s, 1H). 

13C{1H} NMR (100 MHz, CDCl3) δ 139.6, 138.2, 137.1, 135.7, 133.8, 

133.3, 131.1, 129.8, 129.2, 128.8, 128.6, 128.34, 127.2, 125.7.HRMS (ESI), 

m/z calcd for C20H15Cl2S [M + H]+: 356.0193; found: 356.0160. 

((2,2-Bis(4-fluorophenyl)vinyl)(phenyl)sulfane (3da): Yellow oil (0.126 g, 

78%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.31 (d, J = 7.4 Hz, 2H), 

7.23 – 7.18 (m, 4H), 7.13 (d, J = 7.2 Hz, 1H), 7.09 – 7.05 (m, 2H), 6.99  (t, J 

= 8.7 Hz, 2H), 6.85 (t, J = 8.6 Hz, 2H), 6.66 (s, 1H).  13C NMR (100 MHz, 

CDCl3 δ 162.20 (d, 1JC-F = 246 Hz), 162.21 (d, 1JC-F = 246 Hz), 138.9, 137.5, 

136.0, 134.9, 131.45 (d, 3JC-F = 8 Hz), 129.6, 129.2, 128.7 (d, 3JC-F = 8 Hz), 

127.0, 124.3, 115.2 (d, 2JC-F = 21 Hz), 115.4 (d, 2JC-F = 21 Hz). 19F NMR (376 MHz, CDCl3) 

δ -113.28 (s), -114.51 (s). HRMS (ESI), m/z calcd for C20H15F2S [M + H]+: 325.0857; found: 

325.0811. 

(2,2-Di-p-tolylvinyl)(methyl)sulfane (3bi): Yellow solid (0.12 g, 

92%); eluent hexane; mp = 65 - 67 oC;  1H NMR (400 MHz, CDCl3) 

δ 7.21 (s, 4H), 7.12 – 7.10 (m, 2H), 6.48 (s, 1H), 2.39 (s, 3H), 2.37 (s, 

3H), 2.34 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 139.1, 138.4, 

137.1, 136.6, 136.5, 129.5, 128.9, 128.9, 126.9, 126.1, 21.3, 21.0, 

18.0. HRMS (ESI), m/z calcd for C17H18S [M]: 254.1129; found: 254.1199. The assignment 

is also supported by an X-ray crystallographic structure determination (CCDC 2261525). 

 

(2,2-Bis(4-chlorophenyl)vinyl)(methyl)sulfane (3ci):2 Orange solid 

(011 g, 72%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.27 (d, 

J = 8.6 Hz, 2H), 7.16 – 7.12 (m, 4H), 7.01 (d, J = 8.7 Hz, 2H), 6.46 (s, 

1H), 2.29 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 139.8, 137.4, 

135.8, 133.4, 132.8, 131.0, 128.9, 128.7, 128.4, 128.1, 17.9. 
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(Phenyl(2-phenyl-2-(p-tolyl)vinyl)sulfane (3ea): Colourless oil (0.114 g, 

75%, Z:E = 55:45); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.39 – 

7.35 (m, 5H), 7.33 – 7.25 (m, 9H), 7.22 – 7.19 (m, 10H), 7.07 (dd, J = 21.0, 

5.0 Hz, 4H), 6.78 (s, 1H), 6.77 (s, 1H), 2.35 (s, 3H), 2.29 (s, 3H). 13C{1H} 

NMR (100 MHz, CDCl3 δ 141.7, 141.4, 141.18, 139.3\3, 138.7, 137.6, 

137.2, 136.7, 136.6, 136.2, 129.7, 129.6, 129.5, 129.4, 129.1, 129.0, 128.3, 128.3, 127.7, 127.3, 

127.1, 126.7, 126.6, 123.6, 122.9 Anal calcd for C21H18S: C, 83.40; H, 6.00; S, 10.60; found 

C, 83.23; H, 5.82; S, 10.56. 

. 

