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Summary 

 

Heterocyclic compounds are widely distributed in nature and they play a vital role in the 

metabolism of all living cells. Among them, furanoids and triazoles represent one of the most 

privileged classes of naturally occurring versatile building blocks in synthetic organic chemistry 

due to their wealth of unique functional, conformational, and stereochemical information. These 

compounds possess a distinct place in the field of medicinal and pharmaceutical chemistry with 

diverse biological activities and plays pivotal roles in organic transformation. However, 

development of general and efficient methods from readily available starting material remains an 

emerging research area.  

The thesis entitled "New Approaches Toward the Synthesis of Furotropones, 

Benzofurans, Triazole and Axially Chiral Styrenes” describes the efforts taken towards the 

development of novel heterocyclic compounds and synthesis of axially chiral styrene. The 

content of the thesis has been divided into four chapters. In all the chapters, a brief introduction 

is provided, the compounds are sequentially numbered (bold), and references are marked 

sequentially as superscript and listed at the end of the thesis. 

This thesis mainly described the design and development of new strategies towards the 

synthesis of furotropones, benzofurans, triazole and axially chiral styrenes. In this regard, chapter 

1 and 2 will highlight the utilization of readily available starting material 3-furancarboxaldehyde 

towards the synthesis of furotropones and benzofuran.  

Tropones are commonly known as non-benzenoid aromatic compounds. Tropones are 

mainly found in natural products or they can be isolated from plants and fungi. They can be also 

used significantly against antibiotic-resistant bacteria. In addition, troponoids manifest several 

different biological activities like antiviral, antitumor, to mention a few. Moreover, tropone 

derivatives were studying widely from a synthetic, theoretical, photophysical and biological 

point of view. Among troponoids, furotropones were representing a significant class. Towards 

this, chapter 1 describes an efficient diversity oriented approach towards the synthesis of 

functionalized furotropone and benzofurotropones via mild base-mediated cyclization followed 

by oxidative aerobic aromatization. Further, various photophysical studies like UV-Vis, 

fluorescence, lifetime, and quantum yields were recorded. In addition, it found was that 

furotropones show selective fluorogenic sensing properties towards Fe3+ ion.  
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N-Heterocyclic carbenes (NHCs) have been playing an important role in organocatalytic 

transformations, mainly in carbon-carbon, carbon-heteroatom bond formation and annulation 

reactions. The synthetic utilities of NHCs have explored in various organic transformations. The 

importance of NHC catalysis in the area of pharmaceutical sciences and material chemistry holds 

the key for the ever-growing interest to develop more efficient synthetic protocols. The chapter 2 

discusses a NHC catalyzed efficient approach for the synthesis of highly functionalized 

dihydrobenzofuranones. After the successful development of intramolecular NHC catalyzed 

cross-benzoin reaction, the synthetic utility of this methodology was demonstrating a one-step 

elaboration towards benzofurans. The POCl3-mediated reaction of dihydrobenzofuranone 

furnished the benzofurans in good yields. 

Over the past few decades, versatile methodologies to employ azide as an aminating 

agent for the synthesis of nitrogen containing compounds such as azoles, nitriles, amides, 

quinolone, pyrrole, pyridine, etc. have been developed. The importance and unique chemical 

reactivity of azides have attracted the attention of modern chemists toward the development of 

novel methodologies. Herein, chapter 3 describes the development of efficient organocatalytic 

radical β-azidation reaction of enone via electron acceptor-donor-complex with Zhdankin 

reagent. Subsequently, a series of one-step elaboration of the azides have demonstrated to access 

tricyclic triazoles and 1,4-disubstituted triazoles.  

On the other hand, axially chiral compounds are widespread in biologically active or 

medicinally important compounds and being used as a chiral ligands or organocatalysts in 

asymmetric catalysis. With respect to other alkenes, styrenes are one of the most abundant and 

important building block for the chemical synthesis and their enantiomers exist due to the 

restricted rotation around a single bond between a substituted alkene and an aromatic ring. 

Therefore, the establishment of new approaches towards the atroposelective synthesis of styrenes 

is an important task in organic chemistry. Here, in chapter 4 describes the effort taken towards 

the efficient synthesis of axially chiral styrenes via Suzuki-Miyaura cross coupling reaction. In 

an attempt to develop atropselective Suzuki coupling reaction various combinations of bases, 

ligands, solvent and Pd catalyst evaluated. An excellent enantioselectivity observed with the 

combination of Pd2(dba)3 and BOX catalyst.  
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  Chapter 1  

Modular assembly of furotropones, benzofurotropones 

and study of their physicochemical properties 

 

 

 

 

 

 

 

In the middle of the nineteenth century, many advances were made in chemical sciences 

concerning the new invention, breakthrough, evaluation or synthesis of many new compounds, 

and non-benzenoid aromatic compound were among them. Tropones belong to the class of non-

benzenoid aromatic compounds they are also known as troponoids or tropolonoids, Fig 1.1 

Tropones are mainly found in natural products or they can be easily isolated from plants and 

fungi. There has been much consideration towards the synthesis of tropones and screening of 

their different pharmacological activities. Although the simplest tropone is not naturally 
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available (R=H), Fig 1.1 However, tropones having numerous facet side chains on the 7-

membered ring, such as hydroxyl, isopropyl, acetyl or even different bulky teams, like alkaloid, 

terpenoid, flavonoid etc, are widely found in nature.2 These derivatives have been frequently 

used as a building block for several functional transformations. Still, there a few studies on them, 

most likely owing to their limited occurring quantity, distribution, or diversity of troponoids as 

compared with different natural products. 

 

Fig 1: Tropone, tropolone and its derivative 

 

Troponoids have attracted in-depth studies for various important biological activities. 

They significantly were used against antibiotic-resistant bacteria. They are also used as 

anticancer and antifungal agent. Troponoids manifest several different biological activities like 

antiviral, antitumor, inhibitor, insecticidal or accelerator substance activities, to mention a few.3 

In addition, they have monumental potential to be lead structures for the planning of vital 

medicinal compounds. In 1960s, the studies of troponoid compounds concerning the 

identification of its chemical structure, biological activity, photochemistry or biosynthesis were 

studied. These studies have a guide to a deep understanding of troponoids properties with respect 

to the structure-activity relationship. Further, phytochemistry and medicinal study on troponoid 

compounds again started from the early 1990s, once scientists started a large-scale screening of 

natural products for anticancer drugs.  

Troponoids are chiefly distributed in plant species, such as needle tree gymnosperm and 

grass liliaceae family, Fig. 2.4 Moreover, tropolone itself isolated from Pseudomonas. On the 

other hand, simple and complex tropones, possessing completely different biological activities 

are also rife in various types of plants. Like, bicyclic tropone Cordytropolone was isolated from a 

fungal insect pathogen Cordyceps showing antifungal activity. Tricyclic, tetracyclic or 

pentacyclic troponoids containing heteroatoms exist in nature. Malettinins E isolated from an 
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unidentified, non-sporulating fungal colonist, Mycelia sterilia as an antibacterial agent. Utahin is 

the only tricyclic troponoids or ditropolonofuran isolated from the tree juniperus utahensis.  

 

Figure 2: Natural products and pharmaceutically important molecules possessing tropone 

 

 Xenovulene A was isolated as co-metabolite from Acremonium strictum as an 

antidepressant agent. The complex molecular structure possessing two fused seven-membered 

rings colchicine and its derivative are found in colcicum species as well as the plant of other 

species like lilliaceae showing antimalarial and anti-mitotic activities. Hexacyclic diterpenoid 

tropone Hainanolidol and Fortunolide were isolated from the plants Cephalotaxus hainanensis 
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and C. fortune, which possess antineoplastic and antiviral activities. Manicol is simple 

sesquiterpene troponoid isolated from the guyanan tree exhibit anti-HIV activity. Polyphenolic 

compound theaflavin is an antibacterial agent.                                            

 

Figure 3: Natural products accessible from furotropone and benzofurotropones 

 

Several cyclohepta[b]furans are well known in the literature having various biological 

activities, Fig. 3.5 For example, Frondosin B isolated from dysidea frondosa along with its five 

important derivatives are anti-inflammatory agents. Liphagal isolated from the sponge aka 

coralliphaga has selective inhibitor of PI3 kinase activity. Medicinally important salvixalapoxide 

secluded from the leaves of salvia xalapensis exhibit antibacterial activity. New classes of 

diterpene languidulane were isolated from salvia tonalensis. Furanosesterterpene nakafuran-9 

was isolated from the South African nudibranch hypselodoris capensis and dictyoceratida 

sponges along with other derivatives as antifeedant agents.  

Tropones are notable topic of interest and continue to be one of the most active research 

areas in organic chemistry. Towards this, various methods have been developed for the synthesis 

of tropones.6 Few important methods leading to the synthesis of furotropones and 

benzofurotropones is discussed in the next subsection. 
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1.1: Novel approaches for the synthesis of furotropones and benzofurotropones 

In 1975, Shafiee7 independently reported the synthesis of 7,9-disubstituted-8H-

cyclohepta[b]benzo[d]furan-8-ones 2c, Scheme 1. The reaction between diformylbenzofuran 2a 

and ketone 2b under basic condition resulted in the formation of substituted benzofurotropone 2c 

in moderate yield. This reaction opened a new avenue in the area of furotropone synthesis. 

 

Scheme 1: Shafiee’s synthesis of benzofurotropones 

 

  In 1976, Ito et al.8 described an easy method for the synthesis of hydroxyfurotropone 3c, 

Scheme 2. The cyclization reaction of cyclohepta-3,6-diene-1,2,5-triones 3a with acetyl acetone 

3b in presence of sodium acetate afforded substituted furotropones 3c in moderate yield. 

 

Scheme 2: Ito’s hydroxyfurotropones synthesis 

 

In 1991, Takeshita et al.9 have reported the synthesis of functionalized furotropones, 

Scheme 3. The acid hydrolysis reaction of 8,8-dicyanoheptafulvene 4a-4c delivered the cyclized 

product, 2-amino-3-cyano-6[H]-cyclohepta[b]furan-6-one 4d-4f in moderate yields. 

 

Scheme 3: Takeshita’s synthesis of functionalized furotropones 
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In 1994, Takeshita et al.10 described a novel Claisen rearrangement pathway for the 

synthesis of furotropones by employing hydroxytropone 5a, Scheme 4. The process involves 

initial substitution reaction of 4-hydroxy tropone 5a with allyl bromide in the presence of NaH 

(60% dispersion in oil) led to the formation of two different isomers 5b and 5c. Further, heating 

of 5b and 5c in the sealed tubes were resulted in the formation of furotropone 5d in 37% from 

(E)-isomer 5b and 27% in (Z)-isomer 5e via cascade Claisen rearrangement and cyclization 

reaction. 

 

Scheme 4: Takeshita’s Claisen rearrangement pathway for furotropone 

 

In 1996, Ochiai et al.11 reported simple tandem-Michael carbene insertion reaction 

pathway to synthesize substituted furotropones 6c, Scheme 5. The base-mediated cyclization 

reaction between aIkynyl(phenyl)iodonium salts and tropolone 6a afforded furotropones 6c in 

moderate to good yield. 

 

Scheme 5: Ochiai’s tandem Michael carbene insertion reaction  

 

In 2009, Heo et al.12 described an efficient synthesis of fused furotropones via sequential 

Suzuki-Miyaura cross-coupling reaction followed by aldol condensation, Scheme 6. The 

coupling reaction between (3-formylfuran-2-yl)boronic acid 7a with reactive 2’-

bromoacetophenone 7b resulted in the formation of coupled product 7c and subsequent 

intramolecular base-mediated aldol condensation reaction furnished furotropone 7d in high yield. 
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Scheme 6: Heo’s synthesis of fused furotropone 

 

Among annulated tropone derivatives, heteroaromatic tropones are not well explored 

concerning to their synthesis and photophysical properties and have been attracted the interest of 

scientists in the modern era.13 Among troponoids, furotropone represents a significant class. 

Further, there are few unresolved challenges for the synthesis, for example (i) The instability of 

furan moiety which leads to various side reaction during the process (ii) Difficult to access 

starting material as it involves construction of five and seven membered rings (iii) The synthesis 

requires harsh reaction condition leading to different side reactions, and (iv) it requires multistep 

synthesis. Consequently, the development of a general and efficient protocol for highly 

functionalized furotropones remains challenging.  

 

1.2: Results and discussion 

Detailed literature surveys were revealed that there is no general and straightforward 

strategy for the synthesis of furotropones and benzofurotropones. Toward this, we have initiated 

analysis to ascertain a brief, economical and ascendible approach for the synthesis of previously 

unknown furo[2,3-d]tropones, Scheme 7.14 In addition, to address the synthetic challenges 

related to furotropones we have designed a model substrate 8 starting from easily available 

furan/benzofuran-3-carboxaldehyde.  

 

Scheme 7: Our design for the synthesis of furotropones and benzofurotropones 
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1.2.1: Synthesis of furotropones and benzofurotropones 

 For the synthesis of functionalized furotropones, we have relied on a synthesis of the 

two-step starting material as reported on literature, Scheme 8.15 A modular synthesis of 3-

formyl-2-furylcarbinols 12 was easily achieved by regioselectivity directed chelation controlled 

α-lithiation strategy. In situ masking of aldehyde functionality in 3-furancarboxaldyde 10 by 

lithium N-methylpiperazide (generated from NMP and n-BuLi) and subsequent chelation 

controlled C-2 (α-lithiation) alkylation 11 with commercially available aldehyde led to the 

formation of enol 12. This reaction was found to be optimal with THF solvent in lower 

temperature and working well for alkyl, aryl, and heteroaryl aldehyde in moderate to good yield 

of the respective product, result is summarized in Table 1.  

 

Scheme 8: Synthesis of 3-formyl-2-furylcarbinols 12 by following our earlier report 

 

Table 1: Synthesis of 3-formyl-2-furylcarbinols 12 
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Subsequently, the required starting material was prepared according to the strategy 

described in the literature, Scheme 9.16 The BiCl3 catalyzed substitution reaction of 

furylcarbinols 12 and 1,3-dicarbonyl 13 furnished 8 in good to excellent yields. Various Lewis 

acid, Brønsted acid catalysts were screened for this reaction. Delightfully, Bi(III) found to be the 

best catalyst and delivered the desired product in good to excellent yield. Different 1,3-

dicarbonyl or 1,3,5-tricarbonyl compounds were utilized as an active nucleophilic source and 

found to be very excellent in selectivity and product formation, Table 2.  

 

Scheme 9: Synthesis of diketoaldehyde 8 by following our earlier report 

 

Table 2: Synthesis of diketoaldehyde 8 
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After successfully achieving two-step synthesis of starting material, we have turned our 

attention to investigate the entropically advantageous intramolecular reaction for the synthesis of 

functionalized furotropones, Scheme 10. Towards this, diverse range diketoaldehyde substrates 

were subjected to optimized condition, Table 3.  

 

 

Scheme 10: Synthesis of functionalized furotropones and benzofurotropones 

 

The reaction of various substituted and unsubstituted dicarbonyls with base furnished 

respective products in good to excellent yields. The diketoaldehyde adduct of acetyl acetone 

having substituted aryl or heteroaryl appended to furan 8a, 8c, 8g and 8i delivered the tropone 

9a, 9c, 9g and 9i in good yield, while in case of benzofuran 8m furnished the tropone 9m in a 

moderate yield in short reaction time. On the other hand, diketoaldehyde adducts of benzyl 

acetone appended furan 8b, 8d, 8e, 8f and 8h delivered the respective tropone 9b, 9d, 9e, 9f and 

9h in good to excellent yields, while in case of benzofuran 8n furnished the tropone 9n in 

moderate yield. The triketoaldehyde adduct of 1,3,5-triketone appended furan 8j-8l delivered the 

respective furotropone 9j-9l in good yields. The intramolecular aldol reaction with 
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diketoaldehyde or triketoaldehyde adducts were realized to be general, efficient, and a diverse 

range of tropones assessed in good to excellent yields. 

 

Table 3: Substrate scope of functionalized furotropone 

 



Synthesis of furotropones & Benzofurotropones 

12 
 

 

Figure 4: 1H-NMR spectrum of 9c 

 

Figure 5: 13C-NMR spectrum of 9c 
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Scheme 11: Synthesis of mono substituted furotropones via in situ ethoxy decarbonylation 

 

After exploring the substrate scope of furotropones having various aryl and heteroaryl 

substituents, we have also evaluated the scope and limitation of this transformation by varying 

ketoester and the results are summarized in, Scheme 11. Treatment of diketoaldehyde adduct of 

ethyl acetoacetate 8q-8s appended to furan was subjected under the optimized condition, 

delivered the decarboxylated furotropone 9q-9s in moderate yield. On the other hand, ketoester 

adduct of ethyl acetoacetate having biphenyl 8i delivered esterfurotropone 9i in good yield. Here, 

we didn’t observe the decarboxylated product formation even though the reaction was continued 

for a prolonged time. 

 

 

Scheme 12: Synthesis of disubstituted furotropones via retro-Claisen condensation 
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After realizing a facile transformation of the diketoaldehyde and ketoesteraldehyde under 

the optimized condition, we have thought to expand the substrate scope of furotropone 

possessing different functionality. Interestingly, when we treated diketoaldehyde adduct of 3-

methyl-2,4-pentadione having arenes appended to furan 8o, 8p under the optimized condition 

delivered the unexpected α-methyl furotropone 9o, 9p via in situ retro-Claisen followed by 

aromatization reaction in moderate yield, Scheme 12. 

 

 

Scheme 13: Synthesis of 2,3-bifuran derivatives 

 

Surprisingly, when we subjected diketoaldehyde possessing alkyne functionality 8t under 

the standard optimized condition delivered the unexpected 4'-benzoyl-2'-hexyl-5'-methyl-[2,3'-

bifuran]-3-carbaldehyde 9t unlike expected furotropone in 78% yield, Scheme 13. A general and 

straightforward mechanism was proposed that rationalizes the transformation of diketoaldehyde 

into furotropone under basic conditions. Synthesis of bifuran 9t involves a subtle rearrangement 

of diketone and alkyne leading to cyclization and subsequent aromatization leading to 2,3’-

bifuran.17 This method involves the simple and useful approach for the synthesis of substituted 

difuran derivatives, which are otherwise difficult to access. 

 

1.3: Photophysical properties of functionalized furotropones 

In the last few decades, principle photophysical properties of tropones like circular 

dichroism, electroluminescence, molecular and electronics study were documented in the 

literature.18 However, no attempt was made to understand the photophysical properties of 

furotropones. Thus, we intended to analyze the photophysical properties of furotropones. Eight 

different functional furotropones were chosen for analyzing the photophysical study. UV-Vis and 

emission spectra were recorded at 10µM concentration with a different combination of solvents. 

Therefore, we began our study by initially recording the UV-Vis properties of 9r under the 
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different solvent (non-polar to polar). Among the solvents screened, the absorption band due to 

n-π* transition was observed in the range of 332-338 nm. A non-polar solvent like toluene 

exhibited an absorption maximum at 332 nm while the polar solvent exhibited the absorption 

maximum at 338 nm indicating the bathochromic shift (red shift) of about 6 nm. On the other 

hand, the absorption band due to π-π* transition was observed in the range of 266-284 nm 

showing the hypsochromic shift (blue shift) of about 18 nm from toluene to DMSO Fig. 6 (I). 

Additionally, UV-Vis absorption spectra of few other di- and triketofurotropones were recorded 

and the results are summarized in Fig. 6 (II). 

(I)                                                                                    
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Figure 6: (I) UV-vis absorption spectra of 9q (10 μM) in different solvents. (II) UV-vis     

absorption spectra of 9b, 9c, 9e, 9g, 9h, 9j, 9k and 9q in ethanol (10 M) 
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Next, we have focused on the fluorescence emission for these compounds. The emission 

spectra of all compounds were recorded at the same concentration by exciting the respective 

solutions at their absorption maxima (longer wavelength). Fluorescence emissions of 9q were 

recorded in different solvents at 10 µM concentration by exciting the molecule at 340 nm. The 

fluorescence was found to be strongly dependent on solvent and concentration of respective 

compounds and the result are summarized in Fig. 7 (III). Single Strong emission was observed 

for THF and ACN at 402, 410 nm respectively. Fluorescence emission band for DMSO solvent 

observed with less intensity, whereas EtOH showing the highest emission value at 376 nm. 

Further, fluorescence emissions were recorded for the different compounds 9b, 9c, 9e, 9g, 9h, 9j, 

9k and 9q at the same concentration by exciting the respective solution at their absorption 

maxima, Fig. 7 (IV) and (V).   

(III)                                                                                
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 (V)  
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Figure 7: (III) Fluorescence emission spectra of 9q (10 μM) in different solvents (IV) 

Fluorescence emission spectra of 9q, 9h,9, 9j (10 μM) in EtOH (V) Fluorescence emission 

spectra of 9b, 9g, 9c, 9k (10 μM) in EtOH 

 

With the fascinating electronic structure and fluorescence emission result, we were 

interested to find out the fluorescence lifetime as it gives detailed information regarding actual 

time spent by fluorophore in the excited state before it coming back to the ground state. Initially, 

fluorescence lifetime was recorded for 9r in different solvent and found to be maximum in THF 

(5.89 ns) and least in ethanol (1.34 ns), Table 4. Further, the fluorescence lifetimes of eight 

different compounds were also measured in EtOH and it lies within 1.08 to 1.44 ns. These results 

perhaps indicate inherently rigid electronic nature and thus least solvent polarity dependency of 

furotropones. These results further point to their strong nonpolar character and possible absence 

of push-pull electronic effects in the excited state. On the other hand, stokes shift and molar 

absorptivity calculated for functional furotropone. Interestingly, maximum stokes shift (97 nm) 

observed in DMSO while minimum stokes shift observed in acetone (41 nm) for 9r, Table 4. 

Meanwhile, stokes shifts for different compounds were recorded and found to be maximum in 

(95 nm) for 9j. Molar absorptivity was recorded for 9r in different solvent and all eight different 

compounds were recorded with EtOH solvent. For 9r molar absorptivity was found to the 
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maximum in THF solvent (10.84) and minimum in toluene (4.17) and all results summarized in 

Table 4 and 5).  

 

Table 4. Photophysical data of 9q in different solvents. 

 

 

Table 5. Photophysical data of few other furotropones 9b, 9c, 9e, 9g, 9h, 9j, 9k and 9q. 