 (E)-(2-(2,6-Dimethylphenyl)-2-phenylvinyl)(phenyl)sulfane (3fa): 

Colourless liquid (0.068 g, 43%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) δ 7.44 – 7.42 (m, 2H), 7.35 – 7.31 (m, 2H), 7.24 – 7.22 (m, 4H), 

7.22 (s, 1H), 7.17 (d, J = 8.2 Hz, 2H), 7.10 (d, J = 8.0 Hz, 2H), 6.79 (s, 1H), 

2.40 (s, 3H), 2.34 (s, 3H).13C{1H} NMR (100 MHz, CDCl3) δ 141.4, 

138.9, 137.5, 137.1, 136.8, 136.4, 129.6, 129.4, 129.04, 128.96, 128.2, 127.2, 126.6, 122.4, 

21.3, 21.1. Anal calcd for C22H20S: C, 83.50; H, 6.37; S, 10.13; found C, 83.64; H, 6.31; S, 

10.05. 

 

1,2-Bis(2,2-diphenylvinyl)disulfane (4): Yellow solid (0.13 g, 60%); 

eluent hexane; mp = 96 - 98 oC; 1H NMR (400 MHz, CDCl3 δ 7.49 

– 7.45 (m, 8H), 7.42 – 7.40 (m, 5H), 7.37 (t, J = 4.3 Hz, 4H), 7.31 (d, 

J = 1.4 Hz, 3H), 6.91 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 141.7, 139.9, 139.0, 129.7, 

128.4, 128.3, 127.7, 127.2, 124.5 (Overlapping peaks are present). Anal calcd for C28H22S2: C, 

79.58; H, 5.25; S, 15.17; found C, 79.40; H, 5.43; S, 15.33. 

 

 

(2,2-Diphenylvinyl)(phenyl)selane (6aa):7 Yellow solid (0.16 g, 96%); 

eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.44 (dd, J = 7.5, 1.9 Hz, 

2H), 7.32 – 7.19 (m, 5H), 7.19 – 7.02 (m, 8H), 7.00 (s, 1H). 13C{1H} NMR 

(100 MHz, CDCl3) δ 143.0, 141.5, 140.3, 132.4, 131.2, 129.2, 129.2, 128.4, 128.2, 127.8, 

127.3, 127.2, 127.1, 122.5. 
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(4-Bromophenyl)(2,2-diphenylvinyl)selane (6ab):7 White solid 

(0.16 g, 77%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.32-

7.31 (m, 5H), 7.30 – 7.26 (m, 2H), 7.22 – 7.19 (m, 2H), 7.16 – 7.13 

(m, 5H), 6.93 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 143.8, 141.3, 140.1, 134.0, 132.4, 

130.5, 129.3, 128.5, 128.3, 128.1, 127.4, 127.2, 121.7, 121.5. 

 

(2-Chlorophenyl)(2,2-diphenylvinyl)selane (6ac):7 White solid (0.174 g, 

94%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.54 (dd, J = 7.7, 1.7 

Hz, 2H), 7.40 – 7.37 (m, 4H), 7.34 – 7.30 (m, 6H), 7.19 – 7.16 (m, 1H), 

7.15 – 7.13 (m, 1H), 7.10 (s, 1H).13C{1H} NMR (100 MHz, CDCl3) δ 155.2, 141.5, 139.1, 

135.4, 132.8, 130.3, 129.7, 128.9, 128.7, 128.7, 128.6, 128.3, 128.2, 128.0, 127.8, 127.6. 