 

Compounds λabs (nm) ε log ε λemi(nm) Dλstokes(nm) τf (ns)  f 

9b 339, 258 7.59 0.88 431 91 1.32 0.0065 

9c 340, 268 7.59 0.88 431 91 1.41 0.0017 

9e 341, 229 16.75 1.22 431 90 1.08 0.0039 

9g 342, 242 9.99 0.99 430 88 1.44 0.0011 

9h 343, 251 10.68 1.02 430 87 1.43 0.0098 

9j 345, 237 2.70 0.43 440 95 1.42 0.0092 

9k 347, 237 6.66 0.82 441 94 1.44 0.0174 

9q 337, 244 9.48 0.97 430 93 1.34 0.0081 

 

 

 

Solvents λabs (nm) ε log ε λemi(nm) Dλstokes(nm) τf (ns)  f 

THF 256, 330 10.84 1.035 402 72 5.89 0.0048 

ACN 260, 334 8.72 0.940 410 76 3.13 0.0145 

Toluene 284, 332 4.17 0.620 406 74 2.38 0.0011 

DMSO 266, 338 5.09 0.706 435 97 3.31 0.0017 

Acetone 210, 334 8.34 0.921 375 41 1.41 0.0036 

EtOAc 256, 332 7.90 0.897 376 44 1.47 0.0083 

Ethanol 244, 337 9.48 0.977 431 94 1.34 0.0081 
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Fluorescence emission intensity and electronic properties of the furotropones were found 

to be sensitive in different solvent environment. Molecular architecture of furotropone with the 

presence of 1,3-di or 1,3,5,-triketo group inspired us to explore the novelty in chemosensor probe 

for a different metal ions with the potential to coordinate this functionality. For fluorescent 

quenching study, 9b was chosen as model substrate and different metal ions such as Hg2+, Pb2+, 

Cr2+, Cd2+, Ag+, Zn2+, Cu2+, Co2+, Fe2+, Ni2+ were subjected to various conditions. Initially, 

fluorescence emission for 9b was recorded from higher concentration of 100 µm to lower 

concentration 10 µm in EtOH, Fig 8 (VII). Almost no change in fluorescence intensity was 

observed when the solution of these metal ions tested. Furotropone 9b was found to exhibit an 

interesting and highly selective fluorescent molecular sensing property for Fe3+, Fig. 8 (VI).19 As 

decreasing the concentration of metal ion the fluorescence intensity increases while no additional 

quenching observed by further decreasing the concentration or varying the metal and ligand 

variation. From this study, we have realized that furotropones could function as a probe for the 

detection of Fe3+ up to 10 μM concentration. 
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 (VII) 

 

 

 

 

 

 

 

 

 

Figure 8: (VI) Fluorescence emission spectra of 9b in ethanol solvent with different 

concentration of Fe3+ (VII) Fluorescence emission spectra of 9b in ethanol solvent with different 

concentration of Co2+. 

 

In conclusion, we have demonstrated the modular approach to rapidly access 

functionalized and polysubstituted furotropones and benzofurotropones starting from readily 

accessible materials. The three-step protocol features directed α-alkylation of 3-

furancarboxaldehydes, Bi(III)-mediated furfurylation and an unusual base-mediated 

intramolecular aldol condensation reaction. This protocol is suitable to construct Mono 

substituted furotropones via in situ alkoxy decarbonylation, disubstituted furotropones via retro-

Claisen-aromatization, and trisubstituted furotropones through base-mediated intramolecular 

aldol reaction of 1,3,5-triketones. We have identified that these new chromophores, with their 

unique structural features, have potential to be highly sensitive and selective sensors for the 

detection of hard cations such as Fe3+, with the detection limit as low as 10 μM.  
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 Chapter 2  

Synthesis of benzofurans from furans via 

intramolecular cross benzoin reaction catalyzed by N-

heterocyclic carbenes 

  

 

 

 

 

 

 

 In recent years, organocatalysis has become one of the most fascinating areas in organic 

synthesis. Organocatalysis has proven synthetic utility in accessing complex molecular 

frameworks with high selectivity in a more economical and environmentally friendly manner.20 

Organocatalysis has received tremendous attention from the synthetic community due to easy 

handling, and most often being moisture insensitive. Further, it leads to building the synthesis of 

biologically active frameworks with high efficiency and stereoselectivity.21 In recent years, 

organocatalysis has widened in many different directions. Among them, N-heterocyclic carbenes 
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(NHCs),22 amines,23 chiral Brønsted acids,24 organo-phosphines25 and hydrogen bonding 

catalysts26 are most often employed in catalysis. The NHCs facilitated enormous growth in chiral 

and cascade reactions. 

 

2.1: General introduction about NHCs 

In recent years, carbene chemistry has become an interesting area in organic chemistry.26 

NHC catalysis has revamped the chemistry of aldehydes by reversing their native polarity 

(umpolung).27 Ever since the first report of Ukai et al. on the NHC-catalyzed cross-benzoin 

reaction in 1943,29 significant advancements have been witnessed in the chemo- and 

enantioselective intermolecular variants. NHC catalysis has emerged as a powerful tool in 

organocatalytic transformations, mainly in carbon-carbon, carbon-heteroatom bond formation 

and allowing access for catalytically generated acyl anions, homoenolates, enolates, and α-acyl 

vinyl anion equivalents, Scheme 14.30 The synthetic utility of NHCs has also been explored in 

other organic transformations such as oxidation reactions,31 trans esterifications,32 Morita-Baylis-

Hillman reactions,33 Michael addition reactions,34 and silyl activation.35  

 

 

Scheme 14: Different modes of activation of NHC toward various functional groups 
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The versatility of NHCs is due to their different modes of activation towards different 

functional groups. The applications of NHC as an organocatalyst for various types of organic 

reactions are highlighted in Scheme 14. These reactive intermediates have been added to a wide 

range of electrophiles, there by assembling complex and biologically active structural motifs. 

This catalytic process can be limited with respect to the stereoselectivity, regioselectivity or 

versatility of electrophilic and nucleophilic species involved. 

 

2.2. NHC-catalyzed benzoin reaction 

  In the last two decades, N-heterocyclic carbene catalysis has made astonishing 

contributions in the field of organocatalysis through its umpolung or non-umpolung reactivity. 

Ukai and co-workers reported their earliest revolutionary that the thiazolium salts 19c can also 

furnish the homodimerized benzoin product 19b of aldehydes 19a in the presence of a base, 

Scheme 15.36a 

 

Scheme 15: Thiazolium salt catalyzed benzoin condensation 

 

Based on Ukai’s and Lapworth’s work, Breslow proposed the mechanism for benzoin- 

condensation catalyzed by thiazolium NHC, Scheme 16.36b He anticipated that the active carbene 

catalytic species for this transformation is thiazolin-2-ylidene 19c, generated from deprotonation 

of the thiazolium salt A. This thiazolin-2-ylidene 19c reacts with the aldehyde 19a to produce an 

intermediate commonly known as Breslow intermediate 19f. The plausible catalytic cycle for 

this transformation is shown in, Scheme 16. 
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Scheme 16: Plausible mechanism for benzoin condensation proposed by Breslow 

 

The benzoin reaction of same aldehyde led to the formation of homocoupling product, 

while two different aldehyde leads to cross-coupling product. The reaction between two different 

aldehyde and ketone opens the access to a wide variety of benzoin products.37 Many attempts 

have been made to improve the chemoselectivity and regioselectivity of homocoupling and 

cross-coupling intermolecular benzoin reaction. But surprisingly, there have been limited 

successes in the intramolecular cross-benzoin reaction. In the next subsection, a pioneering 

contribution of some of the few groups towards intramolecular cross-benzoin reaction is 

described. 
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2.3: NHC-catalyzed intramolecular benzoin condensation reaction 

In 2003, Suzuki et al.38 developed the first intramolecular NHC-catalyzed reaction of 

conjugated ketone-aldehyde 20a, which led to the formation of tetracyclic isoxazole 20b, 

Scheme 17. Excellent diastereoselective was observed with substrates possessing additional 

stereogenic centers. This reaction efficiently delivered a wide variety substituted isoxazole 

derivatives in up to 96% yields by using DBU and thiazolium 20c catalyst. 

 

Scheme 17: First intramolecular crossed benzoin condensation 

 

In 2006, Balensiefer et al.39 described an enantioselective intramolecular crossed benzoin 

reaction of 21a with the NHC 21c, Scheme 18. The in situ generated carbene catalyzes the 

cyclization reaction by creating a quaternary stereocenter 21b in high yield and excellent 

enantioselectivity. This protocol provides an extended scope for cyclic acyloin derivatives in 

high yield and good enantiomeric excess. 

 

Scheme 18: Balensiefer’s enantioselective intramolecular crossed benzoin condensation 

 

In 2006, Raabe et al.40 disclosed the NHC-catalyzed asymmetric synthesis of 

chromanone 22b via intramolecular crossed benzoin condensation reaction between aldehyde 

and ketone 22a with sterically hindered catalyst 22c, by using KHMDS as base in THF solvent 

in good to excellent yield with high enantioselectivity, Scheme 19. The sterically different 
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catalysts 22c were chosen in order to adjust the steric and electronic properties of substrates. 

Wide ranges of substituted chromanone derivative were efficiently prepared. 

 

Scheme 19: Raabe’s synthesis of chiral chromanone 

 

In 2006, Suzuki et al.41 demonstrated a catalytic enantioselective intramolecular crossed 

benzoin reaction, Scheme 20. The enantioselective cyclization of 23a with NHC 23c in presence 

DBU furnished the corresponding cyclic product 23b in good to excellent yield with high 

enantiomeric excess. Wide substrate scope involving aliphatic, alkyl and aryl ketoaldehyde 

proved to be good substrates in this transformation and yielded the bicyclic, tricyclic and 

tetracyclic acyloin products in high enantioselectivity. In addition, it provides a concise entry to 

the natural product eucomol.  

 

Scheme 20: Suzuki’s NHC-catalyzed enantioselective benzoin reaction 

 

In 2007, Suzuki et al.42 developed a chiral triazolium salt for the enantioselective benzoin 

reaction of enolizable ketoaldehyde 24a, Scheme 21. The reaction between ketoaldehyde 24a 

and modified NHC 24f with Et3N furnished the corresponding chromanone 24b in moderate to 

good yield with high enantioselectivity. This reaction was screened by modifying Rovis catalyst 

24h to different derivatives (24c-24g). This reaction gives access for the synthesis of natural 

product like (+) sappanone B. 



Synthesis of dihydrobenzofuranones 

27 
 

 

Scheme 21: Suzuki’s modified NHC catalysts for intramolecular reaction 

 

In 2008, You et al.43 reported the modified D-Camphor derived triazolium NHC for 

intramolecular cross benzoin reaction, Scheme 22. Treatment of ketoaldehyde 25a with modified 

NHC 25c in presence of DBU furnished the chromanone 25b in high yield with excellent 

enantioselectivity. A variety of Camphor based triazolium NHC derivative were prepared and 

screened for this reaction  

 

Scheme 22: You’s D-camphor NHC catalyzed intramolecular benzoin condensation  

 

 In 2009, Sakai et al.44 constructed the enantioselective bicyclic quaternary alcohol 26b 

via an intramolecular NHC-catalyzed benzoin reaction, Scheme 23. The reaction of cyclic 

diketone 26a with NHC 26c in presence of Et3N delivered bicyclic compound 26b in good yield 

with excellent enantioselectivity. A diversity of cyclic acyloin compounds have been synthesized 

easily with high enantiopurity.  
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Scheme 23: Sakai’s intramolecular NHC-catalyzed reaction  

 

In 2011, Suzuki et al.45 developed novel strategy for the total synthesis of (-)-

Seragakinone A 27c, Scheme 24. An advanced ketone-aldehyde intermediate 27a was subjected 

to modified NHC catalysis in THF solvent delivered highly functional tetracyclic acyloin product 

27b with excellent yield, which was further elaborated to natural product 27c. 

  

Scheme 24: Suzuki’s total synthesis of (-)-Seragakinone A 

 

In 2004, Niemeier et al,46 demonstrated an intramolecular variant of crossed benzoin 

reaction of 28a with moderately basic thiazolium derived NHC catalyst in tBuOH solvent for the 

synthesis of bicyclic acyloin 28b, Scheme 25.  

 

Scheme 25: Niemeier’s intramolecular crossed benzoin condensation 
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Despite tremendous advancements in intramolecular NHC-catalyzed reactions, the 

aforementioned reaction strategies and brief literature survey revealed that most of the strategies 

are limited to build cyclopentanones, tetralones, chromanones, dihydroisoquinolones and 

phenanthraquinones. But there is no NHC based efforts for the synthesis of benzofurans that 

have been reported. The development of general and efficient protocols to synthesize the highly 

functionalized benzofurans via this strategy remains challenging. Most often benzofurans 

assembled in a multi-step manner due to lack of efficient strategies and it has encouraged us to 

develop new advancement towards this reaction.  

 

2.4: NHC-Catalyzed synthesis of dihydrofuranones from furans  

Benzofurans are considered privileged structures from the drug discovery point of view, 

because of their widespread occurrence in an array of bioactive natural products and multifarious 

therapeutically relevant compounds.47 Thus, the significance of benzofurans demands efficient 

synthetic methodologies to rapidly access the functionalized core. Consequently, several 

noteworthy protocols have been developed for the synthesis of benzofuran derivatives.48 

Initially we have demonstrated that, when the reaction of diketoaldehyde 8 was carried 

out under basic condition led to the formation of functionalized furotropone 9 in excellent yield. 

While working on the synthesis of functionalized furotropones and benzofurotropones, we 

envisioned that these diketoaldehyde 8 utilized for the synthesis of functionalized benzofurans. 

Here, we have developed an NHC-catalyzed approach for the synthesis of dihydrobenzofuranone 

29 and the results are discussed below, Scheme 26.49 

 

 

Scheme 26: Our design for the synthesis of dihydrobenzofuranones via intramolecular NHC-

catalyzed reaction 
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2.5: Results and discussion 

In order to validate our hypothesis, the optimization studies are carried out by treating 8a 

with various reaction conditions and the results are disclosed in Table 6. Our initial attempt was 

to employ catalysts 30a-30c with DBU in THF solvent at room temperature, which was not 

encouraging as no product formed in that reaction (Table 6, entries 1-2). Further, when we used 

30c catalyst in the reaction, the formation of furotropone 9a was observed (Table 6, entry 3). 

Surprisingly, when the reaction was performed by using 30d catalysts the expected 

dihydrobenzofuranone 29a was obtained in moderate yield (Table 6, entry 4). The structure of 

dihydrobenzofuranone 29a deduced from spectral data. The presence of one absorption band in 

the IR spectrum at 3461 cm-1 due to tertiary alcohol and at 1707 cm-1 and 1686 cm-1 due to 

ketone indicated the formation of product 29a. In 1H-NMR spectrum (see Fig. 10) the absence of 

aldehyde peak and the presence of a singlet at δ 1.40 ppm due to tertiary methyl and a singlet at 

4.06 ppm due to alcohol, and in the 13C-NMR spectrum (see Fig. 11) the presence of δ 206.5 

ppm and δ 195.3 ppm signal due to two carbonyl groups and δ 21.9 ppm due to methyl group 

confirmed the formation of 29a. In the high-resolution mass spectrum, the presence of molecular 

ion peak at m/z 302.1146 (M+H2O) + further supports the product formation. The X-ray 

diffraction analysis of 29a confirmed the product formation, Fig. 9. 

 

Table 6: Optimization of reaction parameter for intramolecular NHC reaction  
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Sr. No. NHC 

(20 mol%) 

Base  

(20 mol%) 

Temp % Yielda 

1 30a DBU  rt No reaction 

2 30b DBU  rt No reaction 

3 30c DBU  rt Furotropone 

      4 30d DBU  rt 65 

5 30e DBU  rt 63 

6 30e Et3N  rt 10 

7 30e Cs2CO3  rt 40 

8 30e K2CO3  rt 30 

9 30e K3PO4  rt 60 

10 30e DBU    20 oC      20 

11 30d DBU    50 oC 85 

12 30e DBU    50 oC 60 

13 30d DBU    70 oC       60 

14 30e DBU    70 oC 65 

 

All reactions were done on 0.1 mmol scales in 1 mL of solvent. aIsolated  

yields after silica gel column chromatography.  

 

 Further, standardization studies were performed with 30e catalyst in presence of 

different bases (Et3N, DBU, Cs2CO3, K2CO3 and K3PO4) but no significant improvement in the 

yield of product was observed. Further, decreasing the temperature of reaction was not 

encouraging (Table 6, entries 5-10). Delightfully, when the reaction of 13b was performed with 

30d catalyst in DBU at 50 oC, 29a was isolated in 85% yield (Table 6, entry 11). Meanwhile, 

when Cs2CO3 was employed as a base yield of desired product 29a improved to 89% (Table 7, 

entry 19). To find out best solvent for this transformation, optimization studies were performed 

with the solvents such as 1,4-dioxane, acetonitrile, toluene, and DMF using 30d catalyst at 50 oC 

(Table 7, entries 20-23). However, the isolated yields of 29a in all those cases were found to be 

low when compared to the reaction in THF. 

 

Table 7: Optimization of reaction parameters 
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All reactions were done on 0.1 mmol scales in 1 mL of solvent. aIsolated yields 
after silica gel column chromatography 

 
 

 

Figure 9: ORTEP diagram of Dihydrobenzofuranone 29o 

 

With the optimal condition in hand, limitation and scope of this reaction were examined, 

Table 8. The acetyl acetone adducts of diketoaldehyde having aryl or heteroaryl appended to 

furan 8a, 8b, 8i and 8m delivered the dihydrobenzofuranone in excellent yields 29a, 29b, 29i 

and 29m. While, benzyl acetone adducts of diketoaldehyde 8w furnished the 

dihydrobenzofuranone 29w in poor yield may be due to steric reasons, otherwise a variety 

aryl/heteroaryl substituent were well tolerated. Delightfully, when acetyl acetone adduct of 

diketoaldehyde appended benzofuran 8m treated under optimized condition the respective 

product yielded 29m was obtained in 82% yield. 

Sr. No. NHC  

(20mol%) 

Base  

(20 mol %) 

Solvent Temp % Yielda 

15 30d KOtBu THF 50 oC 70 

16 30d Et3N THF 50 oC 10 

17 30d K3PO4 THF 50 oC 30 

18 30d K2CO3 THF 50 oC 10 

19 30d Cs2CO3 THF 50 oC 89 

20 30d Cs2CO3 1,4-Dioxane 50 oC 70 

21 30d Cs2CO3 ACN 50 oC 20 

22 30d Cs2CO3 Toluene 50 oC 20 

23 30d Cs2CO3 DMF 50 oC 20 
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Table 8: Substrate Scope: dihydrobenzofuranone 
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Figure 10: 1H-NMR spectrum of 29a 

Figure 11: 13C-NMR spectrum of 29a 
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2.6: Plausible mechanism for the cyclization reaction  

Based on literature reports, we propose a plausible mechanism for this transformation, 

Scheme 27. The reaction between thiazolium salt and base, generated carbene B, which reacts 

with aldehyde from 8 and subsequent proton shift, generates the Breslow intermediate 33. 

Further intramolecular cyclization with ketone of 8 and deprotonation leads to the desired 

product 29.  

 

 

Scheme 27: Plausible mechanism for NHC reaction 
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2.7: Elaboration towards the functionalized benzofurans  

Next, we have shifted our attention to illustrate generality and synthetic utility towards 

benzofuran synthesis, Scheme 28. It was presumed that the elimination of tertiary alcohol could 

provide benzofurans, but dihydrobenzofuranone 29 was found to be resistant to several 

conditions, Table 9. When we treated 29 with POCl3, the substituted benzofuran 30 was obtained 

in good yield.50 

This reaction opens the access for the synthesis of substituted benzene appended furan or 

polysubstituted benzofuran scaffold.51  

 

Scheme 28: Elaboration towards benzofuran synthesis 

 

Table 9: Screening of reaction parameter 

 

Entry Conditions Comments 

1 conc. HCl, (THF:H2O) (1:1), 
rt to 100 oC, 50 h 

Decomposed the starting 
material 

2 conc. H2SO4, (THF:H2O) (1:1), 
rt to 100 oC, 50 h 

Decomposed the starting 
material 

3 conc. HCl, (MeOH:H2O) (1:1), 
rt to 100 oC, 60 h 

Decomposed the starting 
material 

4 conc. H2SO4, (MeOH:H2O) (1:1), 

rt to 100 oC, 60 h 

Decomposed the starting 

material 

5 DDQ (5 eq.), Toluene 

130 oC, 30 h 

Starting material as it is 

6 p-TSA (20 mol%), Toluene, 

140 oC, 48 h 

Starting material as it is 

7 p-TSA (1.0 eq.), Toluene, 
140 oC 

Starting material as it is 

8 p-TSA (20 mol%), Toluene, 
Dean-stark apparatus, 140 oC, 24 h 

Starting material as it is 
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9 Triflic unhydride (1.1 eq.), Py (4 

eq),1,4-dioxane, rt, 48 h 

Starting material as it is 

10 TfOH (20 mol%), Dry DCM, 
rt, 72 h 

Starting material as it is 

11 DMAP (20 mol%), MeSO2Cl (1.1 
eq.), Py (5 eq.), DCM, rt, 48 h 

Complex TLC 

12 KOtBu (1eq.), MeSO2Cl (1.1 eq.) 
THF, rt, 24 h 

Starting material as it is 

13 NaH (1eq.), MeSO2Cl (1.1eq.), 
THF, rt, 24 h 

Starting material as it is 

14 DBU (1 eq.), MeSO2Cl (1.1 eq.) 
THF, rt, 24 h 

Starting material as it is 

15 NaH (1 eq.), CDI (1 eq.), 

Py, rt, 24 h 

Complex TLC 

16 POCl3(30 eq.), Py, 

rt, 48 h 

72 % of 31a 

           

All reactions were done on 0.1 mmol scales in 1 mL of solvent. aIsolated yields 
after silica gel column chromatography.  

 

Scheme 29: Substrate scope: Benzofuran 

 

In conclusion, we have disclosed here an atom-economical method for the synthesis of 

highly functionalized substituted derivative of dihydrobenzofuranone. We have shown that the 

product can be efficiently utilized to generation of substituted benzofuran derivative. This 

method can be used efficiently for making substituted benzofuran in natural product synthesis or 

pharmaceutical. 
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Chapter 3  

Organocatalytic β-azidation of enones initiated by an 

electron-donor-acceptor complex 

 

 

 

 

Since the discovery of organic azide by Peter Griess,52 numerous novel transformation of 

azide derivative have emerged and widely used as an important intermediate in organic 

synthesis.53 Over the past few decades, versatile synthetic methodologies to employ azide as an 

aminating agent for the construction of nitrogen containing compounds such as azoles, nitriles, 

amides, quinolones, pyrroles, pyridines, etc. have been developed.54 In modern chemistry, these 

are the important scaffold found in various natural products and widely present in biologically or 

pharmaceutically active compounds.55 In more recent times, completely new perspectives were 

developed for their use in peptide chemistry,56 combinatorial chemistry.57 Industrial interest in 

organic azide began with the synthesis of heterocyclic compounds such as triazoles and 



Synthesis of β-azidoketones and triazoles 

40 
 

tetrazoles. The heavy-metal azides are also used as detonators in explosive devices or blowing 

agent in industry.58  

On the other hand, hypervalent iodine compounds have always fascinated chemists, due 

to their non-classical bond character and exceptional reactivity.59 Among them benziodoxole 

reagent has witnessed the significant advancement in the field of chemical sciences, due to 

strong electrophilic and valuable oxidizing properties.60 For example, the Dess-Martin 

periodinane 37 (DMP) as a mild and non-toxic reagent is now one of the most often used oxidant 

in organic synthesis, Fig 12.61 Whereas, the formation of C-C bonds using non-cyclic iodonium 

reagents have also been very successful in the last decades.62 It is only in 2006, that Togni 

reported the benziodoxole derived reagents 39 for CF3 transfer.63 Further Waser group 

introduced ethynylbenziodoxolone (EBX) reagents 40 for acetylene transfer reactions.64 Uses of 

hypervalent benziodoxole reagents 41-44 in various synthetic transformations such as 

halogenation, C−Rf (Rf = perfluoroalkyl), C-N bond formation, amination reaction are well 

explored.58  

Realizing the reactivity in benziodoxoles reagent and importance of azide, Zhdankin and 

co-workers developed the first cyclic hypervalent iodine reagent 38, which can be stable up to 

100 oC.65 This reagent is a preliminary source for electrophilic and radical azide. With the advent 

of the Zhdankin azidoiodane reagent 38 electrophilic and radical azidation modes have been 

received tremendous attention.66 Among them, the strategy to introduce azide via the β-azidation 

of activated alkenes has emerged only recently. Radical reactions of azides are less documented, 

but the reported studies have clearly revealed that these reactions also provide useful synthetic 

routes to N-heterocycles.67 

 

 Figure 12: Hypervalent iodine (III) reagents 
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The aforementioned importances of azide and hypervalent iodine reagent in the area of 

synthetic organic and pharmaceutical chemistry hold the key to develop new strategy for 

functional transformation. Recently azide radical mediated β-azidation received the attention due 

to its less toxic, ecofriendly and atom-economical properties. In the next subsection, a few 

important methods related to β-azidation of activated olefins via azide radical are described. 

 

3.1: β-Azidation of activated olefins employing Zhdankin reagent 

In 2014, Nevado et al.68 described the radical azidation of activated alkene 45a, Scheme 

30. The radical mediated β-azidation of α-substituted acryl sulfonamide 45a with Zhdankin 

reagent 38 in presence of stoichiometric amount of 1,10-phenanthroline was developed. A wide 

variety of arylazidation products 45b were synthesized in high yields. However, the role of 1,10-

phenanthroline was not understood.  

 

Scheme 30: Nevado’s β-azidation of α-substituted acryl sulfonamides 

 

In 2015, Li et al.69 demonstrated cascade copper-catalyzed azide radical [2+2+1] 

annulation of benzene-linked 1,n-enynes 46a with Zhdankin reagent 38, Scheme 31. The 

intramolecular radical cyclization provided wide variety functionalized quinolones, chromones 

and indenones derivatives in a good to excellent yield. 
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Scheme 31: Li’s cascade copper-catalyzed azide radical annulation reaction 

 

In 2016, Yang et al.70 developed an efficient and practical approach for copper-catalyzed 

intermolecular chloroazidation of activated olefins 47a, Scheme 32. The reaction between α,β-

unsaturated amide 47a, Zhdankin reagent 38 and SOCl2 in presence of copper catalyst delivered 

the chloroazide product 47b in excellent yield. A wide variety of functionalized azide derivatives 

can be accessed in one step. 

 

Scheme 32: Yang’s intermolecular chloroazidation of activated olefin 

 

In 2016, Yu et al.71 demonstrated that activated olefins 48a undergo tandem Michael 

addition-cyclization reaction to afford quinoxalins 48b, Scheme 33. Under the copper catalysis, 

Zhdankin reagent provides azide radical which then reacts with 2-azido-N-arylacrylamides to 

afford the corresponding α-(arylaminocarbonyl)iminyl radical 48d. Subsequent, cyclization of 

iminyl radical delivered quinoxalin-2(1H)-ones 48b in moderate yields. 
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Scheme 33: Yu’s copper-catalyzed azide radical reaction 

 

3.2: Organocatalytic β-azidation of enones with Zhdankin reagent 

Despite tremendous advancements in azide chemistry, the aforementioned studies are 

restricted mostly to α-substituted acrylamides.68-71 The lack of efficient process for the catalytic 

azidation of enones has encouraged us to envision new advancement in th free radical chemistry.  

In an attempt to address these concerns, we commenced our efforts for the development 

of an organocatalytic β-azidation of ubiquitous α,β-unsaturated ketones under practical and 

straightforward conditions, Scheme 34.72 It was envisioned that activated olefin 49 utilized for 

the transformation to β-azidoketones 50 with Zhdankin reagent 38 via electron-donor-acceptor 

complex formation. 

 

Scheme 34: General reaction for β-azidation of activated enone 
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3.3: Results and discussion 

 The proposed starting material 49 was synthesized by using a two-step protocol, Scheme 

35.73 A variety of vinyl ketone can be achieved from the addition of vinyl Grignard reagent to 

respective aldehydes 51 and subsequent IBX oxidation. 

 

Scheme 35: Synthesis of enones 

 

We have commenced the optimization studies by considering 50a as the model substrate, 

Table 10. Our initial attempt by employing Zhdankin reagent 38 in toluene in the absence of 

external additives was discouraging even after reaction continued for four days (Table 10, entry 

1). 74 Further to our delight, when the reaction performed by using imidazole as a catalyst, the 

expected product 50a was formed in moderate yield (Table 10, entry 2). The structure of β-

azidation product confirmed from spectral data. In the IR spectrum, the presence of an absorption 

band at 2104 cm-1 due to azide and 1696 cm-1 due to ketone indicated the 50a product formation. 

In 1H-NMR spectrum (see Fig. 13), the absence of vinyl proton peak and the presence of a triplet 

at δ 3.76 ppm and δ 3.27 ppm due to aliphatic methyl confirm the azide addition, and in the 13C-

NMR spectrum (see Fig. 14), the presence of δ 197.1 ppm signal established the product 

formation 52a. In the high-resolution mass spectrum presence of molecular ion peak at m/z 

176.0824 (M+H)+ further support the product formation. 

Encouraged by this result, further to improve the efficiency of the reaction, different 

amine bases (DABCO, DBU and DMAP) were screened (Table 10, entries 3-5). Gratifyingly, 

when the reaction performed in presence of DABCO (20 mol%) at room temperature, 50a was 

obtained in 94% yield (Table 10, entry 5). While, the reaction was carried out with decreasing 

catalyst loading to 10 mol% the expected product 50a obtained in 96% yield (Table 10, entry 

13). Solvents such as DCM, THF, CH3CN, DMSO were screened with DABCO catalyst, but 

result were discouraging (Table 10, entries 6-9). Additionally, the reaction at 50 oC considerably 

diminished the yield of the product 50a (Table 10, entry 11). When the reaction was carried out 

in absence of light, formation of excellent yield product indicated that the reaction is not 

triggered by light source (Table 10, entry 12). 
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Table 10: Optimization of the reaction parameters  

 

Sr. No. Additive/Catalyst                     

(20 mol%) 

Solvent Time (h) Yield (%)
a

 

1 - Toluene 96 - 

2 Imidazole Toluene 18 51 

3 DBU Toluene 13 85 

4 DMAP Toluene 13 63 

5 DABCO Toluene 8 94 

6 DABCO DCM 12 83 

7 DABCO THF 12 73 

8 DABCO ACN 17 71 

9 DABCO DMSO 20 47 

11
b

 DABCO Toluene 2 35 

12
c

 DABCO Toluene 9 90 

13
d

 DABCO Toluene 8 96 

 
All reactions were performed on 0.1 mmol scales. aYields were calculated after silica  

            gel column chromatography, breaction at 50 °C. creaction in the absence of light.  
d10 mol % of DABCO . 

 

To validate the generalization of reaction, the some of the reported methods were 

attempted for this transformation but interestingly poor yield of the product 50a was observed 

(Table 11, entries 1-4). As expected, when the reaction was carried out with o-iodobenzoic acid 

no product formation was observed (Table 11, entry 5). Subsequently, different bases such as 

pyridine, TMEDA, quinidine, 3-quinuclidinol, 4-methylmorpholine, guanyl thiourea, 

guanidinium chloride were tried but yield of reaction did not improve (Table 11, entries 6-13). 
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Table 11: Optimization of the reaction condition  

 

Sr. no Additive/Catalyst 

(20 mol%) 

Time (h)  Yield (%)
a

 

1 1,10-Phenanthroline 48 40 

2 2,6-di-tert-butyl-4- 

methylpyridine 

48 5 

3 CuI 48 11 

4 Cu(OAc)2 48 34 

 5
e

 - 48 - 

6 Pyridine 25 33 

7 TMEDA 11 51 

8 Quinidine 48 - 

9 3-Quinuclidinol 10 73 

11 4-Methymorpholine 14 66 

12 Guanyl thiourea 30 31 

13 Guanidinium chloride 30 26 

 

All reactions were performed on 0.1 mmol scales. aYields were calculated after  

silica gel column chromatography. eIn the presence of 1.1 eq. of o-iodobenzoic acid. 
 

With the optimized reaction conditions in hand, the scope, generality and limitation of the 

reaction were investigated and results are summarized in Table 12. A diverse range of electron 

rich and electron poor vinyl aryl ketones 49a-49j were prepared and subjected to optimize 

reaction condition yielded respective products 50a-50j in good to excellent yields. A wide range 

of heteroaryl vinyl ketones were subjected to optimized condition and delivered β-azidoketones 

50l-50n in good yields. When furan vinyl ketone was subjected to optimized reaction condition, 

moderate yield of the product 50k observed due unstable nature of furan. Subsequently, when 

alkyl vinyl ketones 49o was treated under the optimized condition, the product 50o formed in 

excellent yield. The reaction of 49p, where β-mono substituted, β-unsubstituted and isolated 

olefin was present in the system. However, when 49p was treated under optimized condition, 

50p formed exclusively. The result shows that azide addition occurred only from unsubstituted 



Synthesis of β-azidoketones and triazoles 

47 
 

double bond. This result was eventually verified with other activated β-substituted alkenes, Such 

as enones 49q monosubstituted enones 49r, dienones 49s, acrylates 49t, where failed to generate 

desired product. 

 

Table 12: Substrate scope for β-azidation compounds 
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Figure 13: 1H-NMR spectrum of 50a 

 

Figure 14: 13C-NMR spectrum of 50a 
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 3.4: Mechanistic insights 

In an attempt to gain mechanistic insight, following control experiments were performed. 

3.4.1: Radical entrapment by TEMPO 

TEMPO is used as a radical marker in organic radical reactions. The reaction of 49a and 

Zhdankin reagent 38 with TEMPO provided the TEMPO adduct 54 in 84% yield, Scheme 36. 

This indicates that the reaction follows the free radical pathway. The β-azido-α-oxyaminoketone 

53 further gives access for elaboration to β-amino-α-hydroxyketones.75 

 

Scheme 36: Synthesis of β-azido-α-oxyaminoketones  

 

3.4.2: Radical trapping experiment: one-pot azidoalkynylation 

The reaction of 49a with phenylethynyl-p-tolyl sulfone 55 under the optimized condition 

furnished 56 by undergoing a tandem azidoalkynylation, Scheme 37.76 As expected, this result 

additionally suggests the potential involvement of a radical species 53 in the transformation.  

 

Scheme 37: Reaction of phenylethynyl p-tolyl sulfone and activated enone  

 

3.4.3: β-Azidation reaction with D2O  

To identify the role of water, moisture or solvent in quenching the radical intermediate 53 

formed during the reaction, β-azidation reaction was carried out with 49a and Zhdankin reagent 

in touene:D2O (1:1), Scheme 38. The product 57 was isolated with 72% D-incorporation. On the 

other hand, when reaction was performed with 50a in toluene:D2O (1:1), no D-incorporation was 

observed, indicating that intermediate radical species abstract H-radical from moisture/water 

present in the solvent medium. 
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Scheme 38: β-azidation reaction with D2O 

 

To confirm this hypothesis, we have performed the reaction of 49a in presence of 

toluene-d8 were no D-incorporation was observed, Scheme 39. This result further confirms that, 

the radical species 53 formed in the reaction medium quenched by solvent or traces of water 

present in the reaction medium. 

 

Scheme 39: Reaction with toluene-d8 

 

In an effort to prove whether the intermediate radical 53 is taking up H-atom from the 

solvent toluene, Scheme 40. We have recorded the 1H-NMR and mass data of the crude reaction 

mixture of 49a converting to 50a. Our intention is to find either i) 58 formed via dimerization of 

benzyl radical or ii) the DABCO radical cation might also SET oxidize the benzyl radical to give 

the corresponding benzyl cation that will react with ortho-iodobenzoate to the corresponding 

ester 59. However, we could not be able to detect either 1,2-diphenylethane 58 or ortho-

iodobenzoate 59 from NMR and mass data of the crude reaction mixture. Further, confirm the 

process that intermediate 53 quenched through the taking proton from moisture or traces of 

moisture present in the reaction medium. 
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Scheme 40: β-Azidation reaction of phenyl vinyl ketone 

 

3.5: Plausible mechanism for β-azidation reaction 

Based on the control experiments and literature reports,77 a plausible mechanism for β-

azidation reaction is outlined below, Scheme 41. Charge transfer complex78 (CT) or electron-

donor-acceptor (EDA) complex 61 formed between DABCO 60 and Zhdankin reagent 38 leads 

to the generation of azide radical. The reaction of activated olefin 49a with azide radical forms 

radical intermediate 53, which subsequent abstract proton from traces of moisture in the medium 

to form product 50a. Further, so formed DABCO radical cation 62 can abstract proton from the 

medium leads to 63. The so formed protonated DABCO can then protonate o-iodobenzoate 64 

leads to regeneration of DABCO in the reaction medium.  

 

Scheme 41: Plausible mechanism for β-azidation of activated olefin 
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3.6: Synthesis of a new class of fused tricyclic 1,2,3-triazoles 

1,2,3-Triazoles has gained considerable attention due to their extensive applications in 

medicinal chemistry79 and material sciences.80 Especially, a large number of triazole derivatives 

possesses a diverse range of pharmacological activities such as antituberculosis, anti-HIV, anti-

cancer, antiviral, antibacterial, antifungal, etc.79 Owing to the large dipole moment and hydrogen 

bond acceptor capability, 1,2,3-triazoles could act as effective amide surrogates in biologically 

significant molecules.81 Apart from bioactivity its applications can also be found in industrial 

sector, agrochemicals, polymer industry, pigments and optical brighteners.82 

The emerging field of click chemistry offers a unique approach to the synthesis of simple 

or fused 1,2,3-triazole-containing molecules. Fused 1,2,3-triazoles are another interesting set of 

compounds because of their presence in variety of biologically active natural products and 

drugs.83 Considering significance and application of the triazole compound, the development of 

new strategy to access them is of great importance. In an attempt to illustrate the generality and 

synthetic utility of this method, we have considered the synthetic strategy for fused tricyclic 

triazole 66, Scheme 42.72 With the presence of well positioned iodo and azide group in 52h, we 

have planned cascade Sonogashira reaction followed by an intramolecular Cu-catalyzed azide-

alkyne cycloaddition (CuAAC).84  

 

Scheme 42: General reaction for the synthesis of tricyclic triazole 

 

Initially we have applied the reported procedure for the synthesis of tricyclic 1,2,3-

triazole,85 however, this result in the poor formation of the expected product 66a. Further, to 

improve yield of the reaction various condition have screened, and we were pleased to identify 

suitable condition for the product 66a. The tricyclic triazole product 66a confirmed from spectral 

data. In the absorption spectrum the absence of azide peak and presence of ketone 1683 cm-1 

indicate the product formation. In 1H-NMR spectrum (see Fig. 16) the shifting the proton value 

at δ 4.80 ppm due to aliphatic CH2, and in the 13C-NMR (see Fig. 17) cyclic carbonyl at δ 200.1 

ppm further established the product formation. Moreover, crystal structure confirms the product 
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formation Fig. 15. Few other tricyclic triazole 66b-66f analogs were synthesized by employing 

the same optimized protocol. To confirm the mechanism pathway, reaction was stoped after 10 h 

and isolate the intermediate 67, which indicate that the reaction first undergoes Sonogashira 

reaction and subsequently, the azide-alkyne [3+2]-cycloaddition to generate 66a. 

 

Table 13: Optimization of the reaction parameters 

 

Sr. 

No. 

Pd catalyst 

(5 mol%) 

Base Solvent Temp (
o

C) Time  

(h) 
Yield (%)

a

 

66a/67 

1 Pd(PPh
3
)
2
Cl

2
 Et

3
N (10 eq.) DMF 120 31 14/37 

2 Pd(PPh
3
)
2
Cl

2
 Et

3
N (10 eq.) THF 120 40 Trace/0 

3 Pd(PPh
3
)
2
Cl

2
 Et

3
N (10 eq.) ACN 120 20 25 

4 Pd(PPh
3
)
2
Cl

2
 Et

3
N (10 eq.) Toluene 120 20 33 

5 Pd(PPh
3
)
2
Cl

2
 Et

3
N (10 eq.) Toluene:DMF (1:1) 80 13 23 

6 Pd(PPh
3
)
2
Cl

2
 Et

3
N (10 eq.) Toluene:THF (1:1) 80 13 27 

7 Pd(PPh
3
)
2
Cl

2
 Et

3
N (3 eq.) Toluene 80 26 49 

8 Pd(PPh
3
)
2
Cl

2
 K

2
CO

3 
(3 eq.) Toluene 120 - - 

9 Pd(PPh
3
)
2
Cl

2
 Na

2
CO

3 
(3 eq.) Toluene 120 18 Trace 

10 Pd(PPh
3
)
2
Cl

2
 KOAc (3 eq.) Toluene 120 - - 

11 PdCl
2
 Et

3
N (10 eq.) Toluene 120 - - 

12 Pd(OAc)
2
 Et

3
N (10 eq.) Toluene 120 - - 

13 Pd
2
(dba)

3
 Et

3
N (10 eq.) Toluene 120 - - 

14 Pd(PPh
3
)
2
Cl

2
 Et

3
N (3 eq.) Toluene 80 10 25/51 

 

All reactions were performed on 0.1 mmol scales. aYields were  
calculated after silica gel column chromatography 
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Table 14: Synthesis of new class of tricyclic 1,2,3-triazole 

 

 

 

 

Fig. 15: ORTEP diagram of 66a with 50% ellipsoidal probability. 
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Figure 16: 1H-NMR spectrum of 66a 

 
 

Figure 17: 13C-NMR spectrum of 66a 
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3.7: Synthesis of 1,4-disubstituted 1,2,3-triazoles 

Organocatalytic [3+2] reaction between azide and enolisable ketone/aldehyde has gained 

tremendous attention owing to their high reaction rate, mild reaction conditions and wide 

substrates scope. 86 This is an alternative approach for well-known metal (Cu, Ru, Ir) catalysed 

azide alkyne cycloaddition reaction.84 While working on the synthesis of tricyclic triazole, we 

envisioned that this chemistry could be utilized for the synthesis of tricyclic bis-1,2,3-triazole 70 

via base-mediated enolate 69 generation could undergo azide-enolate[3+2]cycloaddition 

followed by intramolecular click reaction, Scheme 43. The reaction of 52a with catalytic 

DABCO resulted in the formation of unexpected 1,4-disubstituted-1,2,3-triazole 71a product via 

a [3+2]-cycloaddition of the in situ generated enone 51a and the azide 52a, followed by 

aromatization. Formation of enones from β-azidoketones, which occurs via a retro-Michael 

process, is rare since azide is a poor leaving group.87 The triazole product 71 confirmed from 

spectral data. In the IR spectrum, the absence of azide peak and presence of two ketones at 1657 

cm-1 and 1651 cm-1 indicate the product formation. In 1H-NMR spectrum the shifting the proton 

value at δ 4.95 ppm and δ 3.75 ppm due to aliphatic CH2, and in the 13C-NMR presence carbonyl 

peak at δ 196.1 ppm and δ 185.7 ppm further establish the product formation. Further, HRMS 

data confirm the product formation. 

 

 

Scheme 43: General approach for 1,4-disubstituted 1,2,3-triazoles 
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Table 15: Optimization of the reaction parameters  

 

Sr. No.        Catalyst (20 mol%) Temp (oC) Time (h) Yield (%)a 71 

1 Et3N rt 13 45 

2 DBU rt 10 53 

3 K2CO3 rt - - 

4 Proline rt - - 

5 Pyrrolidine rt - - 

6 Piperidine rt - - 

7 Benzylamine rt - - 

8 DABCO rt 15 73 

9 DABCO 60 4 75 

10           DABCO (10 mol%) 60 6.5 65 

 

All reactions were performed on 0.1 mmol scales. aYields were  
calculated after silica gel column chromatography 

 

The brief optimization studies were carried out by varying the catalysts in the synthesis. 

Among them, the reaction of 52h with Et3N and DBU furnished 71a in moderate yield (Table15, 

entries 1-2), while the other catalyst such as (K2CO3, proline, pyrrolidine, piperidine, 

benzylamine,) were failed to give the product (Table 15, entries 3-7). When the reaction was 

performed in presence of 10 mol% DABCO at 60 oC delivered 71a in good yield. With the 

optimized reaction condition in hand and realizing the significance of reaction few more 

derivatives were synthesized in good yield Table 16. 

 

 

 

 



Synthesis of β-azidoketones and triazoles 

58 
 

Table 16: Synthesis of triazole 

 

 

3.8: Mechanistic insights  

 We then moved our attention to understand the mechanism and identify the intermediate 

formed in the reaction. The reaction, which proceeds under simple and mild conditions, also 

represents a metal-free azide-alkene click reaction.88 

To confirm the hypothesis and gain insight the mechanism few control experiment were 

conducted. 