 

(2,2-Diphenylvinyl)(2-fluorophenyl)selane (6ad): Yellow solid (0.164 g, 

93%); eluent hexane; mp = 58 - 60 oC; 1H NMR (400 MHz, CDCl3) δ 7.65 

– 7.60 (m, 1H), 7.51 – 7.46 (m, 2H), 7.42 (m, 3H), 7.34 – 7.28 (m, 6H), 

7.18 – 7.10 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 161.3 (d, 1JC-F = 242Hz), 144.0, 141.4, 

140.0, 133.9, 129.4, 129.3, 128.5, 128.3, 128.0, 127.4, 127.2, 124.9, 120.1, 118.2 (d, 2JC-F = 23 

Hz), 115.7 (d, 2JC-F = 23 Hz). 77Se NMR (76 MHz, CDCl3) δ 302.08 (s). 19F NMR (376 MHz, 

CDCl3) δ -103.64 (s). Anal calcd for C20H15FSe C, 67.99; H, 4.28 found C, 68.14; H, 4.16. 

 

 

[1,1'-Biphenyl]-2-yl(2,2-diphenylvinyl)selane (6ae): Yellow solid (0.15 

g, 75%); eluent hexane; mp = 87 - 89 oC;  1H NMR (400 MHz, CDCl3) δ 

7.74 – 7.71 (m, 1H), 7.39 – 7.33 (m, 11H), 7.28 (s, 3H), 7.24 – 7.22 (m, 

2H), 7.21 – 7.19 (m, 2H), 7.06 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 144.1, 143.9, 

141.8, 141.6, 140.2, 134.2, 132.1, 132.0, 130.2, 129.4, 129.1, 128.3, 128.2, 128.1, 127.8, 127.5, 

127.2, 127.0, 122.2 (Overlapping peaks are present). 77Se NMR (76 MHz, CDCl3) δ 350.06 

(s). Anal calcd for C26H20Se: C, 75.91; H, 4.90; found C, 75.80; H, 5.02. 
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(2,2-Diphenylvinyl)(4-nitrophenyl)selane (6af): Yellow solid 

(0.071 g, 37%); eluent hexane; mp = 55 - 57 oC; 1H NMR (400 MHz, 

CDCl3) δ 7.34 – 7.28 (m, 4H), 7.27 – 7.21 (m, 3H), 7.20 – 7.13 (m, 

7H), 6.66 (s, 1H).. 13C{1H} NMR (100 MHz, CDCl3) δ 142.1, 141.2, 138.9, 135.7, 132.1, 

130.8, 129.7, 128.4, 128.3, 127.9, 127.5, 127.2, 122.9, 120.6.. Anal calcd for C20H15NO2Se: 

C, 63.17; H, 3.98; N, 3.68; found C, 63.47; H, 3.56; N, 3.82. 

(2,2-Diphenylvinyl)(4-(trifluoromethyl)phenyl)selane (6ag):7 

White solid (0.13 g, 62%); eluent hexane; 1H NMR (400 MHz, 

CDCl3
 δ 7.52 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 7.35 – 

7.27 (m, 3H), 7.21 – 7.12 (m, 7H), 6.97 (s, 1H).13C NMR (100 MHz, CDCl3) δ 145.1, 141.2, 

140.06, 137.0, 131.7, 129.2, 128.6, 128.4, 128.2, 127.6, 127.2, 126.0, 125.4, 124.0 (d, 1JC-F = 

270 Hz), 120.0. 

 

(2,2-Diphenylvinyl)(p-tolyl)selane (6ah):7 Yellow solid (0.13 g, 

73%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.33 (m, 

1H), 7.32 – 7.29 (m, 2H), 7.24 – 7.23 (m, 3H), 7.22 (s, 1H), 7.21 – 

7.11 (m, 7H), 6.47 (s, 1H), 2.28 (s, 3H). 13C NMR (100 MHz, CDCl3 δ 141.7, 139.5, 138.4, 

133.4, 132.9, 129.7, 128.6, 128.3, 128.2, 127.6, 127.5, 127.0, 126.8, 18.0. 

 

(2,2-Diphenylvinyl)(naphthalen-1-yl)selane (6ai):7 Yellow solid (0.16 g, 

84%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 8.2 Hz, 

1H), 8.03 (d, J = 7.1 Hz, 1H), 7.95 (t, J = 7.3 Hz, 2H), 7.69 – 7.60 (m, 3H), 

7.59–7.57 (m, 3H), 7.55 – 7.49 (m, 2H), 7.33 (s, 5H), 7.21 (s, 1H). 13C NMR (100 MHz, 

CDCl3) δ 142.9, 141.4, 140.3, 134.1, 134.0, 132.8, 130.4, 129.4, 128.9, 128.6, 128.5, 128.2, 

127.9, 127.6, 127.1, 127.1, 126.8, 126.3, 125.8, 122.9. 

 

(2,2-Diphenylvinyl)(methyl)selane (6aj): White solid (0.126 g, 92%); eluent 

hexane; mp = 55 - 57 oC;  1H NMR (400 MHz, CDCl3) δ 7.28 – 7.26 (m, 2H), 

7.23 – 7.22 (m, 1H), 7.20 (d, J = 1.6 Hz, 1H), 7.18 (d, J = 1.4 Hz, 1H), 7.17 – 7.15 (m, 1H), 

7.12 – 7.10 (m, 4H), 6.78 (s, 1H), 2.09 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 141.9, 141.8, 

140.5, 129.2, 128.4, 128.2, 127.6, 126.9, 126.9, 123.0, 7.6. Anal calcd for C15H14Se: C, 65.94; 

H, 5.16 found C, 65.82; H, 5.32. 
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 (2,2-Di-p-tolylvinyl)(phenyl)selane (6ba): Yellow solid (0.14 g, 78%); 

eluent hexane; mp = 85 - 87 oC; 1H NMR (400 MHz, CDCl3) δ 7.49 – 7.46 

(m, 2H), 7.23 – 7.17 (m, 3H), 7.13 (s, 4H), 7.05 (d, J = 8.2 Hz, 2H), 6.98 

(d, J = 8.1 Hz, 2H), 6.94 (s, 1H), 2.30 (s, 3H), 2.23 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 143.2, 139.0, 137.6, 137.5, 137.0, 132.3, 131.8, 129.2, 

129.2, 129.1, 128.9, 127.2, 127.1, 120.8, 21.3, 21.1. 77Se NMR (76 MHz, 

CDCl3) δ 371.81 (s). Anal calcd for C22H20Se C, 72.72; H, 5.55 found C, 72.96 ; H, 5.38. 

 

(2,2-Bis(4-chlorophenyl)vinyl)(phenyl)selane (6ca):7 Yellow oil (0.15 g, 

74%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.50 – 7.47 (m, 2H), 

7.33 – 7.30 (m, 2H), 7.25 – 7.22 (m, 3H), 7.18 (s, 1H), 7.17 – 7.15 (m, 2H), 

7.14 (s, 1H), 7.05 (d, J = 2.1 Hz, 1H), 7.03 (d, J = 2.2 Hz, 2H).13C {1H} 

NMR (100 MHz, CDCl3) δ 140.4, 139.7, 138.2, 133.9, 133.3, 132.7, 131.0, 

130.7, 129.4, 128.9, 128.5, 128.3, 127.7, 124.2. 

 

(2,2-Bis(4-fluorophenyl)vinyl)(phenyl)selane (6da): Yellow oil (0.169 g, 

91%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.65 – 7.56 (m, 2H), 

7.36 – 7.32 (m, 5H), 7.25 – 7.18 (m, 2H), 7.15 (t, J = 8.7 Hz, 2H), 7.08 (s, 

1H), 6.99 (t, J = 8.7 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 162.3 (d, 1JC-

F = 246 Hz), 162.2 (d, 1JC-F = 240 Hz), 140.9, 137.7, 136.0, 132.6, 131.2, 

131.0 (d, 3JC-F = 8 Hz), 129.4, 128.5 (d, 3JC-F = 8 Hz), 127.6, 122.7, 115.5 (d, 

2JC-F = 39 Hz), 115.3 (d, 2JC-F = 39 Hz),. 77SeNMR (76 MHz, CDCl3) δ 378.00 (s). 19F NMR 

(376 MHz, CDCl3) δ -113.14 (s), -114.63 (s). HRMS (ESI), m/z calcd for C20H14F2Se [M]: 

372.0229; found: 372.0237. 