A) When the reaction was carried out with activated olefin 51a and azide 52a under the 

optimized condition, the expected product 71a was obtained in 72%. This result indicated 

that the reaction going through formation of enone 51a intermediate, Scheme 44.  

 

Scheme 44: Reaction with external activated olefin 
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B) To check the role of solvent in aromatization, various solvents were screened for this 

reaction Scheme 45. This result shows that DMSO solvent has no role in aromatization. 

 

Scheme 45: Solvent screening for 1,4-disubstituted 1,2,3-triazoles 

 

C) The reaction of 52a was performed under the optimized reaction condition in inert 

atmosphere the resultant product 71a obtained in 77%, indicate that the generated azide anion 

73 may responsible for the hydrogen abstraction and subsequent aromatization, Scheme 46.  

 

 

Scheme 46: Reaction of β-azidoketone under inert atmosphere 

 

In conclusion, we have developed an efficient organocatalytic β-azidation of enones 

under practical and scalable conditions and further proved that reaction going through electron-

donor-acceptor pathway. In addition, a new method for the rapid assemblage of functionalized 

fused triazoles and disubstituted triazole has been established. Functionalized tricyclic triazoles 

have been synthesized in moderate yields, whereas 1,4,-disubstituted-1,2,3-triazoles synthesized 

in good yield. 
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Chapter 4 

Synthesis of axially chiral styrenes via Suzuki-Miyaura cross 

coupling reaction 

 

 

 

 

 

 

 

 

Chirality plays a vital role in biological and life-sustaining processes.89 It is a geometric 

property of a molecule that controls the spatial arrangement of substituents within a molecular 

framework and retaining its intrinsic properties. Chirality belongs to a single chiral center is 

known as point chirality. Whereas, axial chirality originates from highly sterically hindered 

rotation of a chiral axis.90 It has received tremendous attention from chemists because of its 

widespread appearance in biologically active compounds and medicinal important compounds.91 

Axially chiral compounds have found common usage as chiral ligands in asymmetric catalysis.92  
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Various biologically active compounds which are widely present in nature exhibit an axis 

of chirality, Fig. 18.93 Vancomycin was first isolated by Edmund Kornfeld from a soil sample 

collected from the interior jungles of Borneo and shows promising antibiotic activity.  Steganacin 

is a parent member of Steganotaenia Araliacea dibenzocyclooctadiene ligand showing 

antileukemia activity. Knipholone was isolated from the Kniphofia foliosa exhibits antimalarial 

activity and Korupensamines, was isolated from Ancistrocladus korupensis, as a potent anti-HIV 

agent.  

 

Figure 18: Representative examples of bioactive axially chiral biaryl compounds 

 

These aforementioned axially chiral compounds represent an important class in the area 

of pharmaceuticals and materials sciences.94 It holds the key to the ever-growing research 

interest for the development of an efficient synthetic protocol. Different strategies to arrange 
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isomerically enriched atropisomers by stereoselective chemical processes are still restricted to 

selected structural entities. Synthesis of axially chiral compounds based on various challenging 

approaches such as coupling reaction, de-novo construction of arenes, desymmetrization, 

atropselective photoreaction, and cycloaddition reaction are well known.95 Among all these 

synthetic methods Suzuki-Miyaura cross-coupling reaction is well explored and its advantage 

and mechanism are mentioned in the next subsection. 

 

4.1: Suzuki-Miyaura cross coupling reaction  

From the last three decades, transition-metal catalyzed cross-coupling reactions have an 

important role in synthetic transformation.96 A huge development in the area of various coupling 

reactions has been done especially in the Suzuki cross-coupling reaction.97 Suzuki and Miyaura 

have first developed a cross-coupling reaction by using boronic acid 74 and organohalide 75 as a 

coupling partner in presence of base and palladium catalyst for the formation of biaryl compound 

76, Scheme 47.98 

 

Scheme 47: General Suzuki-Miyaura cross-coupling reaction for the synthesis of biaryls 

 

Suzuki-Miyaura cross-coupling reaction holds many advantages,99 such as i) 

demonstrates good reproducibility together with high yield and selectivity100 ii) symmetrical and 

unsymmetrical substrates work well for this reaction iii) mild reaction conditions can be 

employed101 iv) low quantity of palladium catalyst or heterogeneous palladium catalyst can be 

employed for this transformation v) high stability of organoborane reagent102 and vi) water may 

be used as solvent in the reaction.103 Few disadvantages are also associated with this reaction, for 

example, i) highly hindered partners bearing three or four ortho substituents is often 

problematic104 ii) The boronic acid can be difficult to purify, containing mixtures of trimeric 

anhydrides boroxines.105 

This Suzuki coupling reaction is efficiently used for the synthesis of the racemic or 

axially chiral biaryl compound. Numerous synthetic methods are known to control the axial 

chirality in biaryl compounds. Despite this, the axially chiral alkenes were rarely prepared using 
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Suzuki coupling reaction. In the next subsection, some of the pioneering contributions towards 

the synthesis of axially chiral alkenes are described. 

 

4.2: Different methods to access axially chiral alkenes  

In 1996, Wallace et al.106 developed the synthesis of axially chiral indenes through 

molecular rearrangement, Scheme 48. The reaction of an optically active indenyl naphthalene-2-

carboxylates 77a, 77c with triethylamine furnished the axially chiral indene 77b, 77d. This 

reaction has opened a new domain towards the synthesis of several other types of axially chiral 

vinyl arene. 

 

Scheme 48: Wallce’s synthesis of axially chiral indenes 

  

In 2001, Miyano et al.107 described the highly stereospecific conversion of central to axial 

chirality, Scheme 49. Dehydration of 78a led to the stereospecific conversion of its 78b with 

high yield and excellent enantioselectivity. Further, DDQ aromatization led to the formation of 

biaryl 78c without losing its chirality. 

 

Scheme 49: Miyano’s synthesis for vinyl arenes 

 

In 2016, Gu et al.108 demonstrated an efficient enantioselective synthesis of vinyl arenes 

79c, Scheme 50. The reaction of aryl bromide 79a and hydrazones 79b with palladium acetate 

and ligand 79d delivered the axially chiral dihydrobinaphthalene phosphine oxide 79c with high 

yield and excellent enantioselectivity.  
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Scheme 50: Gu’s synthesis of axially chiral alkene 

 

In 2017, Tan et al.109 developed the first organocatalytic atropselective synthesis of 

styrene 80c, Scheme 51. The reaction between alkynal 80b, catalyst 80f and activayed methylene 

compound 80d, 80e delivered the axially chiral styrene 80c with high yield and excellent 

enantioselectivity. The reaction preceded via secondary amine-catalyzed iminium activation 

under mild reaction conditions. 

 

Scheme 51: Tan’s synthesis of axially chiral styrenes 

 

Despite tremendous advancement in the Suzuki-Miyaura cross-coupling reaction, these 

aforementioned strategies and a brief literature survey revealed that most of the reactions mainly 

focused on the axially chiral biaryl coupling or aryl/heteroaryl coupling reactions.110 The lack of 

general strategies for the synthesis of axially chiral styrenes encouraged us to envision new 

advancements in coupling chemistry. 
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4.3: Atropselective synthesis of alkenes 

Alkenes are widely studied in organic synthesis.111 There are various reports known for 

the synthesis of alkenes and their subsequent transformation to a variety of important 

compounds. However, only a handful reports are known for the asymmetric synthesis and 

application of the axially chiral alkene.112 However, Kawabata first illustrated this type of 

atropisomer which described the new concept in memory of chirality.113 There are mainly two 

reasons for the axially chiral alkenes remaining underexplored,114 i) relatively low-rotation 

energy to racemization and ii) the difficulty to control the enantioselectivity.  

Our current research is focused on the efficient synthesis of cyclopentanes owing to their 

importance in natural products and pharmaceuticals.115 Earlier, we have developed an 

enantioselective intramolecular Morita-Baylis-Hillman (IMBH) reaction-based approach for 

enantioselective synthesis of cyclopent[b]annulated arenes or heteroarenes, Scheme 52.116 This 

study prompted us to new design new substrate that is amenable for the synthesis of axially 

chiral styrenes.  

 

Scheme 52: Enantioselective IMBH reaction for cyclopentanes 

 

To address the challenge to synthesize axially chiral alkene, 88 was considered as a 

model substrate, Scheme 53. A few crucial aspects were considered regarding the substrate 

design before performing the coupling reaction, such as (i) The steric hindrance of indenone and 

adjacent aryl moiety, (ii) the electronic nature and steric hindrance of boronic acid. The required 

starting material 87 was accessed by the IMBH reaction of 86 and subsequent triflate protection 

of 88. 
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Scheme 53: Our design for the synthesis of axially chiral styrene 

 

4.4: Results and discussion: 

With the desire to access the axially chiral styrenes, we have initiated the synthesis of the 

proposed starting material 87 through the IMBH reaction of enone-aldehyde 86, Scheme 54.117 A 

modular access of enone-aldehyde 86 can be easily achieved from bromobenzaldehyde 82 by 

following a four-step protocol. The protection of the aldehyde with ethylene glycol followed by 

formylation with n-Buli/DMF led to the formation of 84. Further, condensation of 84 with 

respective ketone 85 and smooth deprotection of aldehyde resulted in the formation of enone-

aldehyde 86 in excellent yield.  

 

Scheme 54: General procedure for the synthesis of enone-aldehyde 86 

 

We have started optimization studies by considering 86a as a model substrate, Table 17. 

A wide variety of phosphine and amine catalysts were screened for the IMBH reaction. The 
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reaction with phosphine catalysts (PMe3, PCy3, and PPh3) in toluene was discouraging as no 

product formed in that reaction (Table 17, entries 1-3). But, when the reaction was carried out 

with PBu3 expected IMBH product 87a was obtained in good yield (Table 17, entry 4). The 

structure of IMBH product 87a was carefully deduced from the IR, NMR, and HRMS data. In 

the IR spectrum, the presence of a broad absorption band at 3400 cm-1 due to alcohol and a sharp 

band at 1690 cm-1 due to the unsaturated cyclic ketone was indicate the formation of product 

87a. In the 1H-NMR spectrum (see Fig. 19), presence of a broad singlet at a δ 14.0 ppm due to 

the OH proton, and a singlet at δ 4.01 ppm due to the methylene, and in 13C-NMR spectrum (see 

Fig. 20), presence of a peak at δ 190.1 ppm due to unsaturated ketone and a peak at δ 40.8 ppm 

due to methylene carbon, confirmed the formation of product 87a. The presence of a molecular 

ion peak at m/z 236.0838 due to (M+H)+ further supported the product formation. 

Table 17: Optimization of reaction parameters 

 

Sr. No. Catalyst (20 mol%) Solvent Time (h) Yield (%)
a

 

1 PMe
3
 Toluene 48 Multiple spot 

2 PCy
3
 Toluene 64 - 

3 PPh
3
 Toluene 64 - 

4 PBu
3
 Toluene 20 74 

5 DABCO Toluene 18 66 

6 DBU Toluene 10 69 

7 Imidazole Toluene 16 51 

8 β-ICD Toluene 64 - 

9 PBu
3
 DCE 25 65 

10 PBu
3
 CH

3
NO

2
 40 15 

11 PBu
3
 Trifluoroethanol 48 61 

12 PBu
3
 THF 48 50 

13 PBu
3
 DMF 48 57 

14 PBu
3
 (10 mol%) Toluene 31 69 

All reactions were done on 0.1 mmol scales in 1 mL of solvent. aIsolated 

yields after silica gel column chromatography. 
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Further, standardization studies were performed with different amines (DBU, DABCO, 

β-ICD, imidazole), but no significant improvement in the yield of the product was observed 

(Table 17, entries 5-8). To find optimalsolvent for the suitable transformation, optimization 

studies were performed with solvents such as CH3NO2, DCE, trifluoroethanol, THF, DMF. 

However the isolated yield of the 87a in all those cases found to be low when compared to the 

reaction in toluene (Table 17, entries 9-12).  

With the optimized reaction condition in hand, the limitation and scope of the reaction 

were examined, Table 18. A diverse range of aryl-substituted enones were synthesized and 

subjected to the optimized reaction condition, which led to the formation of respective products 

in good yields. Aryl enones with electron donating groups (-OMe, -Me) 86b-86d or substituted 

halogens (Br, Cl) 86b-86d were treated under the optimized condition delivered the respective 

products 87b-87d in good yields. The heteroaryl substituted enones 86f-86h were treated under 

the optimized condition, delivered the respective cyclized products 87f-87h within the optimal 

reaction time. The IMBH reaction was realized to be general and efficient, and a diverse range of 

products were accessed in good yields. 
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Table 18: Substrate Scope: IMBH products 
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Figure 19: 1H-NMR spectrum of 87a 

 

Figure 20: 13C-NMR spectrum of 87a 
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4.4.1: Synthesis of triflates 

After the development of the IMBH reaction in a highly practical and scalable manner, 

we next focused on the development of Suzuki-Miyaura cross-coupling reaction. Towards this, 

we have initiated a study by considering 88 as the model substrate, Scheme 55.118 The respective 

substrate was synthesized via simple protection of IMBH product 87a by triflic anhydride.  

 

Scheme 55: General approach for the synthesis of triflates  

 

4.4.2: Synthesis of boronic acids 

Boronic acids were prepared by following a three-step protocol, Scheme 56.119 

Bromination of 2-naphthols 91 with NBS and subsequent protection of alcohol with respective 

alkyl halide led to the formation of 92 in excellent yield. Further, direct n-butyllithium mediated 

metal-halogen exchange in 92 followed by borylation with trimethyl borate and treatment with 

dil. HCl generated boronic acids 89. 

 

Scheme 56: Synthesis of boronic acids 

Table 19: Substrate scope: 2-substituted boronic acids 
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Symmetrically substituted naphthalene boronic acids were easily accessed by following a 

three-step protocol, Scheme 57. Dihydroxynaphthalene 93 underwent bromination with NBS 

which upon subsequent alcohol protection delivered bromonaphthalene 95. Further, n-

butyllithium reaction of bromonaphthalene followed by borylation with trimethyl borate and 

treatment with dil. HCl generated boronic acids 89.  

 

Scheme 57: Synthesis of 2,3-disubstituted boronic acids 

 

6-Substituted naphthalene boronic acid derivatives was easily synthesized from 6-

bromonaphthalen, Scheme 58. Protection phenol moiety in of 6-bromonaphthol 96 with an alkyl 

halide and subsequent formylation furnished 98. Bromination of 98 with NBS delivered 

bromonaphthalene 99 in excellent yield. Further, reduction of aldehyde and protection of alcohol 

with respective alkyl halide provided 100. Direct n-butyllithium mediated metal-halogen 

exchange of naphthalene 100 followed by borylation with a trimethyl borate and treatment with 

dil. HCl generated delivered the boronic acids 89.  

 

Scheme 58: Synthesis of 2,7-disubstituted boronic acid 
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7-Substituted naphthalene boronic acid derivatives were easily synthesized by following the 

strategies described in, Scheme 59.  

 

Scheme 59: Synthesis of 2,6-disubstituted boronic acids 

Table 20: Substrate scope: substituted boronic acids 

 
 

After achieving the successful synthesis of the starting materials, we have initiated the 

synthesis of Suzuki coupling by considering triflate 88 and naphthalene boronic acid 89a as a 

model substrate, Table 21. Our initial attempt by employing Pd(PPh3)4 catalyst was discouraging 

as a very low yield of coupling product 89a was observed (Table 21, entry 1). Interestingly, 

when the reaction was performed by using PdCl2(dppf), the expected product 89a formed in 

good yield (Table 21, entry 2). The structure of the coupling product was confirmed from 

spectral data. In the IR spectrum, the presence of absorption band at 1680 cm-1 due to α,β-

unsaturated carbonyl group, and absence of alcohol peak was indicated the formation of coupling 

product 89a. In 1H-NMR spectrum (see, fig. 22), presence of a doublet at δ 4.15 due to CH2 and 

presence of singlet at δ 3.88 ppm due to methoxy group, and in 13C-NMR spectrum (see Fig. 23), 

presence of δ 192.4 ppm due to the α,β-unsaturated carbonyl carbon and signal at δ 56.6 ppm due 

to methoxy group established the product formation 89a. In the high-resolution mass spectrum, 

the presence of molecular ion peak at m/z 376.1545 (M+H)+ further confirmed the formation of 

product 89a. 
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Further, to improve the efficiency of reaction, various solvent were screened (DMF, THF, 

Dioxane, and DMSO), but failed to improve the yield (Table 21, entries 7-10). On the other 

hand, the reaction in toluene:water (9:1) led to the formation of product in 88% (Table 21, entry 

11). When the reaction was carried out in PdCl2(PPh3)2, the formation of product was observed in 

excellent yield. When the reaction was carried out with other palladium catalysts (PdI2, PdCl2, 

Pd(OAc)2), only moderate yield of the product observed (Table 21, entries 4-6). Thus we 

identified that the combination of toluene:water (9:1), PdCl2(dppf)2, K2CO3 as optimal condition 

for the coupling reaction. 

Table 21: Optimizing reaction parameters 

 

Sr. No. Catalyst (10 mol%) Solvent Temp Time (h) Yield (%) 

1 Pd(PPh
3
)
4
 Toluene 70 8.5 15 

2 PdCl
2
(dppf) Toluene 70 9 71 

3 PdCl
2
(PPh

3
)
2
 Toluene 70 10 65 

4 PdI
2
 Toluene 70 6.5 45 

5 PdCl
2
 Toluene 70 7 40 

6 Pd(OAc)
2
 Toluene 70 9 55 

7 PdCl
2
(dppf) DMF 70 13 55 

8 PdCl
2
(dppf) THF 70 13.5 65 

9 PdCl
2
(dppf) DCE 70 20 19 

10 PdCl
2
(dppf) Dioxane 70 17 37 

11 PdCl
2
(dppf) Toluene:H

2
O (9:1) 70 6.5 90 

12 PdCl
2
(dppf) DMF:H

2
O (9:1) 70 11 55 

13 PdCl
2
(dppf) THF:H

2
O (9:1) 70 11 65 

14 PdCl
2
(dppf) Dioxane:H

2
O (9:1) 70 16 40 

15 PdCl
2
(dppf) Toluene:H

2
O (9:1) 90 17 67 

16 PdCl
2
(dppf) Toluene:H

2
O (9:1) 50 19 60 

 

All reactions were done on 0.1 mmol scales in 1 mL of solvent. aIsolated 
yields after silica gel column chromatography.  
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With the optimized reaction conditions in hand, limitation and scope of this reaction were 

investigated, Table 22. Diverse ranges of o-substituted boronic acids 89a-89g were subjected to 

the optimized reaction condition, which led to the formation of respective products 90a-90g in 

excellent yield. 2,3-Disubstituted naphthalene boronic acids 89h-89k were also effective in this 

reaction and provided good to excellent yield of the product. When the reaction carried out with 

2,6- and 2,7-disubstituted naphthalene boronic acids, the resulted respective products were 

obtained in good to excellent yields. Simple phenyl substituted boronic acids also works well 

with this optimized reaction condition. 

 

Table 22: Substrate scope  
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Figure 22: 1H-NMR spectrum of 90a 

 

Figure 22: 13C-NMR spectrum of 90a 
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Figure 21: Crystal structure of 90g. 

 

4.5: Development of atropselective Suzuki-Miyaura cross-coupling reaction 

After successfully achieving a practical, scalable and highly efficient synthesis of Suzuki-

Miyaura cross-coupling reaction, we next focused on the development of the synthesis of axially 

chiral styrenes. With the racemic condition in hand, we began to seek an efficient asymmetric 

catalytic system that could be used to achieve the efficient synthesis of axially chiral styrene. 

Towards this, we have initiated the study by considering 88 and 89c as a model substrate. 

Various catalysts, ligands, and solvents combinations were evaluated for atroposelective 

reaction. When the reaction was carried out with Pd2(dba)3 and box ligand 106, the coupling 

product was obtained 90c in an excellent yield with high enantioselectivity.  

 

 

Scheme 60: Axially chiral synthesis of styrene 

 

In conclusion, we have demonstrated the first synthesis of axially chiral styrene via 

Suzuki-Miyaura cross-coupling reaction. An enantiomerically enriched coupling product was 

synthesized from easily accessible starting materials in excellent yields.  
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Figure 22: HPLC chromatogram of racemic 90b 

 

 

Figure 23: HPLC chromatogram of chiral 90b 
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CONCLUSION 

 

In conclusion, we have demonstrated the modular approach to rapidly access 

functionalized and polysubstituted furotropones and benzofurotropones starting from readily 

accessible materials. Further, we have identified that these new chromophores, with their unique 

structural features, have potential to be highly sensitive and selective sensors for the detection of 

hard cations such as Fe3+, with the detection limit as low as 10 μM. Further, exploring the 

advancement in furan chemistry we have described the NHC catalyzed efficient approach for the 

synthesis of dihydrobenzofuranones and their subsequent conversion into functionalized 

benzofuran. This method can be used efficiently for making substituted benzofuran in natural 

product synthesis or pharmaceutical. 

Continued research interest in developing new strategies to achieve heterocycles led us to 

develop an efficient synthesis of triazoles. We have described organocatalytic β‑ azidation of 

enones initiated by an electron-donor-acceptor complex. The synthetic utility of the β-azide 

product was shown towards one-step elaboration to access triazoles. A diverse range of 

β‑ azidoketone and triazlole synthesized from good to excellent yield.  

Further, we have developed the synthesis of axially chiral vinyl arene via Suzuki-

Miyaura cross-coupling reaction. The excellent enantioselectivity was successfully achieved by 

combination of box catalyst with Pd2(dba)3. 
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EXPERIMENTAL SECTION 

 

General experimental methods: All the starting compounds and catalysts employed in this 

study were procured from Sigma-Aldrich, TCI chemicals, Avra Synthesis and were used without 

further purification. For thin layer chromatography (TLC), silica aluminium foils with 

fluorescent indicator 254 nm (from Aldrich) were used and compounds were visualized by 

irradiation with UV light and/or by treatment with a solution of p-anisaldehyde (23 mL), conc. 