 

Phenyl(2-phenyl-2-(p-tolyl)vinyl)selane (6ea):7 Colourless oil (0.11 g, 

65%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.51-7.46 (m, 4H), 

7.38 – 7.23 (m, 6H), 7.22 – 7.17 (m, 5H), 7.16 (dd, J = 5.9, 2.1 Hz, 4H), 

7.15 (d, J = 4.3 Hz, 4H), 7.11 (d, J = 3.8 Hz, 2H), 7.06 – 6.99 (m, 3H), 6.98 

(s, 1H), 6.97 (s, 1H), 2.31 (s, 3H), 2.22 (s, 3H).13C{1H} NMR (100 MHz, 

CDCl3) δ 143.2, 143.1, 141.7, 140.5, 138.8, 137.7, 137.4, 137.1, 132.4, 132.4, 131.7, 129.3, 

129.2, 129.2, 129.0, 128.7, 128.4, 128.2, 127.8, 127.3, 127.3, 127.2, 127.1, 127.0, 122.0, 121.3, 

21.3, 21.1. 
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(E)-(2-(2,6-Dimethylphenyl)-2-phenylvinyl)(phenyl)selane (6fa): 

Pale yellow oil (0.1 g, 55%); eluent hexane; 1H NMR (400 MHz, 

CDCl3) δ 7.53 – 7.42 (m, 2H), 7.21 (d, J = 7.0 Hz, 3H), 7.15 (s, 1H), 

7.14 (s, 3H), 7.06 (d, J = 8.2 Hz, 2H), 6.99 (d, J = 8.1 Hz, 2H), 6.95 (s, 

1H), 2.31 (s, 3H), 2.23 (s, 3H).13C{1H} NMR (100 MHz, CDCl3) δ 

143.2, 139.0, 137.6, 137.5, 137.0, 132.3, 131.8, 129.2, 129.2, 129.1, 128.9, 127.2, 127.1, 120.8, 

21.3, 21.1. Anal calcd for C22H20Se: C, 72.72; H, 5.55; found C, 72.86; H, 5.38. 

 

 

Phenyl(2-phenylprop-1-en-1-yl)selane (6ga): Yellow oil (0.042 g, 31%); 

eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.62 – 7.57 (m, 4H), 7.44 

(dd, J = 8.0, 6.6 Hz, 3H), 7.40 – 7.37 (m, 2H), 7.35 – 7.31 (m, 5H), 7.28 – 

7.25 (m, 6H), 7.15 (s, 1H), 7.10 (s, 1H), 2.43 (s, 3H), 2.35 (s, 3H). 13C{1H} 

NMR (100 MHz, CDCl3) δ 143.1, 141.7, 140.5, 138.8, 137.7, 137.4, 137.1, 132.4, 132.4, 

131.7, 129.2, 129.2, 129.0, 128.7, 128.4, 128.2, 127.8, 127.3, 127.3, 127.19, 127.2, 127.0, 21.3, 

21.1. Anal calcd for C15H14Se: C, 65.94; H, 5.16; found C, 65.99; H, 5.04. 

(E)-Phenyl(styryl)selane (6ia):8 Yellow solid (0.032 g, 25%); eluent 

hexane; 1H NMR (400 MHz, CDCl3) δ 7.67 – 7.49 (m, 2H), 7.43 (dd, J = 

9.3, 5.6 Hz, 2H), 7.40 – 7.32 (m, 3H), 7.29 - 7.25 (m, 3H), 7.24 (d, J = 7.6 Hz, 1H), 7.16 (d, J 

= 7.8 Hz, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 143.1, 133.5, 132.3, 129.3, 129.0, 128.5, 

128.2, 128.0, 127.7, 127.2. 

 

(2-(Phenylsulfinyl)ethene-1,1-diyl)dibenzene (7):9 White solid (0.075 g, 

82%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.64 – 7.57 (m, 2H), 7.46 

– 7.38 (m, 6H), 7.32 – 7.25 (m, 3H), 7.21 (dt, J = 10.8, 7.7 Hz, 4H), 6.75 (s, 

1H). 13C{1H} NMR (100 MHz, CDCl3) δ 152.8, 144.8, 138.9, 136.9, 133.3, 130.8, 130.1, 

129.8, 129.4, 129.2, 128.5, 128.4, 128.4, 124.6. 
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 (2-(Phenylsulfinyl)ethene-1,1-diyl)dibenzene (8):10 White solid (0.073 g, 

76%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.59 – 7.57 (m, 2H), 7.48 

(t, J = 4.0 Hz, 1H), 7.40 – 7.34 (m, 4H), 7.33 – 7.29 (m, 4H), 7.23 – 7.20 (m, 

2H), 7.10 – 7.06 (m, 2H), 7.03 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 155.2, 141.4, 

139.0, 135.4, 132.8, 130.3, 129.7, 128.9, 128.7, 128.6, 128.6, 128.2, 127.8, 127.6. 

 

N-((2,2-diphenylvinyl)(phenyl)-λ4-sulfanylidene)-4-methylbenzenesulfonamide (9): White 

solid (0.11 g, 78%); eluent 20% ethyl acetate : hexane; mp = 96 - 98 oC; 1H 

NMR (400 MHz, CDCl3) δ 7.71 – 7.65 (m, 4H), 7.51 – 7.46 (m, 4H), 7.40 – 

7.36 (m, 3H), 7.31 (t, J = 7.5 Hz, 2H), 7.19 – 7.13 (m, 4H), 7.08 – 7.06 (m, 

2H), 6.67 (s, 1H), 2.35 (s, 3H).13C{1H} NMR (100 MHz, CDCl3) δ 155.5, 141.6, 141.4, 137.9, 

136.9, 136.1, 131.8, 130.6, 129.8, 129.7, 129.7, 129.1, 128.7, 128.6, 128.5, 126.43, 126.4, 

123.0, 21.4. Anal calcd for C27H23NO2S2: C, 70.87; H, 5.07; N, 3.06; S, 14.01; found C,70.99; 

H, 5.03; N, 3.02; S, 14.04. 

 

3-Phenylbenzo[b]thiophene (10):11  White solid (0.018 g, 40%); eluent hexane; 

1H NMR (400 MHz, CDCl3) δ 7.78 (m, 2H), 7.45 (dd, J = 8.2, 1.3 Hz, 2H), 7.35 

(dd, J = 8.1, 6.8 Hz, 2H), 7.25 – 7.18 (m, 2H), 7.16 – 7.08 (m, 2H). 13C{1H} NMR 

(100 MHz, CDCl3) δ 140.7, 138.1, 137.9, 136.0, 131.0, 129.2, 128.7, 127.5, 124.4, 124.3, 

123.4, 122.9. 

 

[1,1'-Biphenyl]-4-yl(2,2-diphenylvinyl)sulfane (11):2 White solid 

(0.092 g, 84%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.60 

– 7.56 (m, 4H), 7.53 – 7.50 (m, 2H), 7.47 – 7.42 (m, 4H), 7.40 – 7.36 

(m, 4H), 7.32 – 7.27 (m, 5H), 6.91 (s, 1H).13C{1H} NMR (100 MHz, CDCl3) δ 141.4, 141.3, 

140.3, 139.8, 139.2, 135.5, 129.8, 129.8, 128.9, 128.4, 128.3, 127.8, 127.8, 127.5, 127.3, 127.2, 

126.9, 123.9. 