H2SO4 (35 mL), and acetic acid (10 mL) in ethanol (900 mL) followed by heating. Column 

chromatography was performed using SD Merck silica gel 60-120 mesh (approximately 15–20 g 

per 1 g of the crude product). Dry THF was obtained by distillation over sodium and stored over 

sodium wire. IR spectra were recorded on a Perkin–Elmer FT IR spectrometer as thin films or 

KBr pellet, as indicated, with νmax in inverse centimetres. Melting points were recorded on a 

digital melting point apparatus Stuart SMP30. 1H-NMR and 13C-NMR spectra were recorded on 

a 400 MHz Bruker Biospin Avance III FT-NMR spectrometer. NMR shifts are reported as delta 

(δ) units in parts per million (ppm) and coupling constants (J) are reported in Hertz (Hz). The 

following abbreviations are utilized to describe peak patterns when appropriate: br=broad, 

s=singlet, d=doublet, t=triplet, q=quartet and m=multiplet. Proton chemical shifts are given in δ 

relative to tetramethylsilane (δ 0.00 ppm) in CDCl3 or in (CD3)2SO (δ 2.50 ppm) or in (CD3)2CO 

(δ 2.05 ppm). Carbon chemical shifts are internally referenced to the deuterated solvent signals 

in CDCl3 (δ 77.1 ppm) or in (CD3)2SO (δ 39.5 ppm) or in (CD3)2CO at δ 29.9 and 206.7. Single 

crystal X-ray analysis was carried on a Bruker AXS KAPPA APEX II system or Rigaku 

XtaLAB mini X-ray diffractometer. High-resolution mass spectra were recorded on a Waters 

QTOF mass spectrometer. Optical rotations were recorded on Rudolph APIII/2W. HPLC data 

was acquired from a Waters 515 using normal phase chiral columns. 

 

General Procedure-1: Synthesis of 3-formyl-2-furylcarbinols starting 12 from 3 

furancarboxaldehyes.  

To a solution of N-methylpiperazine (NMP, 0.66 mmol, 1.3 equiv) in THF (2 mL) at -78 °C was 

added n-BuLi (0.66 mmol, 1.3 equiv). After 15 min, 3-furaldehyde (0.045 mL, 0.52 mmol) was 

added, and then the reaction mixture was stirred for an additional 30 min. A cyclohexane 

solution of n-BuLi (1.32 mmol, 2 equiv) was added, and the mixture was stirred for an additional 
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15 min, and then the mixture was warmed to -30 °C in 2 h. The solution was again cooled to -78 

°C and an aldehyde (1.02 mmol, 1.6 equiv) was added dropwise over 5 min. The mixture was 

warmed to room temperature over 30 min. The reaction progress was monitored by TLC. 

Reaction mixture was quenched with saturated aq. Ammonium chloride solution and extracted 

with ethyl acetate. The organic extracts were combined, dried (Na2SO4), filtered, and 

concentrated. The crude product was purified by column chromatography on silica gel (ethyl 

acetate−hexanes) to afford 3-formyl-2-furylcarbinols in 60-80% yields. 

 

General Procedure-2: Reaction of 3-formyl-2-furylcarbinols with various 1,3-dicarbonyls.  

 To a solution of furfuryl alcohol (0.1 mmol, 1 equiv) in nitromethane (1 mL), were added 

acetylacetone (0.11 mmol, 1.1 equiv) followed by BiCl3 (0.02 mmol, 0.2 equiv) at room 

temperature. The reaction was stirred at room temperature until the alcohol was consumed as 

monitored by TLC, and the reaction mixture was quenched with aqueous saturated sodium 

bicarbonate solution (1−2 mL). The reaction mixture was diluted with ethyl acetate (1-2 mL), 

and the layers were separated. The aqueous layer was further extracted with ethyl acetate (1-2 

mL). The organic layers were combined, dried over Na2SO4, concentrated, and purified by silica 

gel column chromatography (ethyl acetate-hexanes) to afford 1,3-dicarbonyl adducts in 60- 

95% yields. 

 

General Procedure 3: Base-mediated intramolecular aldol condensation of the 1,3-

dicarbonyl adducts for the synthesis of furotropones 9. 

To a solution of the 1,3-dicarbonyl adduct (0.06 mmol, 1 equiv) in 1 mL DMF, sodium carbonate 

(5 mg, 1 equiv) was added under nitrogen atmosphere. The flask was placed in an oil bath (80 

°C) and stirring was continued for 3 h. The reaction mixture was washed with water and 

extracted with ethyl acetate. The organic extracts were combined, dried (Na2SO4), filtered, and 

concentrated. The crude product was purified by column chromatography on silica gel (ethyl 

acetate-hexanes) to afford furotropone. 
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2-(Hydroxy(thiophen-2-yl)methyl)furan-3-carbaldehyde (12g). 

 This compound was prepared by following the general procedure 1 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): 

νmax/cm−1 3372, 2872, 1672, 1580, 1516, 1422, 1237, 1127, 1024, 805. 1H-NMR 

(400 MHz, CDCl3): δ 9.98 (s, 1H), 7.42 (d, J = 1.9 Hz, 1H), 7.32 (m, 1H), 6.98 

(m, 2H), 6.83 (d, J = 1.9 Hz, 1H), 6.30 (d, J = 7.0 Hz, 1H), 4.69 (d, J = 7.0 Hz, 1H). 13C-NMR 

(100 MHz, CDCl3): δ 187.0, 162.1, 143.7, 142.5, 126.9, 126.1, 125.2, 122.5, 110.2, 66.6. 

HRMS (ESI): m/z calcd for C10H9O3S (M+H)+ 209.0272, found 209.0277. 

 

2-([1,1′-Biphenyl]-4-yl(hydroxy)methyl)furan-3-carbaldehyde (12c).  

 This compound was prepared by following the general procedure 1 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3370, 2870, 1670, 1578, 1514, 1418, 1235, 1022, 703. 1H- 

NMR (400 MHz, CDCl3): δ 10.0 (s, 1H), 7.63-7.58 (m, 4H), 7.51-7.44 (m, 

4H), 7.42 (d, J = 2.0 Hz, 1H), 7.37 (tt, J = 8.5 and 1.2 Hz, 1H), 6.83 (d, J = 2.0 Hz, 1H), 6.15 (d, 

J = 7.3 Hz, 1H), 4.49 (d, J = 7.3 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 187.2, 163.2, 142.4, 

141.3, 140.5, 139.1, 128.8 (2C), 127.5 (2C), 127.3, 127.1 (2C), 126.6 (2C), 122.6, 110.2, 70.3. 

HRMS (ESI): m/z calcd for C18H15O3 (M+H)+ 279.1021, found 279.1026. 

 

2-(Hydroxy(phenyl)methyl)benzofuran-3-carbaldehyde (12i).  

This compound was prepared by following the general procedure 1 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3313, 3031, 1661, 1575, 1495, 1479, 1452, 1176, 1011, 

748. 1H-NMR (400 MHz, CDCl3): δ 10.48 (s, 1H), 8.12 (dd, J = 6.8 and 3.3 

Hz, 1H), 7.53-7.51 (m, 3H), 7.43-7.36 (m, 5H), 6.29 (d, J = 5.5 Hz, 1H), 4.03 (d, J = 5.6 Hz, 

1H). 13C-NMR (100 MHz, CDCl3) δ 186.6, 166.7, 139.6, 128.9 (2CH), 128.7, 126.4 (2CH), 

125.8, 125.0, 124.8, 121.4, 117.5, 111.5, 101.9, 65.4. HRMS (ESI): m/z calcd for C16H13O3 

(M+H)+ 253.0865, found 253.0839. 
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2-((3-Fluorophenyl)(hydroxy)methyl)furan-3-carbaldehyde (12d). 

 This compound was prepared by following the general procedure 1 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3363, 2927, 1673, 1615, 1592, 1488, 1451, 1250, 1129, 1024, 

787. 1H-NMR (400 MHz, CDCl3): δ 9.96 (s, 1H), 7.41 (d, J = 1.8 Hz, 1H), 

7.37-7.34 (m, 1H), 7.18 (dd, J = 13.2 and 8.9, 2H), 7.02 (td, J = 8.4 and 2.5 Hz, 1H), 6.82 (d, J = 

2.0 Hz, 1H), 6.08 (d, J = 5.3 Hz, 1H), 4.73 (d, J = 6.8 Hz,1H). 13C-NMR (100 MHz, CDCl3): δ 

187.3, 162.9 (d, J = 245.06 Hz), 162.6, 142.6, 142.5, 130.1 (d, J = 8.05 Hz), 122.6, 121.7, 115.2 

(d, J = 20.9 Hz), 113.2 (d, J = 22.51 Hz), 110.4, 69.8. 19F-NMR (376.4 MHz, CDCl3): δ -

112.15. HRMS (ESI): m/z calcd for C12H8FO2 (M-OH)+ 203.0509, found 203.0498. 

 

2-(2-Benzoyl-3-oxo-1-phenylbutyl)furan-3-carbaldehyde (8b). 

This compound was prepared by following the general procedure 2 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

νmax/cm−1 2925, 1722, 1673, 1600, 1546, 1443, 1325, 752. 1H-NMR (400 MHz, 

CDCl3): δ 10.10 (s, 1H), 8.05 (m, 2H), 7.62 (tt, J = 7.4 and 1.7 Hz, 1H), 7.52 (m, 

4H), 7.38 (m, 2H), 7.31 (m, 1H), 7.18 (d, J = 1.9 Hz, 1H), 6.59 (d, J = 2.0 Hz, 

1H), 5.78 (d, J = 11.5 Hz, 1H), 5.63 (d, J = 11.6 Hz, 1H), 2.02 (s, 3H). 13C-NMR (100 MHz, 

CDCl3) δ 200.9, 193.1, 184.7, 161.9, 142.4, 137.1, 135.9, 134.1, 129.2 (2CH), 128.9 (2CH), 

128.8 (2CH), 128.4 (2CH), 128.1, 122.3, 108.7, 66.3, 43.6, 29.1. HRMS (ESI): m/z calcd for 

C22H18O4Na (M+Na)+ 369.1103, found 369.1104. 

 

2-(2-Acetyl-1-(4-ethylphenyl)-3-oxobutyl)furan-3-carbaldehyde (8c).  

This compound was prepared by following the general procedure 2 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

νmax/cm−1 2965, 1733, 1702, 1681, 1574, 1514, 1471, 1358, 1124, 746. 1H-NMR 

(400 MHz, CDCl3): δ 10.05 (s, 1H), 7.34 (d, J = 2.0 Hz, 1H), 7.27 (m, 2H), 7.15 

(d, J = 8.3 Hz, 2H), 6.68 (d, J = 2.0 Hz, 1H), 5.38 (d, J = 11.8 Hz, 1H), 4.92 (d, J 

= 12.0 Hz, 1H), 2.60 (q, J = 7.0 Hz, 2H), 2.17 (s, 3H), 2.03 (s, 3H), 1.20 (t, J = 7.7 Hz, 3H). 13C-

NMR (100 MHz, CDCl3): δ 200.1, 200.9, 184.7, 161.9, 144.0, 142.5, 134.2, 128.7 (2C), 128.0 
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(2C), 122.0, 109.7, 71.7, 42.8, 30.2, 29.4, 28.3, 15.2. HRMS (ESI): m/z calcd for C19H20O4Li 

(M+Li)+ 319.1522, found 319.1565. 

 

2-(2-Benzoyl-1-(4-ethylphenyl)-3-oxobutyl)furan-3-carbaldehyde (8d). 

This compound was prepared by following the general procedure 2 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): νmax 

/cm−1 2922, 1725, 1680, 1448, 1358, 1267, 1125, 1023, 748. 1H-NMR (400 

MHz, CDCl3): δ 10.12 (s, 1H), 8.03 (dd, J = 8.5 and 1.3 Hz, 2H), 7.62 (tt, J = 

7.4 and 1.3 Hz, 1H), 7.51 (m, 2H), 7.39 (tt, J = 10.1 and 1.7 Hz, 2H), 7.20 (m, 

3H), 6.58 (d, J = 2.0 Hz, 1H), 5.76 (d, J = 11.5 Hz, 1H), 5.60 (d, J = 11.5 Hz, 1H), 2.63 (q, J = 

7.6 Hz, 2H), 2.04 (s, 3H), 1.22 (t, J = 7.6 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 201.1, 

193.2, 184.7, 162.3, 144.1, 142.3, 135.9, 134.1, 134.0, 128.9 (2C), 128.8 (2C), 128.7 (2C), 128.3 

(2C), 122.2, 66.4, 43.2, 29.0, 28.4, 18.6, 15.3. HRMS (ESI): m/z calcd for C24H22O4Na (M+Na)+ 

397.1416, found 397.1432. 

 

2-(2-Benzoyl-1-(furan-2-yl)-3-oxobutyl)furan-3-carbaldehyde (8e).  

This compound was prepared by following the general procedure 2 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

νmax/cm−1 2922, 1725, 1680, 1594, 1417, 1269, 1012, 744. 1H-NMR (400 MHz, 

CDCl3): δ 10.11 (s, 1H), 8.05 (m, 2H), 7.54 (m, 4H), 7.40 (d, J = 2.0 Hz, 1H), 

7.16 (dd, J = 1.8 and 0.7 Hz, 1H), 6.75 (d, J = 2.0 Hz, 1H), 6.14 (dd, J = 3.0 and 

1.8 Hz, 1H), 6.11 (d, J = 3.2 Hz, 1H), 5.81 (d, J = 10.3 Hz, 1H), 2.11 (s, 3H). 13C-NMR (100 

MHz, CDCl3): δ 199.7, 192.9, 184.8, 159.6, 49.7, 142.8, 142.4, 136.1, 134.1, 128.9 (2C), 128.8 

(2C), 122.9, 110.6, 108.9, 108.0, 63.2, 37.3, 29.0. HRMS (ESI): m/z calcd for C20H16O5Na 

(M+Na)+ 359.0895, found 359.0898. 

 

2-(2-Benzoyl-1-(5-methylfuran-2-yl)-3-oxobutyl)furan-3-carbaldehyde (8f). 

This compound was prepared by following the general procedure 2 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 2922, 1725, 1680, 1448, 

1358, 1267, 1125, 1023, 748, 695. 1H-NMR (400 MHz, CDCl3): δ 10.11 (s, 1H), 8.06 (m, 2H), 

7.54-7.47 (m, 4H), 7.39 (d, J = 1.9 Hz, 1H), 6.75 (d, J = 2.0 Hz, 1H), 5.97 (d, J = 11.3 Hz, 1H), 
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5.94 (d, J = 3.0 Hz, 1H), 5.79 (d, J = 11.3 Hz, 1H), 2.12 (s, 3H), 2.04 (d, J = 

0.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 199.9, 192.7, 184.8, 159.8, 

152.5, 147.7, 142.6, 136.6, 134.1, 128.9 (2C), 128.8 (2C), 122.8, 109.1, 

108.8, 106.7, 64.3, 37.3, 28.4, 13.5. HRMS (ESI): m/z calcd for C21H18O5Na 

(M+Na)+ 373.1052, found 373.1073. 

 

2-(2-Acetyl-3-oxo-1-(thiophen-2-yl)butyl)furan-3-carbaldehyde (8g).  

This compound was prepared by following the general procedure 2 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

νmax/cm−1 2997, 2866, 1721, 1698, 1680, 1610, 1512, 1394, 1360, 1250, 1182, 

1088, 1045, 744. 1H-NMR (400 MHz, CDCl3): δ 10.07 (s, 1H), 7.36 (d, J = 2.0 

Hz, 1H), 7.22 (dd, J = 5.2 and 1.0 Hz, 1H), 7.01 (dd, J = 3.5 and 0.6 Hz, 1H), 

6.94 (m, 1H), 6.70 (d, J = 2.0 Hz, 1H), 5.75 (d, J = 5.8 Hz, 1H), 4.91 (d, J = 5.8 Hz, 1H), 2.16 (s, 

3H), 2.14 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 200.7, 200.2, 184.7, 160.2, 142.6, 139.3, 

127.1, 126.5, 125.7, 122.1, 109.1, 72.3, 38.1, 30.1, 29.4. HRMS (ESI): m/z calcd for 

C15H14O4SNa (M+Na)+ 313.0510, found 313.0520. 

 

2-(2-Benzoyl-3-oxo-1-(thiophen-2-yl)butyl)furan-3-carbaldehyde (8h).  

This compound was prepared by following the general procedure 2 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 2956, 2870, 1721, 1698, 1682, 1573, 1519, 1418, 1366, 1124, 

759. 1H-NMR (400 MHz, CDCl3): δ 10.13 (s, 1H), 8.01 (dd, J = 0.9 Hz, 3H), 

7.51-7.47 (m, 2H), 7.43 (d, J = 2.0 Hz, 1H), 7.07 (d, J = 1.0 Hz, 1H), 6.95 (m, 

1H), 6.79 (m, 1H), 6.74 (d, J = 2.0 Hz, 1H), 6.02 (d, J = 11.3 Hz, 1H), 5.79 (d, J = 11.3 Hz, 1H), 

2.10 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ 199.9, 192.7, 184.7, 160.8, 142.7, 139.6, 136.4, 

134.1, 128.9 (2C), 128.8 (2C), 126.9, 126.6, 125.3, 122.3, 109.1, 66.6, 38.6, 28.8. HRMS (ESI): 

m/z calcd for C20H16O4SNa (M+Na)+ 375.0667, found 375.0663. 
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Ethyl 2-([1,1′-biphenyl]-4-yl(3-formylfuran-2-yl)methyl)-3-oxobutanoate (8i). 

This compound was prepared by following the general procedure 2 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 2957, 2870, 1722, 1697, 1680, 1570, 1514, 1413, 1370, 

1124, 766. 1H-NMR (400 MHz, CDCl3): δ 10.11 (s, 1H), 7.62 (m, 1H), 7.54 

(m, 3H), 7.44 (m, 4H), 7.39 (d, J = 2.0 Hz, 1H), 7.36 (m, 1H), 6.71 (d, J = 2.0 

Hz, 1H), 5.38 (d, J = 5.3 Hz, 1H), 4.76 (d, J = 3.3 Hz, 1H), 4.04 (qd, J = 7.1 and 1.8 Hz, 2H), 

2.29 (s, 3H), 1.06 (t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 200.0, 184.5, 166.7, 

161.9, 142.6, 140.7, 140.2, 139.8, 136.4, 128.8 (2C), 128.7 (2C), 127.7 (2C), 127.5 (2C), 127.3, 

109.6, 64.1, 63.1, 61.9, 42.3, 29.0. HRMS (ESI): m/z calcd for C24H22O5Na (M+Na)+ 413.1365, 

found 413.1373. 

 

2-(2-Benzoyl-3,5-dioxo-1,5-diphenylpentyl)furan-3-carbaldehyde (8j).  

This compound was prepared by following the general procedure 2 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 2924, 2852, 1681, 1597, 1493, 1448, 1278, 1026, 744, 695. 

1H NMR (400 MHz, CDCl3): δ 10.10 (s, 1H), 8.03-8.00 (m, 2H), 7.80 (m, 

1H), 7.63 (m, 1H), 7.61 (m, 2H), 7.54 (m, 1H), 7.52 (m, 1H), 7.50 (m, 2H), 

7.48 (m, 2H), 7.34 (m, 1H), 7.21 (s, 2H), 7.17 (m, 1H), 7.13 (m, 1H), 6.38 (m, 1H), 5.65 (d, J = 

11.5 Hz, 1H), 5.55 (d, J = 11.5 Hz, 1H), 5.03 (dd, J = 10.7 and 4.7 Hz, 1H). 13C-NMR (100 

MHz, CDCl3) δ 193.6, 193.6, 193.0, 182.0, 159.0, 142.4, 137.9, 137.3, 135.9, 133.9, 133.5, 

132.4, 129.3 (2C), 128.9 (2C), 128.8 (2C), 128.7 (2C), 128.1 (2C), 127.1 (2C), 122.2, 112.6, 

62.3, 53.4, 44.4. HRMS (ESI) m/z calcd for C29H22O5Na (M+Na)+ 473.1365, found 473.1384. 

 

2-(2-Benzoyl-1-(furan-2-yl)-3,5-dioxo-5-phenylpentyl)furan-3-carbaldehyde (8k).  

This compound was prepared by following the general procedure 2 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 2926, 1682, 1597, 1448, 1274, 1250, 1181, 1013, 742. 1H-

NMR (400 MHz, CDCl3): δ 10.10 (s, 1H), 8.07 (m, 2H), 7.82 (m, 2H), 7.55 

(m, 2H), 7.51 (m, 2H), 7.45 (s, 1H), 7.49 (m, 2H), 7.43 (m, 1H), 7.37 (dd, J = 

1.7 and 0.6 Hz, 1H), 7.24 (d, J = 1.9 Hz, 1H), 6.67 (d, J = 1.9 Hz, 1H), 6.36 (d, J = 3.1 Hz, 1H), 
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6.30 (m, 1H), 5.79 (d, J = 11.4 Hz, 1H), 5.60 (d, J = 11.4 Hz, 1H). 13C-NMR (100 MHz, 

CDCl3) δ 193.0, 190.5, 184.8, 182.1, 159.9, 156.2, 149.7, 143.0, 142.7, 142.6, 134.1, 132.9, 

129.0, 128.95, 128.91 (2CH), 128.7 (2CH), 127.1 (2CH), 122.7, 110.8, 108.4, 107.8, 96.2, 60.2, 

37.9. HRMS (ESI) m/z calcd for C27H20O6Na (M+Na)+ 463.1168,   found 463.1158. 

 

2-(1-([1,1′-Biphenyl]-4-yl)-2-benzoyl-3,5-dioxo-5-phenylpentyl)-furan-3-carbaldehyde (8l).  

 This compound was prepared by following the general procedure 2 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 2925, 2853, 1734, 1681, 1597, 1487, 1448, 1123, 1077, 821, 

738. 1H-NMR (400 MHz, CDCl3): δ 10.18 (s, 1H), 8.07 (m, 2H), 7.82 (m, 

2H), 7.51 (m, 7H), 7.45 (m, 6H), 7.37 (m, 1H), 7.24 (d, J = 1.9 Hz, 1H), 6.67 

(d, J = 2.0 Hz, 1H), 6.35 (d, J = 3.6 Hz, 1H), 6.31 (s, 1H), 6.30 (m, 1H), 6.20 (d, J = 3.6 Hz, 1H), 

5.60 (d, J = 11.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 193.0, 190.5, 184.9, 182.1, 159.8, 

149.7, 142.7, 142.3, 135.7, 135.7, 134.0, 134.6, 134.0, 133.5, 132.9, 129.0 (2C), 128.9 (2C), 

128.8 (3C), 128.7 (3C), 128.1, 127.1 (2C), 122.7, 110.8, 108.6, 108.4, 96.2, 60.2, 37.9. HRMS 

(ESI) m/z calcd for C35H26O5Na (M+Na)+ 549.1678, found 549.1661. 

 

2-(2-Acetyl-3-oxo-1-phenylbutyl)benzofuran-3-carbaldehyde (8m).  