 

(2,2-Diphenylvinyl)(4-(phenylethynyl)phenyl)sulfane (12):  

Yellow viscous liquid (0.049 g, 42%); eluent hexane; 1H NMR 

(400 MHz, CDCl3) δ 7.70 (m, 1H), 7.40 – 7.29 (m, 12H), 7.25 
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(d, J = 2.2 Hz, 1H), 7.24 (d, J = 2.2 Hz, 2H), 7.22 – 7.21 (m, 1H), 7.20 – 7.17 (m, 2H), 7.04 (s, 

1H).13C{1H} NMR (100 MHz, CDCl3) δ 143.4, 136.3, 132.3, 131.4, 131.2, 131.1, 131.0, 

129.0, 128.1, 127.9, 127.8, 127.5, 127.24 125.9, 125.7, 125.4, 124.9, 124.2, 123.9, 122.9, 92.9, 

89.1. Anal calcd for C28H20S: C, 86.56; H, 5.19; S, 8.25; found C, 86.65; H, 5.14; S, 8.21. 

 

(2-(Phenylseleninyl)ethene-1,1-diyl)dibenzene (13): Colourless oil (0.081 g, 

77%); eluent hexane; 1H NMR (400 MHz, CDCl3) δ 7.66 (dd, J = 7.7, 1.8 Hz, 

2H), 7.47 – 7.38 (m, 6H), 7.25-7.23 (m, 4H), 7.22 – 7.18 (m, 3H), 6.88 (s, 1H). 

13C NMR (100 MHz, CDCl3) δ 153.9, 142.0, 138.3, 137.7, 133.6, 131.1, 129.8, 129.7, 129.5, 

128.7, 128.7, 128.5, 128.2, 126.4. 77SeNMR (76 MHz, CDCl3) δ 848.85 (s). Anal calcd for 

C20H16OSe: C, 68.38; H, 4.59; found C, 68.49; H, 4.41. 

 

(2-Iodoethene-1,1-diyl)dibenzene (14):12 Pale yellow oil (0.138 g, 90%); eluent 

hexane; 1H NMR (400 MHz, CDCl3) δ 7.31 (d, J = 7.2 Hz, 3H), 7.20 – 7.14 (m, 

5H), 7.12 (dd, J = 3.7, 1.6 Hz, 2H), 6.84 (s, 1H).13C{1H} NMR (100 MHz, CDCl3) 

δ 152.7, 141.8, 141.1, 129.4, 128.3, 128.3, 128.1, 128.0, 127.5, 79.0. 
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1H and 13C NMR Spectra of Some Selected 

Diphenylvinyl Sulfanes and Selanes  
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Future Aspects 

The current studies revealed the successful utilization of a solvent, i.e., DMSO in developing 

a C-H methylsulfenylative annulation reaction where DMSO itself played the role of a 

methylsulfenylating reagent and oxidant. This concept could be further utilized in the future in 

developing methylsulfenylative annulation reactions with other alkynes to access novel 

organosulfides. Moreover, as described in the thesis (Chapter 2, Section IV), one of our 

synthesized molecules, 9-methylsulfenyl-10-phenylphenanthrene nicely probed the 

micellization of various surfactants and also the binding isotherm of a surfactant with protein. 

Based on these results, a variety of novel fluorescent probes could be designed and synthesized 

for other potential applications. The present thesis described the utility of molecular iodine as 

a recyclable catalyst in developing green synthetic methods for the chalcogenylative C-H 

annulation and C-H chalcogenation reactions in water to access a wide variety of polycyclic 

aromatic hydrocarbons (PAHs), polycyclic heteroaromatics and vinyl chalcogenides. This 

green strategy could further be utilized in designing and developing more C-H chalcogenative 

annulations and C-H chalcogenation reactions with other alkynes or alkenes for the synthesis 

of valuable organochalcogenides. 

 The current studies also revealed that the electrochemical approach for the selenylative 

annulation is more efficient in comparison to that of the iodine-catalyzed conventional thermal 

approach. Thus, more chalcogenylative annulations including selenylative annulations of other 

alkyne substrates could be designed and developed under electrochemical conditions for the 

efficient synthesis of novel carbocyclic or heterocyclic molecules bearing a chalcogen 

functional group. 
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