 This compound was prepared by following the general procedure 2 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat) νmax/cm−1 2947, 2868, 1720, 1697, 1681, 1487, 1451, 1124, 760. 1H-

NMR (400 MHz, CDCl3): δ 10.45 (s, 1H), 8.11 (m, 1H), 7.52 (m, 1H), 7.46 

(m, 2H), 7.40 (d, J = 4.8 Hz, 1H), 7.37 (m, 3H), 5.55 (d, J = 11.8 Hz, 1H), 

5.10 (q, J = 11.8 Hz, 2H), 2.23 (s, 3H), 2.08 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ 200.9, 

200.3, 184.7, 166.0, 153.8, 136.6, 129.4 (2CH), 128.6, 128.2 (2CH), 125.6, 124.9, 124.6, 121.9, 

117.1, 111.0, 71.2, 43.2, 30.3, 29.7. HRMS (ESI): m/z calcd for C21H18O4Na (M+Na)+ 

357.1103, found 357.1103. 

 

2-(2-Benzoyl-3-oxo-1-phenylbutyl)benzofuran-3-carbaldehyde (8n).  

 This compound was prepared by following the general procedure 2 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): νmax/cm−1 2962, 2929, 1738, 1704, 
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1681, 1575, 1487, 1125, 765, 747. 1H-NMR (400 MHz, CDCl3): δ 10.49 

(s, 1H), 8.06 (m, 2H), 7.97 (m, 2H), 7.49 (m, 2H), 7.42 (m, 3H), 7.38 (m, 

3H), 7.22 (m, 2H), 5.97 (d, J = 11.5 Hz, 1H), 5.80 (d, J = 11.3 Hz, 1H), 

2.18 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 200.0, 193.1, 184.8, 166.7, 

153.9, 137.0, 134.1, 129.0 (2C), 128.9 (2C), 128.8 (2C), 128.5, 128.3 

(2C), 127.0, 125.5, 124.9, 124.6, 122.07, 117.2, 110.0, 65.3, 43.7, 29.3. HRMS (ESI): m/z calcd 

for C26H20O4Na (M+Na)+ 419.1259, found 419.1250. 

 

2-(2-Acetyl-2-methyl-3-oxo-1-phenylbutyl)furan-3-carbaldehyde (8o).  

This compound was prepared by following the general procedure 2 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

νmax/cm−1 2925, 1738, 1716, 1682, 1580, 1494, 1454, 1369, 1246, 1145, 1045, 

758. 1H-NMR (400 MHz, CDCl3): δ 10.0 (s, 1H), 7.40 (d, J = 1.9 Hz, 1H), 

7.29-7.27 (m, 5H), 6.7 (d, J = 1.9 Hz, 1H), 5.98 (s, 1H), 2.05 (s, 3H), 2.06 (s, 

3H), 1.74 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 205.2, 204.0, 185.0, 162.2, 142.2, 136.8, 

129.8 (2CH), 128.6 (2CH), 127.8, 122.9, 108.8, 71.4, 45.5, 27.2, 26.5, 16.5. HRMS (ESI): m/z 

calcd for C18H19O4 (M+H)+ 299.1283, found 299.1249.  

 

2-(2-Acetyl-1-(4-ethylphenyl)-2-methyl-3-oxobutyl)furan-3-carbaldehyde (8p).  

This compound was prepared by following the general procedure 2 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

νmax/cm−1 3363, 1673, 1583, 1503, 1418, 1274, 1145, 1128, 1012. 1H-NMR 

(400 MHz, CDCl3): δ 9.99 (s, 1H), 7.39 (d, J = 1.9 Hz, 1H), 7.20 (d, J = 8.2 

Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 6.72 (d, J = 1.9 Hz, 1H), 5.90 (s, 1H), 2.60 

(q, J = 7.6 Hz, 2H), 2.04 (s, 3H), 2.01 (s, 3H), 1.73 (s, 3H), 1.20 (t, J = 7.6 Hz, 3H). 13C-NMR 

(100 MHz, CDCl3): δ 205.2, 204.2, 185.1, 162.5, 143.8, 142.5, 133.9, 129.7 (2C), 128.1 (2C), 

122.9, 108.7, 71.5, 45.2, 28.3, 27.2, 26.6, 16.5, 15.2. HRMS (ESI): m/z calcd for C20H22O4Na 

(M+Na)+ 349.1416, found 349.1417. 
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Ethyl 2-((4-ethylphenyl)(3-formylfuran-2-yl)methyl)-3-oxobutanoate (8r).  

 This compound was prepared by following the general procedure 2 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 2966, 1743, 1720, 1681, 1514, 1245, 1124, 750. 1H-NMR 

(400 MHz, CDCl3): δ 10.01 (s, 1H), 7.36 (d, J = 2.0 Hz, 1H), 7.30-7.28 (m, 

2H), 7.16-7.14 (m, 2H), 6.69 (d, J = 2.0 Hz, 1H), 5.32 (d, J = 4.0 Hz, 1H), 4.70 

(d, J = 3.7 Hz, 1H), 4.10 (m, 2H), 2.60 (q, J = 7.5 Hz, 2H), 2.26 (s, 3H), 1.20 (td, J = 7.6 and 2.6 

Hz, 3H), 1.14 (t, J = 7.1 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 200.5, 184.7, 166.6, 162.5, 

143.9, 142.5, 134.6, 128.6 (2C), 128.3 (2C), 122.1, 108.8, 82.6, 61.9, 42.2, 29.4, 28.4, 15.4, 13.7. 

HRMS (ESI): m/z calcd for C20H22O5Na (M+Na)+ 365.1365, found 365.1356. 

 

Ethyl 2-((3-fluorophenyl)(3-formylfuran-2-yl)methyl)-3-oxobutanoate (8s). 

This compound was prepared by following the general procedure 2 and isolated 

as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax 

/cm−1 2958, 2927, 1733, 1681, 1521, 1418, 1359, 1131, 1046, 888. 1H-NMR 

(400 MHz, CDCl3): δ 10.07 (s, 1H), 7.35 (d, J = 2.0 Hz, 1H), 7.19 (m, 2H), 

6.99 (m, 2H), 6.70 (d, J = 2.0 Hz, 1H), 5.37 (d, J = 6.3 Hz, 1H), 5.34 (d, J = 6.3 

Hz, 1H), 4.00-4.10 (m, 2H), 2.28 (s, 3H), 1.14 (t, J = 7.1 Hz, 3H). 13C-NMR (100 MHz, 

CDCl3): δ 199.9, 184.6, 166.4, 162.8 (d, J = 245.86 Hz), 161.4, 142.7, 139.8 (d, J = 7.00 Hz), 

130.6 (d, J = 8.15 Hz), 124.1, 122.5, 115.3 (d, J = 22.23 Hz), 115.0 (d, J = 20.7 Hz), 109.2, 62.9, 

62.1, 42.2, 30.9, 13.9. 19F-NMR (376.4 MHz, CDCl3): δ -111.8. HRMS (ESI): m/z calcd for 

C18H17O5FNa (M+Na)+ 355.0958, found 355.0967. 

 

2-(1-Phenyloct-2-yn-1-yl)furan-3-carbaldehyde (8t) 

This compound was prepared by following the general procedure 2 and 

isolated as a colorless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3363, 2123, 1705, 1673, 1583, 1503, 1418, 1274, 1145, 

1128, 1012, 896, 785. 1H-NMR (400 MHz, CDCl3): δ 10.20 (s, 1H), 7.94 

(dd, J = 8.5 and 1.3 Hz, 2H), 7.60 (m, 3H), 7.23 (dd, J = 2.0 and 0.5 Hz, 1H), 

6.62 (d, J = 2.0 Hz, 1H), 5.40 (d, J = 10.4 Hz, 1H), 5.23 (td, J = 10.4 and 2.3 Hz, 1H), 2.35 (s, 

3H) 2.19 (td, J = 7.2 and 1.8 Hz, 2H), 1.35-1.29 (m, 4H), 1.11-1.06 (s, 2H), 0.77 (t, J = 6.4 Hz, 
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3H). 13C-NMR (100 MHz, CDCl3): δ 200.0, 192.3, 184.4, 158.6, 142.7, 135.6, 134.2, 129.1 

(2C), 128.9 (2C), 122.8, 108.3, 86.6, 74.4, 66.3, 30.9, 29.9, 28.3, 28.0, 22.1, 18.6, 13.9. HRMS 

(ESI): m/z calcd for C23H25O4 (M+H)+ 365.1753, found 365.1755. 

 

7-Benzoyl-8-phenyl-6H-cyclohepta[b]furan-6-one (9b).  

This compound was prepared by following the general procedure 3 and 

isolated as a pale yellow solid. mp = 266-269 °C. Rf = 0.4 (EtOAc/Hexane= 

2/3). IR (thin film, neat): νmax/cm−1 2923, 1711, 1673, 1535, 1497, 1454, 

1343, 1260, 1096, 734. 1H-NMR (400 MHz, CDCl3): δ 7.73 (m, 2H), 7.62 (d, 

J = 11.8 Hz, 1H), 7.60 (d, J = 1.9 Hz, 1H), 7.46 (tt, J = 7.3 and 1.2 Hz, 1H), 7.34 (m, 3H), 7.30 

(m, 4H), 7.14 (d, J = 11.8 Hz, 1H), 6.90 (d, J = 1.9 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 

195.3, 185.6, 153.6, 145.8, 144.1, 138.4, 137.4, 136.7, 133.7, 133.0, 131.5, 129.4, 129.3, 129.3, 

128.7 (2C), 128.7, 128.6, 128.3 (2C), 127.8, 113.0. HRMS (ESI): m/z calcd for C22H15O3 

(M+H)+ 327.1000, found 327.0990. 

 

7-Acetyl-8-(4-ethylphenyl)-6H-cyclohepta[b]furan-6-one (9c). 

This compound was prepared by following the general procedure 3 and 

isolated as a pale yellow solid. mp = 250-253 °C. Rf = 0.4 (EtOAc/Hexane = 

2/3). IR (thin film, neat): νmax/cm−1 2963, 2925, 2854, 1711, 1621, 1578, 

1538, 1496, 1454, 1340, 1136, 1091, 816. 1H-NMR (400 MHz, CDCl3): δ 

7.61 (d, J = 1.8 Hz, 1H), 7.55 (d, J = 11.8 Hz, 1H), 7.28 (m, 4H), 7.10 (d, J = 

11.8 Hz, 1H), 6.85 (d, J = 1.8 Hz, 1H), 2.73 (q, J = 7.6 Hz, 2H), 2.10 (s, 3H), 1.30 (t, J = 7.6 Hz, 

3H). 13C-NMR (100 MHz, CDCl3): δ.203.2, 185.1, 153.7, 146.3, 145.7, 145.2, 137.5, 136.8, 

131.6, 131.0, 129.2 (2C), 128.3, 127.8 (2C), 113.0, 31.0, 28.6, 15.1. HRMS (ESI): m/z calcd for 

C19H17O3 (M+H)+ 293.1178, found 293.1176. 

 
7-Benzoyl-8-(4-ethylphenyl)-6H-cyclohepta[b]furan-6-one (9d). 

This compound was prepared by following the general procedure 3 and isolated as a pale yellow 

solid. mp = 260-262 °C. Rf = 0.4 (EtOAc/Hexane = 2/3). IR (thin film, neat): νmax /cm−1 2960, 

2926, 1671, 1636, 1536, 1494, 813. 1H-NMR (400 MHz, CDCl3): δ 7.72 (dd, J = 6.4 and 1.3 

Hz, 2H), 7.63 (d, J = 2.0 Hz, 1H), 7.61 (d, J = 11.8, 1H), 7.46 (tt, J = 8.6, 2.4, and 1.2 Hz, 1H), 

7.32 (t, J = 7.8 Hz, 2H), 7.14 (d, J = 11.8 Hz, 2H), 7.08 (brs, 3H), 6.90 (d, J = 2.0 Hz, 1H), 2.60 
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(q, J = 7.5 Hz, 2H), 1.19 (t, J = 7.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 

195.5, 185.6, 153.7, 145.7, 145.7, 144.7, 144.2, 138.7, 137.4, 136.8, 132.9, 

131.5, 130.9, 128.7 (2C), 128.6, 128.3 (2C), 127.4, 127.3, 127.3, 113.0, 28.5, 

15.0. HRMS (ESI): m/z calcd for C24H19O3 (M+H)+ 355.1334, found 

355.1337. 

 

7-Benzoyl-8-(furan-2-yl)-6H-cyclohepta[b]furan-6-one (9e).  

This compound was prepared by following the general procedure 3 and isolated 

as a pale yellow solid. mp = 252-255 °C. Rf = 0.4 (EtOAc/Hexane = 2/3). IR 

(thin film, neat): νmax/cm−1 3145, 2924, 2853, 1675, 1574, 1544, 1498, 1449, 

1336, 1255, 831, 693. 1H-NMR (400 MHz, CDCl3): δ 7.90 (m, 2H), 7.75 (d, J 

= 1.9 Hz, 1H), 7.55 (m, 2H), 7.42 (m, 2H), 7.32 (dd, J = 1.7 and 0.7, 1H), 7.05 (d, J = 11.7 Hz, 

1H), 6.93 (dd, J = 3.4 and 0.6 Hz, 1H), 6.90 (d, J = 1.9 Hz, 1H). 6.42 (q, J = 1.8 Hz, 1H). 13C- 

NMR (100 MHz, CDCl3): δ 195.3, 185.5, 151.8, 145.4, 145.2, 144.2, 142.5, 137.2, 136.7, 

132.9, 131.1, 128.7, 128.6 (2C), 128.4 (2C), 127.4, 116.8, 113.1, 111.8. HRMS (ESI): m/z calcd 

for C20H13O4 (M+H)+ 317.0814, found 317.0823. 

 

7-Benzoyl-8-(5-methylfuran-2-yl)-6H-cyclohepta[b]furan-6-one (9f).  

This compound was prepared by following the general procedure 3 and isolated 

as a pale yellow solid. mp = 255-258 °C. Rf = 0.4 (EtOAc/Hexane = 2/3). IR 

(thin film, neat): νmax/cm−1 2923, 2852, 1678, 1623, 1535, 1497, 1448, 1361, 

1249, 1096, 833. 1H-NMR (400 MHz, CDCl3): δ 7.95 (m, 2H), 7.74 (d, J = 1.9 

Hz, 1H), 7.53 (m, 2H), 7.44 (m, 2H), 7.04 (m, 2H), 6.88 (d, J = 1.9 Hz, 1H), 6.06 (m, 1H), 1.96 

(s, 3H). 13C-NMR (100 MHz, CDCl3): δ 195.6, 185.8, 155.0, 151.5, 144.9, 143.7, 141.1, 137.3, 

137.2, 132.6, 130.8, 128.5 (3C), 128.3 (2C), 127.2, 119.0, 113.1, 108.6, 13.1. HRMS (ESI): m/z 

calcd for C21H15O4 (M+H)+ 331.0970, found 331.0953. 

 
7-Acetyl-8-(thiophen-2-yl)-6H-cyclohepta[b]furan-6-one (9g). 

This compound was prepared by following the general procedure 3 and isolated as a pale yellow 

solid. mp = 250-253 °C; Rf = 0.4 (EtOAc/Hexane = 2/3). IR (thin film, neat): νmax/cm−1 3132, 

2922, 1708, 1616, 1573, 1537, 1496, 1452, 1325, 1165, 1089, 830, 794. 1H-NMR (400 MHz, 
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CDCl3): δ 7.66 (d, J = 1.9 Hz, 1H), 7.57 (dd, J = 4.9 and 1.4 Hz, 1H), 7.57 (d, J 

= 11.8 Hz, 1H), 7.14 (m, 2H), 7.08 (d, J = 11.8 Hz, 1H), 6.87 (d, J = 1.9 Hz, 

1H), 2.17 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 202.7, 184.6, 147.2, 145.6, 

137.4, 137.1, 132.9, 131.6, 131.3, 130.1, 128.5, 128.1, 127.0, 113.1, 30.6; 

HRMS (ESI): m/z calcd for C15H11O3S (M+H)+ 271.0429, found 271.0440. 

 

7-Benzoyl-8-(thiophen-2-yl)-6H-cyclohepta[b]furan-6-one (9h). 

This compound was isolated as a pale yellow solid (18 mg, 95%): mp = 260-

263 °C. Rf = 0.4 (EtOAc/Hexane = 2/3). IR (thin film, neat) νmax/cm−1 3112, 

2954, 2853, 1673, 1537, 1494, 1452, 1356, 1328, 1258, 1092, 823. 1H-NMR 

(400 MHz, CDCl3): δ 7.77 (m, 2H), 7.68 (d, J = 1.9 Hz, 1H), 7.59 (d, J = 11.8 

Hz, 1H), 7.48 (tt, J = 7.4 and 1.7 Hz, 1H), 7.35 (m, 3H), 7.11 (d, J = 11.8 Hz, 1H), 7.01 (dd, J = 

3.6 and 1.2 Hz, 1H), 6.91 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 195.0, 185.1, 153.2, 145.7, 

145.2, 137.3, 136.3, 133.2, 133.1, 132.1, 131.5, 131.2, 128.8 (2C), 128.5, 128.4 (2C), 128.41, 

126.5, 113.2. HRMS (ESI): m/z calcd for C20H13O3S (M+H)+ 333.0585, found 333.0598. 

 

Ethyl 8-([1,1′-biphenyl]-4-yl)-6-oxo-6H-cyclohepta[b]furan-7-carboxylate (9i). 

 This compound was prepared by following the general procedure 3 and 

isolated as a pale yellow solid. mp = 273-276 °C.; Rf = 0.4 (EtOAc/Hexane = 

2/3). IR (thin film, neat): νmax/cm−1 3031, 2925, 2854, 1730, 1620, 1590, 

1539, 1496, 1043, 758. 1H-NMR (400 MHz, CDCl3): δ 7.73 (tt, J = 5.3 and 

1.9 Hz, 1H), 7.69 (t, J = 1.9 Hz, 1H), 7.67 (m, 1H), 7.65 (m, 2H), 7.55 (d, J = 

11.9 Hz, 1H), 7.51 (m, 4H), 7.43 (m, 1H), 7.15 (d, J = 11.9 Hz, 1H), 6.87 (d, J 

= 1.8 Hz, 1H), 4.05 (q, J = 7.1 Hz, 2H), 0.97 (t, J = 7.1 Hz, 3H). 13C-NMR (100 MHz, CDCl3): 

δ 183.8, 166.6, 146.0, 141.8, 140.2, 137.4, 133.4, 131.3, 129.6, 129.4 (2C), 128.9 (2C), 128.8 

(2C), 127.7, 127.2, 127.17 (2C), 127.11, 126.7, 113.1, 61.3, 13.6. HRMS (ESI): m/z calcd for 

C24H19O4 (M+H)+ 371.1283, found 371.1287. 
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6-Oxo-8-phenyl-6H-cyclohepta[b]furan-5,7-diy-l)bis-(phenylmethanone) (9j).  

This compound was prepared by following the general procedure 3 and isolated 

isolated as a pale yellow solid. mp = 290-293 °C; Rf = 0.4 (EtOAc/Hexane = 2/ 

3). IR (thin film, neat): νmax/cm−1 3060, 2924, 2853, 1674, 1597, 1540, 1448, 

1286, 1208, 872. 1H-NMR (400 MHz, CDCl3): δ 7.94 (m, 1H), 7.92 (t, J = 4.0 

and 2.0 Hz, 2H), 7.71 (m, 1H), 7.69 (t, J = 4.0 Hz, 2H), 7.54 (tt, J = 8.0 and 4.0 

Hz, 1H), 7.46 (m, 3H), 7.32 (m, 7H), 6.98 (d, J = 4.0 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 

195.8, 194.7, 183.9, 154.0, 146.6, 146.2, 145.3, 138.4, 136.7, 135.8, 133.4, 133.2, 133.2, 131.7, 

129.3, 129.2 (2C), 128.9 (2C), 128.8 (2C), 128.5 (2C), 128.3 (2C), 128.0 (2C), 127.7, 113.7. 

HRMS (ESI): m/z calcd for C29H19O4 (M+H)+ 431.1283, found 431.1267. 

 

8-(Furan-2-yl)-6-oxo-6H-cyclohepta[b]furan-5,7-diyl)bis-(phenylmethanone) (9k).  

This compound was prepared by following the general procedure 3 and isolated 

as a pale yellow solid. mp = 285-288 °C; Rf = 0.4 (EtOAc/ Hexane = 2/3). IR 

(thin film, neat): νmax/cm−1 2923, 2853, 1690, 1674, 1542, 1498, 1261, 835. 1H-

NMR (400 MHz, CDCl3): δ 7.89 (m, 4H), 7.83 (d, J = 2.0 Hz, 1H), 7.50 (tt, J = 

8.0 and 1.2 Hz, 2H), 7.42 (m, 4H), 7.35 (dd, J = 2.0 and 0.8 Hz, 1H), 7.07 (dd, J 

= 3.6 and 0.6 Hz, 2H), 6.99 (d, J = 2.0 Hz, 1H), 6.47 (dd, J = 2.0 and 1.3 Hz, 1H). 13C-NMR 

(100 MHz, CDCl3): δ 195.4, 184.0, 180.5, 152.1, 146.3, 145.5, 144.6, 143.1, 136.9, 135.7, 

133.3, 133.0, 131.2, 129.2 (2CH), 128.7 (2CH), 128.56, 128.54 (2CH), 128.50, 128.4 (2CH), 

127.6, 117.5, 113.8, 112.1. HRMS (ESI): m/z calcd for C27H17O5 (M+H)+ 421.1076, found 

421.1072. 

 

8-([1,1′-Biphenyl]-4-yl)-6-oxo-6H-cyclohepta[b]furan-5,7-diyl)bis-(phenylmethanone) (9l).  

This compound was prepared by following the general procedure 3 and isolated 

as a pale yellow solid. mp = 297-300 °C. Rf = 0.4 (EtOAc/Hexane = 2/3). IR 

(thin film, neat): νmax/cm−1 3059, 2925, 1673, 1597, 1579, 1538, 1494, 1337, 

1286, 1006. 1H-NMR (400 MHz, CDCl3): δ 7.95 (d, J = 1.0 Hz, 1H), 

7.93−7.92 (m, 2H), 7.73 (d, J = 1.0 Hz, 1H), 7.72 (m, 2H), 7.57 (m, 1H), 7.54 

(s, 2H), 7.52 (t, J = 1.2 Hz, 1H), 7.50 (s, 1H), 7.45 (d, J = 1.8 Hz, 1H), 7.44 (m, 

2H), 7.42 (m, 2H), 7.38 (t, J = 1.2 Hz, 1H), 7.36 (t, J = 2.2 Hz, 1H), 7.35 (t, J = 1.2 Hz, 1H), 7.32 
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(s, 1H), 7.30 (s, 1H), 6.99 (d, J = 1.8 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 195.8, 194.8, 

183.9, 154.0, 146.7, 146.2, 145.4, 141.6, 140.0, 138.2, 136.8, 135.8, 133.4, 133.2, 132.1, 131.7, 

129.8, 129.8, 129.2 (2C), 128.9 (2C), 128.8 (2C), 128.6 (2C), 128.3 (2C), 127.78, 127.74, 127.1 

(2C), 126.6 (2C), 113.7. HRMS (ESI): m/z calcd for C35H23O4 (M+H)+ 507.1596, found 

507.1608. 

 

7-Acetyl-6-phenyl-8H-cyclohepta[b]benzofuran-8-one (9m).  

 This compound was prepared by following the general procedure 3 and 

isolated as a pale yellow solid. mp = 201−202 °C. Rf = 0.4 (EtOAc/Hexane 

= 2/3). IR (thin film, neat): νmax/cm−1 2919, 2852, 1716, 1668, 1635, 1480, 

1385, 1284, 819. 1H-NMR (400 MHz, CDCl3): δ 7.98 (d, J = 11.9 Hz, 1H), 

7.96 (m, 1H), 7.53 (m, 3H), 7.49 (m, 2H), 7.47 (m, 2H), 7.28 (d, J = 7.4 Hz, 1H), 6.70 (s, 1H), 

2.14 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 202.8, 185.0, 154.5, 149.2, 137.6, 133.8, 129.4 

(2C), 129.3, 129.1, 128.5, 128.4, 128.4 (2C), 125.8, 124.5, 123.5, 120.1, 116.1, 112.3, 30.9. 

HRMS (ESI): m/z calcd for C21H15O3 (M+H)+ 315.1021, found 315.1026. 

 

7-Benzoyl-6-phenyl-8H-cyclohepta[b]benzofuran-8-one (9n). 

This compound was prepared by following the general procedure 3 and 

isolated as a pale yellow solid. mp = 207-210 °C. Rf = 0.4 (EtOAc/Hexane 

= 2/3). IR (thin film, neat): νmax/cm−1 2922, 2852, 1709, 1668, 1635, 1557, 

1480, 1446, 1281, 883, 819. 1H-NMR (400 MHz, CDCl3): δ 8.03 (d, J = 

11.8 Hz, 1H), 7.99 (m, 1H), 7.74 (m, 2H), 7.54 (m, 1H), 7.50 (m, 4H), 7.35 (t, J = 1.5 Hz, 1H), 

7.33 (m, 6H). 13C-NMR (100 MHz, CDCl3): δ 195.1, 185.4, 155.1, 154.5, 147.6, 147.3, 146.3, 

139.0, 137.5, 136.5, 133.7, 133.1, 129.1, 128.7 (2C), 128.6, 128.5, 128.4 (2C), 127.9, 127.9, 

125.9, 124.5, 123.7, 120.1, 112.3. HRMS (ESI): m/z calcd for C26H17O3 (M+H)+ 377.1178, 

found 377.1179. 

 

7-Methyl-8-phenyl-6H-cyclohepta[b]furan-6-one (9o).  

This compound was prepared by following the general procedure 3 and isolated as a pale yellow 

solid. mp = 261-263 °C. Rf = 0.4 (EtOAc/Hexane = 1/1). IR (thin film, neat): νmax/ cm−1 2928, 

1710, 1620, 1575, 1536, 1452, 1356, 1352, 1326, 830, 716. 1H-NMR (400 MHz, CDCl3): δ 7.55 
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(m, 5H), 7.26 (m, 2H), 7.10 (d, J = 11.9 Hz, 1H), 6.79 (d, J = 1.9 Hz, 1H), 2.03 

(s, 3H). 13C-NMR (100 MHz, CDCl3): δ 187.3, 154.2, 144.3, 142.3, 139.1, 

138.3, 134.5, 129.8, 128.5 (2C), 128.2 (2C), 127.9, 126.6, 112.0, 19.5. HRMS 

(ESI): m/z calcd for C16H13O2 (M+H)+ 237.0900, found 237.0909. 

 

7-Benzoyl-8-(4-ethylphenyl)-6H-cyclohepta[b]furan-6-one (9p). 

This compound was prepared by following the general procedure 3 and isolated 

as a pale yellow solid. mp = 268-271 °C. Rf = 0.4 (EtOAc/Hexane = 2/3). IR 

(thin film, neat) νmax/cm−1 2900, 1715, 1690, 1620, 1470, 1430, 1356, 1351, 

1315, 1270, 830. 1H-NMR (400 MHz, CDCl3): δ 7.50 (d, J = 1.9 Hz, 1H), 7.47 

(d, J = 11.8 Hz, 1H), 7.36 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 7.09 (d, 

J = 11.8 Hz, 1H), 6.78 (d, J = 1.9 Hz, 1H), 2.78 (q, J = 7.6 Hz, 2H), 2.04 (s, 3H), 1.34 (t, J = 7.6 

Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 187.3, 144.3, 143.8, 142.9, 139.3, 135.5, 134.5, 130.2, 

129.8, 128.1 (2C), 128.0 (2C), 126.5, 112.0, 28.6, 19.6, 15.3. HRMS (ESI): m/z calcd for 

C18H17O2 (M+H)+ 265.1229, found 265.1227. 

 

8-(4-Ethylphenyl)-6H-cyclohepta[b]furan-6-one (9r).  

This compound was prepared by following the general procedure 3 and isolated as 

a pale yellow liquid. Rf = 0.4 (EtOAc/Hexane = 1/1). IR (thin film, neat): 

νmax/cm−1 2963, 2926, 2854, 1710, 1620, 1590, 1540, 1496, 1460, 1350, 1090, 

847. 1H-NMR (400 MHz, CDCl3): δ 7.64 (d, J = 2.0 Hz, 1H), 7.52 (m, 3H), 7.36 

(m, 2H), 7.06 (m, 2H), 6.85 (d, J = 1.8 Hz, 1H), 2.76 (q, J = 7.7 Hz, 2H), 1.33 (t, 

J = 7.5 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 186.9, 153.4, 145.5, 144.6, 140.7, 136.3, 

136.0, 134.8, 131.4, 129.1 (2C), 128.4, 127.9 (2C), 113.0, 28.6, 15.3. HRMS (ESI): m/z calcd 

for C17H15O2 (M+H)+ 251.1072, found 251.1071. 
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8-(3-Fluorophenyl)-6H-cyclohepta[b]furan-6-one (9s).  

This compound was prepared by following the general procedure 3 and isolated 

as a pale yellow liquid. Rf = 0.4 (EtOAc/Hexane = 1/1). IR (thin film, neat): 

νmax/cm−1 2924, 2853, 1730, 1621, 1545, 1498, 1455, 1343, 1259, 1092, 1041, 

867, 789. 1H-NMR (400 MHz, CDCl3): δ 7.65 (d, J = 2.0 Hz, 1H), 7.53 (d, J = 

11.5 Hz, 1H), 7.49 (m, 1H), 7.34-7.29 (m, 2H), 7.21 (dt, J = 8.4 and 1.9, 1H), 

7.04 (dd, J = 11.7 and 2.3 Hz, 2H), 6.87 (d, J = 2.0 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ 

186.7, 156.2 (d, J = 226.96 Hz), 144.8, 139.4, 136.5, 136.1, 131.5, 130.9, 130.0 (d, J = 8.16 Hz), 

128.6, 126.3, 124.8, 116.4 (d, J = 22.77 Hz), 116.1 (d, J = 20.71 Hz), 113.1. 19F-NMR (376.4 

MHz, CDCl3): δ -112.6. HRMS (ESI): m/z calcd for C15H10FO2 (M+H)+ 241.0665, found 

241.0667. 

 
4′-Acetyl-2′-hexyl-5′-methyl-[2,3′-bifuran]-3-carbaldehyde (9t). 

This compound was prepared by following the general procedure 3 and 

isolated as a colorless liquid. Rf = 0.3 (EtOAc/Hexane = 1/5). IR (thin film, 

neat): νmax/cm−1 3059, 2925, 1673, 1597, 1579, 1538, 1494, 1337, 1286, 

1006, 739. 1H-NMR (400 MHz, CDCl3): δ 9.74 (s, 1H), 7.66-7.64 (m, 2H), 

7.46 (tt, J = 7.4 and 1.2 Hz, 1H), 7.34 (m, 2H), 7.23 (dd, J = 2.0 and 0.5 Hz, 

1H), 6.63 (d, J = 2.0 Hz, 1H), 2.67 (t, J = 7.7 Hz, 2H), 2.42 (s, 3H), 1.71 (m, 2H), 1.32 (m, 6H), 

0.87 (t, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 191.0, 184.9, 156.6, 155.8, 155.0, 

143.2, 138.2, 132.5, 128.8 (2C), 128.2 (2C), 124.1, 121.3, 109.8, 108.0, 31.3, 28.7, 27.9, 26.7, 

22.4, 14.0, 13.8. HRMS (ESI): m/z calcd for C23H25O4 (M+H)+ 365.1753, found 365.1766. 

 

General procedure 4: Synthesis of diketone 8i, 8u, 8v 

The Substrates bearing diketone backbone 8i, 8u, 8v also can be readily synthesized from 3-

formyl-2-furyl carbinol 12c, 12f by following the general procedure 1 and 2. 

 

2-(1-([1,1'-Biphenyl]-4-yl)-2-acetyl-3-oxobutyl)furan-3-carbaldehyde (8i). 

This compound was prepared by following the general procedure 4 and isolated as a colourless 

liquid. Rf = 0.5 (EtOAc/Hexane = 3/7). IR (thin film, neat): max/cm-1 2928, 1725, 1699, 1681, 

1570, 1357, 1123, 1206. 1H-NMR (400 MHz, CDCl3): δ 10.09 (s, 1H), 7.55 (m, 4H), 7.42 (m, 
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4H), 7.36 (m, 2H), 6.71 (d, J = 1.6 Hz, 1H), 5.48 (d, J = 11.8 Hz, 1H), 4.98 

(d, J = 11.8 Hz, 1H), 2.19 (s, 3H), 2.08 (s, 3H). 13C-NMR (100 MHz, 

CDCl3): δ 201.1, 200.8, 184.7, 161.4, 142.6, 140.9, 140.1, 136.1, 128.8 

(2C), 128.6 (2C), 127.8 (2C), 127.5, 127.0 (2C), 122.1, 109.2, 71.6, 42.7, 

30.3, 29.4. HRMS (ESI): m/z calcd for C23H20O4Na (M+Na)+: 383.1255, 

Found: 383.1259. 

 

2-(2-([1,1'-biphenyl]-4-yl)-3-acetyl-4-oxopentan-2-yl)furan-3-carbaldehyde (8u). 

This compound was prepared by following the general procedure 4 and 

isolated as a colourless liquid. Rf = 0.5 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): max/cm-1 2928, 1725, 1699, 1681, 1570, 1357, 1123, 1206. 1H-NMR 

(400 MHz, CDCl3): δ 10.05 (s, 1H), 7.54 (m, 4H), 7.44 (m, 3H), 7.37 (m, 

3H), 6.76 (d, J = 1.4 Hz, 1H), 6.05 (s, 1H), 2.07 (s, 3H), 2.06 (s, 3H), 1.70 (s, 

3H). 13C-NMR (100 MHz, CDCl3): δ 205.1, 204.0, 185.0, 162.0, 142.7, 140.6, 140.1, 135.7, 

130.3 (2C), 128.8 (2C), 127.5, 127.2 (2C), 127.0 (2C), 122.9, 108.9, 71.5, 45.2, 27.3, 26.5, 16.6. 

HRMS (ESI): m/z calcd for C24H22O4Na (M+Na)+: 397.1416, Found. 397.1421. 

 

2-(2-acetyl-2-methyl-1-(5-methylfuran-2-yl)-3-oxobutyl)furan-3-carbaldehyde (8v). 

This compound was prepared by following the general procedure 4 and 

isolated as a colourless liquid. Rf = 0.5 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): max/cm-1 2924, 1725, 1702, 1681, 1555, 1404, 1352, 1123, 1099. 1H- 

NMR (400 MHz, CDCl3): δ 9.9 (s, 1H), 7.38 (dd, J = 0.3, 2.0 Hz, 1H), 6.75 

(d, J = 2.0 Hz, 1H), 6.00 (d, J = 3.1 Hz, 1H), 5.90 (s, 1H), 5.88 (m, 1H), 2.22 

(s, 3H), 2.18 (s, 3H), 2.07 (s, 3H), 1.65 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 204.6, 204.0, 

185.4, 159.0, 152.1, 147.7, 142.7, 124.0, 110.6, 108.5, 106.6, 71.0, 40.6, 26.7, 26.5, 16.2, 13.5. 

HRMS (ESI): m/z calcd for C17H18O5Na (M+Na)+: 325.1052, Found. 325.1053. 

 

General Procedure-5: Synthesis of dihydrobenzofuranone  

To a flame-dried, round-bottom flask, equipped with magnetic stir bar were added 1,3-

dicarbonyl adduct 8 (0.1 mmol), catalyst 30d (0.02 mmol), and Cs2CO3 (0.02 mmol) under N2 

atmosphere at r.t. The reaction mixture was dissolved in anhydrous THF (1 mL) and the resultant 
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reaction mixture was stirred at 50 °C until the starting material was consumed, as monitored by 

TLC. Upon completion, the solvent was removed under reduced pressure and the residue was 

purified by silica gel column chromatography (hexane/EtOAc) to afford 29. 

 

6-Acetyl-5-hydroxy-5,6-dimethyl-7-phenyl-6,7-dihydrobenzofuran-4(5H)-one (29a). 

This compound was prepared by following the general procedure 5 and isolated 

as a colourless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

max/cm-1 3461, 2923, 2854, 1707, 1686, 1364, 1264, 1118. 1H-NMR (400 

MHz, CDCl3): δ 7.43 (dd, J = 0.6, 2.0 Hz, 1H), 7.30 (m, 3H), 7.08 (m, 2H), 

6.76 (d, J = 2.0 Hz, 1H), 5.42 (s, 1H), 4.18 (s, 1H), 2.15 (s, 3H), 1.36 (s, 3H), 

1.23 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 208.6, 195.1, 165.9, 144.4, 136.0 (2C), 128.0 

(2C), 127.6, 117.8, 106.7, 79.1, 63.6, 45.7, 29.9, 23.5, 23.5, 13.9. HRMS (ESI): m/z calcd for 

C18H18O4 (M+H2O)+: 302.1154, Found: 302.1146. 

 

6-Acetyl-5-hydroxy-5-methyl-7-(thiophen-2-yl)-6,7-dihydrobenzofuran-4(5H)-one (29g). 

This compound was prepared by following the general procedure 5 and isolated 

as a colourless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

max/cm-1 3463, 2963, 2963, 1692, 1514, 1457, 1355, 1120, 1097. 1H-NMR 

(400 MHz, CDCl3): δ 7.41 (s, 1H), 7.27 (s, 1H), 7.00 (s, 2H), 6.74 (s, 1H), 5.06 

(d, J = 10.8 Hz, 1H), 4.03 (s, 1H), 3.75 (d, J = 10.8 Hz, 1H), 2.22 (s, 3H), 1.35 

(s, 3H). 13C-NMR (100 MHz, CDCl3): δ 206.2, 195.0, 164.9, 145.1, 139.4, 127.4, 127.0, 125.4, 

117.2, 106.9, 76.3, 65.1, 37.9, 34.0, 21.8. HRMS (ESI): m/z calcd for C15H15O4S (M+H)+: 

291.0691, Found: 291.0680. 

  

7-([1,1'-Biphenyl]-4-yl)-6-acetyl-5-hydroxy-5-methyl-6,7-dihydrobenzofuran-4(5H)-one 

(29i).  

This compound was prepared by following the general procedure 5 and isolated 

as a colourless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

max/cm-1 3466, 2922, 1688, 1360, 1260, 1120, 945. 1H-NMR (400 MHz, 

CDCl3): δ 7.60 (m, 4H), 7.41 (m, 4H), 7.21 (m, 2H), 6.77 (d, J = 1.0 Hz, 1H), 

4.75 (d, J = 10.7 Hz, 1H), 4.06 (s, 1H), 3.71 (d, J = 10.7 Hz, 1H), 2.12 (s, 3H), 
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1.40 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 206.5, 195.3, 166.1, 145.0, 140.8, 140.3, 136.5, 

129.1 (2C), 128.8 (2C), 127.6 (2C), 127.5, 127.0 (2C), 118.0, 106.8, 76.3, 64.8, 42.4, 34.2, 22.0. 

HRMS (ESI): m/z calcd for C23H21O4 (M+H)+: 361.1440; Found: 361.1455. 

 

6-Acetyl-5-hydroxy-5,6-dimethyl-7-phenyl-6,7-dihydrobenzofuran-4(5H)-one (29o).  

This compound was prepared by following the general procedure 5 and isolated 

as a colourless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

max/cm-1 3461, 2923, 2854, 1707, 1686, 1364, 1264, 1118. 1H-NMR (400 

MHz, CDCl3): δ 7.43 (dd, J = 0.6, 2.0 Hz, 1H), 7.30 (m, 3H), 7.08 (m, 2H), 

6.76 (d, J = 2.0 Hz, 1H), 5.42 (s, 1H), 4.18 (s, 1H), 2.15 (s, 3H), 1.36 (s, 3H), 

1.23 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 208.6, 195.1, 165.9, 144.4, 136.0 (2C), 128.0 

(2C), 127.6, 117.8, 106.7, 79.1, 63.6, 45.7, 29.9, 23.5, 23.5, 13.9. HRMS (ESI): m/z calcd for 

C18H18O4 (M-H)+: 297.1127; Found: 297.1118. 

 

6-Acetyl-7-(4-ethylphenyl)-5-hydroxy-5,6-dimethyl-6,7-dihydrobenzofuran-4(5H)-one 

(29p).  

 This compound was prepared by following the general procedure 5 and 

isolated as a colourless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): max/cm-1 3461, 2923, 2854, 1714, 1687, 1454, 1368, 1260, 1126, 1088. 

1H-NMR (400 MHz, CDCl3): δ 7.42 (d, J = 1.5 Hz,1H), 7.14 (d, J = 8.0 Hz, 

2H), 7.00 (d, J = 8.1 Hz, 2H), 6.76 (d, J = 1.9 Hz, 1H), 5.39 (s, 1H), 4.17 (s, 

1H), 2.66 (q, J = 7.6, 15.2 Hz, 2H), 2.15 (s, 3H), 1.59 (s, 3H), 1.35 (s, 3H), 1.23(s, 3H). 13C 

NMR (100 MHz, CDCl3): δ 208.6, 195.2, 166.3, 144.4, 143.5, 133.1, 130.9 (2C), 127.5 (2C), 

117.7, 106.6, 79.1, 63.7, 45.4, 29.9, 28.4, 23.5, 15.2, 13.9. HRMS (ESI): m/z calcd for 

C20H22O4Na (M+Na): 349.1416, Found: 349.1403. 

 

7-([1,1'-Biphenyl]-4-yl)-6-acetyl-5-hydroxy-5,6-dimethyl-6,7-dihydrobenzofuran-4(5H)-one 

(29u). 

This compound was prepared by following the general procedure 5 and isolated as a colourless 

liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): max/cm-1 3462, 2925, 1703, 1488, 

1376, 1355, 1178, 1096, 1008, 905. 1H-NMR (400 MHz, CDCl3): δ 7.60 (d, J = 7.8 Hz, 2H), 
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7.55 (d, J = 7.9 Hz, 2H), 7.46 (m, 3H), 7.34 (m, 1H), 7.16 (d, J = 8.0 Hz, 2H), 

6.79 (s, 1H), 5.47 (s, 1H), 4.20 (s, 1H), 2.19 (s, 3H), 1.38 (s, 3H), 1.28 (s, 3H). 

13C-NMR (100 MHz, CDCl3): δ 208.6, 195.1, 165.9, 144.5, 140.45, 140.44, 

135.0, 131.4 (2C), 128.8 (2C), 127.4, 127.0 (2C), 126.7 (2C), 117.9, 106.7, 

79.1, 63.8, 45.4, 29.9, 23.5, 13.9. HRMS (ESI): m/z calcd for C24H23O4 

(M+H)+: 375.1596; Found: 375.1603. 

 

6-Benzoyl-5-hydroxy-5,6-dimethyl-7-(5-methylfuran-2-yl)-6,7-dihydrobenzofuran-4(5H)-

one (29w).  

 This compound was prepared by following the general procedure 5 and isolated 

as a colourless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

max/cm-1 3466, 2922, 1688, 1360, 1260, 1120, 945. 1H-NMR (400 MHz, 

CDCl3): δ 7.97 (m, 2H), 7.54 (m, 1H), 7.43 (m, 3H), 6.78 (d, J = 2.0 Hz, 1H), 

6.12 (d, J = 3.0 Hz, 1H), 5.97 (dd, J = 1.0 and 3.1 Hz, 1H), 4.98 (d, J = 10.9 Hz, 

1H), 4.76 (d, J = 10.9 Hz, 1H), 3.90 (s, 1H), 2.11 (s, 3H), 1.46 (s, 3H). 13C-NMR (100 MHz, 

CDCl3): δ 197.9, 195.2, 164.2, 152.3, 147.0, 144.9, 133.2, 128.9 (2C), 128.2 (2C), 117.4, 109.7, 

107.0, 106.3, 67.9, 55.4, 25.6, 21.9, 13.6. HRMS (ESI): m/z calcd for C21H18O5K (M+K)+: 

389.0791; Found: 389.0778. 

 

6-Acetyl-5-hydroxy-5,6-dimethyl-7-(5-methylfuran-2-yl)-6,7-dihydrobenzofuran-4(5H)-one 

(29v). 

 This compound was prepared by following the general procedure 5 and isolated 

as a colourless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, neat): 

max/cm-1 3466, 2922, 1688, 1360, 1260, 1120, 945. 1H-NMR (400 MHz, 

CDCl3): δ 7.46 (dd, J = 0.6, 2.0 Hz, 1H), 6.75 (d, J = 2.0 Hz, 1H), 6.16 (d, J = 

3.0 Hz, 1H), 5.92 (dd, J = 0.9 and 2.2 Hz, 1H), 5.42 (d, 1H), 4.16 (s, 1H), 2.26 

(s, 3H), 2.23 (s, 3H), 1.28 (s, 3H), 1.24 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 208.3, 194.8, 

163.8, 152.0, 147.4, 144.6, 117.1, 111.3, 106.7, 106.2, 78.2, 63.8, 40.3, 29.3, 23.5, 14.0, 13.6. 

HRMS (ESI): m/z calcd for C17H18O5Na (M+Na)+: 325.1052; Found: 325.1040. 
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3-Acetyl-2-hydroxy-2-methyl-4-phenyl-3,4-dihydrodibenzo[b,d]furan-1(2H)-one (29m). 

 This compound was prepared by following the general procedure 5 and 

isolated as a colourless liquid. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin 

film, neat): max/cm- 1 3463, 2926, 2963, 1703, 1514, 1457, 1376, 1355, 

1244, 1120, 1097. 1H-NMR (400 MHz, CDCl3): δ 8.07 (d, J = 7.3 Hz, 1H), 

7.41 (m, 2H), 7.36 (m, 4H), 7.19 (d, J = 7.3 Hz, 2H), 4.87 (d, J = 10.7 Hz), 

4.12 (s, 1H), 3.78 (d, J = 10.8 Hz, 1H), 2.11 (s, 3H), 1.44 (s, 3H). 13C-NMR (100 MHz, CDCl3): 

δ 206.3, 195.4, 169.8, 155.7, 137.3, 129.0 (2C), 128.8 (2C), 128.0, 125.8, 124.9, 123.1, 121.6, 

113.6, 111.7, 76.0, 64.8, 43.1, 34.1, 22.1. HRMS (ESI): m/z calcd for C21H18O4 (M)+: 334.1205; 

Found: 334.1195. 

 

General procedure-6: Synthesis of benzofuran 

 To a solution of alcohol 29 (10 mg, 0.08 mmol) in pyridine (0.5 mL) at 0 °C was added POCl3 

(362 μL, 2.4 mmol). The resulting reaction mixture was stirred at r.t. until starting material was 

consumed, as monitored by TLC. The reaction mixture was quenched by addition of sat. aq 

NaHCO3 and extracted with EtOAc (3×5 mL). The organic extracts were combined and dried 

over anhydrous sodium sulfate and concentrated under reduced pressure. The crude residue was 

purified by silica gel column chromatography (hexane/EtOAc) to afford 31. 

  

1-(4-Hydroxy-5-methyl-7-phenylbenzofuran-6-yl)ethanone (31a). 

This compound was prepared by following the general procedure 6 and isolated 

as colourless liquid colourless oil. Rf = 0.4 (EtOAc/hexane = 3/7). IR (neat): 

max/cm-1 3428, 2929, 2854, 1698, 1643, 1450, 1349, 1260, 1040. 1H-NMR (400 

MHz, DMSO-d6): δ 8.16 (d, J = 2.4 Hz, 1 H), 7.51 (m, 3 H), 7.41 (m, 2 H), 7.09 

(d, J = 2.1 Hz, 1 H), 2.34 (s, 3 H), 2.03 (s, 3 H). 13C-NMR (100 MHz, CDCl3): δ 

206.4, 150.5, 146.8, 139.0, 133.4, 130.0 (2C), 128.7 (2C), 128.4, 127.5, 126.0, 125.9, 121.1, 

105.9, 32.6, 16.3. HRMS (ESI): m/z (M-H)+ calcd for C17H13O3: 265.0865; found: 265.0857. 

 

1-(4-Hydroxy-5-methyl-7-phenylbenzofuran-6-yl)ethanone (31i). 

This compound was prepared by following the general procedure 5 and isolated as a colourless 

liquid. Rf = 0.4 (EtOAc/hexane = 3/7). IR (neat): max/cm-1 3430, 2927, 2850, 1700, 1650, 1445, 
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1350, 1265, 1044 . 1H-NMR (400 MHz, DMSO-d6): δ 8.19 (d, J = 2.0 Hz, 1 H), 7.84 (m, 2 H), 

7.78 (m, 2 H), 7.52 (m, 4 H), 7.42 (m, 1 H), 7.11 (d, J = 2.3 Hz, 1 H), 2.35 (s, 

3 H), 2.10 (s, 3 H). 13C-NMR (100 MHz, CDCl3): δ 206.4, 150.5, 146.9, 

141.3, 139.0, 132.3, 130.4 (2C), 128.9 (2C), 127.6, 127.5, 127.4 (2C), 127.1 

(2C), 126.08, 126.06, 120.7, 105.7, 32.8, 16.3. HRMS (ESI): m/z (M–H)+ 

calcd for C23H17O3 341.1178, found: 341.1166. 

 

General procedure-7: Synthesis of β-azidoketone 

 An oven-dried 5 mL glass vial was charged with an enone 49 (0.2 mmol, 1.0 equiv), Zhdankin 

reagent 38 (0.26 mmol, 1.3 equiv), toluene (1 mL) and DABCO (0.02 mmol, 0.1 equiv) at room 

temperature (rt) and continued stirring at rt until starting material disappeared as monitored by 

TLC. The reaction mixture was quenched with aqueous ammonium chloride solution, diluted 

with ethyl acetate and the layers were separated. The aqueous layer further extracted with ethyl 

acetate. The organic layers were combined, dried over anhydrous Na2SO4, concentrated, and 

purified by silica gel column chromatography (hexane/ethyl acetate) to afford the respective 

product 50. 

 

3-Azido-1-phenylpropan-1-one (50a).  

 This compound was prepared by following the general procedure 7 and isolated 

as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, neat):  

max/cm-1 2922, 2853, 2104, 1696, 1585, 1281, 763. 1H-NMR (400 MHz, 

CDCl3): δ 8.00 (m, 2H), 7.62 (t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.8 Hz, 2H), 3.76 (t, J = 6.4 Hz, 

2H), 3.27 (t, J = 6.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 197.1, 136.3, 133.5, 128.7 (2C), 

128.0 (2C), 46.1, 37.6. HRMS (ESI): m/z calcd for C9H10N3O (M+H)+: 176.0824, Found: 

176.0819. 

 

3-Azido-1-(4-bromophenyl)propan-1-one (50b).  

This compound was prepared by following the general procedure 7 and 

isolated as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, 

neat): max/cm-1 2933, 2088, 1700, 1584, 1431, 1288. 1H-NMR (400 MHz, 

CDCl3): δ 7.84 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 3.75 (t, J = 6.4 Hz, 2H), 3.23 (d, J = 
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6.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 196.2, 135.0, 132.1 (2C), 129.5 (2C), 128.8, 46.0, 

37.6. HRMS (ESI): m/z calcd for C9H7N3OBr (M-H)+: 251.9773, Found: 251.9760. 

 

3-Azido-1-(4-isopropylphenyl)propan-1-one (50c). 

 This compound was prepared by following the general procedure 7 and 

isolated as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, 

neat): max/cm-1 2933, 2100, 1700, 1585, 1431, 1289. 1H-NMR (400 MHz, 

CDCl3): δ 7.92 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 3.75 (t, J = 6.4 

Hz, 2H), 3.24 (t, J = 6.4 Hz, 2H), 2.99 (m, 1H), 1.30 (s, 3H), 1.29 (s, 3H). 13C-NMR (100 MHz, 

CDCl3): δ 196.8, 155.1, 134.2 (2C), 128.3 (2C), 126.8, 46.2, 37.5, 34.3, 23.68, 23.64. HRMS 

(ESI): m/z calcd for C12H16N3O (M+H)+: 218.1293; Found: 218.1282. 

 

3-Azido-1-(4-methoxyphenyl)propan-1-one (50d).  

 This compound was prepared by following the general procedure 7 and 

isolated as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, 

neat): max/cm-1 2933, 2103, 1685, 1497, 1281, 1205, 756. 1H-NMR (400 

MHz, CDCl3): δ 7.96 (d, J = 8.8 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 3.89 (s, 

3H), 3.74 (t, J = 6.1 Hz, 2H), 3.22 (t, J = 6.1 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 195.6, 

163.8, 130.3 (2C), 129.5, 113.8 (2C), 55.5, 46.3, 37.2. HRMS (ESI): m/z calcd for C10H10N3O2 

(M-H)+: 204.0773; Found: 204.0764. 

 

4-(3-Azidopropanoyl)benzonitrile (50e).  

 This compound was prepared by following the general procedure 7 and 

isolated as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 2/3). IR (thin film, 

neat): max/cm-1 2933, 2224, 2102, 1681, 1591, 1267, 760. 1H-NMR (400 

MHz, CDCl3): δ 8.07 (d, J = 8.4 Hz, 2H), 7.82 (d, J = 8.4 Hz, 2H), 3.78 (t, J = 6.3 Hz, 2H), 3.27 

(t, J = 6.3 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 195.9, 139.1, 132.6 (2C), 128.4 (2C), 

117.8, 116.8, 45.8, 38.0. HRMS (ESI): m/z calcd for C10H8N4ONa (M+Na)+: 223.0596; Found: 

223.0588. 
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3-Azido-1-(4-nitrophenyl)propan-1-one (50f). 

This compound was prepared by following the general procedure 7 and 

isolated as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, 

neat): max/cm-1 2935, 2102, 1698, 1580, 1280, 1017, 758. 1H-NMR (400 

MHz, CDCl3): δ 8.36 (d, J = 8.6 Hz, 2H), 8.15 (d, J = 8.6 Hz, 2H), 3.80 (t, 

J = 6.3 Hz, 2H), 3.31 (t, J = 6.3 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 195.7, 150.2, 140.6, 

129.1 (2C), 124.0 (2C), 45.8, 38.3. HRMS (ESI): m/z calcd for C9H9N4O3 (M+H)+: 221.0675, 

Found: 221.0663. 

 

3-Azido-1-(4,5-dimethoxy-2-nitrophenyl)propan-1-one (50g). 

 This compound was prepared by following the general procedure 7 and 

isolated as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 3/7). IR (thin film, 

neat): max/cm-1 2937, 2103, 1685, 1493, 1443, 1285. 1H-NMR (400 MHz, 

CDCl3): δ 7.67 (s, 1H), 6.77 (s, 1H), 4.0 (s, 6H), 3.76 (t, J = 6.4 Hz, 2H), 

3.01 (t, J = 6.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 200.0, 154.2, 149.7, 138.1, 132.0, 

108.5, 106.8, 56.8, 56.6, 46.3, 42.1. HRMS (ESI): m/z calcd for C11H12N4O5Na (M+Na)+: 

303.0705, Found: 303.0691. 

 

3-Azido-1-(2-iodophenyl)propan-1-one (50h).  

This compound was prepared by following the general procedure 7 and isolated 

as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, neat): 

max/cm-1 2922, 2849, 2107, 1692, 1585, 1427, 1208, 743. 1H-NMR (400 MHz, 

CDCl3): δ 7.96 (d, J = 8.0 Hz, 1H), 7.45 (m, 2H), 7.10 (m, 1H), 3.75 (t, J = 6.4 

Hz, 2H), 3.20 (t, J = 6.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 201.5, 143.5, 140.8, 132.1, 

128.2, 128.0, 90.9, 46.1, 40.9. HRMS (ESI): m/z calcd for C9H9N3OI (M+H)+: 301.9790, 

Found: 301.9775. 

 

3-Azido-1-(3-fluorophenyl)propan-1-one (50i).  

This compound was prepared by following the general procedure 7 and isolated as pale yellow 

oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, neat): max/cm-1 2962, 2125, 1700, 1598, 

1289, 751. 1H-NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.0 Hz, 1H), 7.66 (dt, J = 2.0 and 9.2 
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Hz, 1H), 7.48 (m, 1H), 7.64 (m, 1H), 3.75 (t, J = 6.4 Hz, 2H), 3.24 (t, J = 6.4 Hz, 

2H). 13C-NMR (100 MHz, CDCl3): δ 196.0 (d, J = 2.0 Hz), 162.8 (d, J = 

246.9), 138.4 (d, J = 5.8 Hz), 130.5 (d, J = 7.5 Hz), 123.8 (d, J = 3.0 Hz), 120.8 

(d, J = 21.3 Hz), 114.7 (d, J = 22.1 Hz), 45.9, 37.8. 19F-NMR (376.4 MHz, 

CDCl3): δ −111.4. HRMS (ESI): m/z calcd for C9H8N3OFNa (M+Na)+: 216.0549; Found: 

216.0540. 

 

3-Azido-1-(3-fluorophenyl)propan-1-one (50j).  

This compound was prepared by following the general procedure 7 and 

isolated as pale yellow viscous oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin 

film, neat): max/cm-1 3060, 2103, 1681, 1627, 1469, 1373, 1276, 864. 1H-

NMR (400 MHz, CDCl3): δ 8.47 (s, 1H), 8.03 (dd, J = 1.6 and 8.4 Hz, 1H), 7.97 (d, J = 8.0 Hz, 

1H), 7.90 (m, 2H), 7.61 (m, 2H), 3.80 (t, J = 6.8 Hz, 2H), 3.37 (t, J = 6.4 Hz, 2H). 13C-NMR 

(100 MHz, CDCl3): δ 197.1, 135.7, 133.7, 132.4, 129.9, 129.6, 128.7, 128.6, 127.8, 126.9, 

123.5, 46.2, 37.7. HRMS (ESI): m/z calcd for C13H10N3O (M-H)+: 224.0824; Found: 224.0813. 

 

3-Azido-1-(furan-2-yl)propan-1-one (50k).  

 This compound was prepared by following the general procedure 7 and isolated as 

pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, neat): max/cm-1 

2928, 2097, 1695, 1630, 1257, 1092, 836. 1H-NMR (400 MHz, CDCl3): δ 8.08 (s, 

1H), 7.48 (s, 1H), 6.80 (m, 1H), 4.01 (t, J = 5.2 Hz, 2H), 3.04 (t, J = 5.2 Hz, 2H). 

13C-NMR (100 MHz, CDCl3): δ 205.0, 147.6, 144.4, 127.6, 108.3, 58.0, 42.0. HRMS (ESI): 

m/z calcd for C7H7N3O2Na (M+Na)+: 188.0436, Found: 188.0430. 

 

3-Azido-1-(thiophen-2-yl)propan-1-one (50l).  

This compound was prepared by following the general procedure 7 and isolated 

as pale yellow oil. Rf = 0.4 (EtOAc/Hexane = 1/4). IR (thin film, neat): 

max/cm-1 2922, 2849, 2104, 1692, 1585, 1424, 1266, 743. 1H-NMR (400 MHz, 

CDCl3): δ 7.76 (d, J = 3.8 Hz, 1H), 7.70 (d, J = 4.9 Hz, 1H), 7.17 (t, J = 4.4 Hz, 
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1H), 3.74 (t, J = 6.4 Hz, 2H), 3.20 (t, J = 6.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 189.9, 

143.6, 134.3, 132.3, 128.2, 46.1, 38.3. HRMS (ESI): m/z calcd for C7H8N3OS (M+H)+: 

182.0388, Found: 182.0380. 

 

3-Azido-1-(benzo[b]thiophen-3-yl)propan-1-one (50m).  

This compound was prepared by following the general procedure 7 and 

isolated as pale yellow solid. mp = 65-67 oC. Rf = 0.3 (EtOAc/Hexane = 1/4). 

IR (thin film, neat): max/cm-1 2124, 1662, 1599, 1481, 1292, 1020, 753. 1H-

NMR (400 MHz, CDCl3): δ 8.01 (s, 1H), 7.92 (t, J = 8.0 Hz, 2H), 7.51 (t, J 

= 7.2 Hz, 1H), 7.44 (t, J = 7.3 Hz, 1H), 3.79 (t, J = 6.4 Hz, 2H), 3.31 (t, J = 6.4 Hz, 2H). 13C-

NMR (100 MHz, CDCl3): δ 191.5, 142.9, 142.6, 138.9, 129.5, 127.7, 126.0, 125.1, 123.0, 46.2, 

38.2. HRMS (ESI): m/z calcd for C11H9N3OSNa (M+Na)+: 254.0364, Found: 254.0372. 

 

3-Azido-1-(benzo[b]thiophen-2-yl)propan-1-one (50n).  

This compound was prepared by following the general procedure 7 and isolated 

as pale yellow solid. mp = 63-65 oC. Rf = 0.3 (EtOAc/Hexane = 1/4). IR (thin 

film, neat): max/cm-1 2926, 2103, 1658, 1592, 1427, 1454, 1367, 1301, 1249. 

1H-NMR (400 MHz, CDCl3): δ 8.79 (d, J = 8.1 Hz, 1H), 8.32 (s, 1H), 7.89 (d, 

J = 8.1 Hz, 1H), 7.53 (t, J = 7.1 Hz, 1H), 7.46 (t, J = 7.2 Hz, 1H), 3.80 (t, J = 6.4 Hz, 2H), 3.29 

(t, J = 6.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 192.1, 139.7, 137.3, 136.3, 134.8, 126.6, 

125.68, 126.65, 122.0, 46.2, 39.0. 

 

3-Azido-1-cyclohexylpropan-1-one (50o).  

This compound was prepared by following the general procedure 7 and isolated 

as colourless oil. Rf = 0.6 (EtOAc/Hexane = 1/4). IR (thin film, neat): max/cm-1 

2933, 2103, 1704, 1585, 1278, 1208, 1016. 1H NMR (400 MHz, CDCl3): δ 

3.56 (t, J = 6.3 Hz, 2H), 2.74 (t, J = 6.3 Hz, 2H), 2.37 (m, 1H), 1.80 (m, 5H), 1.28 (m, 5H). 13C-

NMR (100 MHz, CDCl3): δ 211.1, 51.0, 45.8, 39.2, 28.2 (2C), 25.7, 25.5 (2C). HRMS (ESI): 

m/z calcd for C9H16N3O (M+H)+: 182.1293, Found: 182.1285. 
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3-Azido-1-(4-(prop-1-en-2-yl)cyclohex-1-en-1-yl)propan-1-one (50p).  

This compound was prepared by following the general procedure 7 and 

isolated as colourless oil. Rf = 0.6 (EtOAc/Hexane = 1/4). IR (thin film, 

neat): max/cm-1 2934, 2102, 1696, 1585, 1281, 1020, 763. 1H-NMR (400 

MHz, CDCl3): δ 6.96 (d, J = 4.8 Hz, 1H), 4.79 (s, 1H), 4.74 (s, 1H), 3.62 (t, 

J = 6.5 Hz, 2H), 2.93 (t, J = 6.5 Hz, 2H), 2.50 (m, 1H), 2.42 (m, 1H), 2.18 (m, 3H), 1.94 (m, 1H), 

1.77 (s, 3H), 1.45 (m, 1H). 13C-NMR (100 MHz, CDCl3): δ 197.7, 148.6, 140.3, 138.8, 109.3, 

46.4, 40.1, 36.0, 26.8, 31.4, 23.4, 20.7. HRMS (ESI): m/z calcd for C12H18N3O (M+H)+: 

220.1450; Found: 220.1440. 

 

General procedure-8: Radical entrapment by TEMPO  

 An oven-dried 5 mL glass vial was charged with enone 49a (0.22 mmol, 1.0 equiv), Zhdankin 

reagent 38 (0.29 mmol, 1.3 equiv), TEMPO (0.44 mmol, 2.0 equiv). Toluene (1.5 mL) and 

DABCO (0.02 mmol, 0.1 equiv) were then introduced at room temperature (rt) and continued 

stirring at rt until starting material disappeared as monitored by TLC. The reaction mixture was 

quenched with aqueous ammonium chloride solution, diluted with ethyl acetate and the layers 

were separated. The aqueous layer further extracted with ethyl acetate. The organic layers were 

combined, dried over anhydrous Na2SO4, concentrated, and purified by silica gel column 

chromatography (hexane/ethyl acetate) to afford the respective product 54. 

 

3-Azido-1-phenyl-2-((2,2,6,6-tetramethylpiperidin-1-yl)oxy)propan-1-one (54).  

 This compound was prepared by following the general procedure 8 and 

isolated as pale yellow oil. Rf = 0.5 (EtOAc/Hexane = 1/4). IR (thin film, 

neat): max/cm-1 2926, 2104, 1696, 1585, 1281, 1208, 763. 1H-NMR (400 

MHz, CDCl3): δ 8.09 (m, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 7.8 

Hz, 2H), 5.17 (dd, J = 4.9 and 6.6 Hz, 1H), 3.83 (dq, J = 6.9, 12.6 and 19.2 Hz, 2H), 1.53 (s, 

2H), 1.39 (m, 2H), 1.35 (s, 3H), 1.28 (m, 2H), 1.21 (s, 3H), 1.06 (s, 3H), 0.9 (s, 3H). 13C-NMR 

(100 MHz, CDCl3): δ 199.9, 136.3, 133.4, 129.2 (2C), 128.5 (2C), 85.4, 60.28, 60.21, 52.0, 

40.3, 40.2, 34.1, 33.6, 20.3, 20.2, 17.0. HRMS (ESI): m/z calcd for C18H27N4O2 (M+H)+: 

331.2134; Found: 331.2120. 
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General procedure-9: One-pot azidoalkynylation  

 An oven-dried 5 mL glass vial was charged with enone 49a (0.22 mmol, 1.0 equiv), Zhdankin 

reagent 38 (0.29 mmol, 1.3 equiv), 55 (0.33 mmol, 1.5 equiv). Toluene (1.5 mL) and DABCO 

(0.02 mmol, 0.1 equiv) were then introduced at room temperature (rt) and continued stirring at rt 

until starting material disappeared as monitored by TLC. The reaction mixture was quenched 

with aqueous ammonium chloride solution, diluted with ethyl acetate and the layers were 

separated. The aqueous layer further extracted with ethyl acetate. The organic layers were 

combined, dried over anhydrous Na2SO4, concentrated, and purified by silica gel column 

chromatography (hexane/ethyl acetate) to afford the respective product 56. 

 

3-Azido-1-(2-(phenylethynyl)phenyl)propan-1-one (56).  

This compound was prepared by following the general procedure 9 and 

isolated as pale yellow viscous oil. Rf = 0.5 (EtOAc/Hexane = 1/4). IR 

(thin film, neat): max/cm-1 2936, 2231, 2107, 1693, 1607, 1567, 1445, 

1405, 1371, 1240, 1210. 1H-NMR (400 MHz, CDCl3): δ 8.05 (d, J = 8.0 Hz, 1H), 7.84 (m, 1H), 

7.77 (m, 1H), 7.65 (m, 1H), 7.50 (m, 3H), 7.29 (m, 3H), 5.05 (d, J = 2.4 Hz, 1H), 2.43 (m, 2H). 

13C-NMR (100 MHz, CDCl3): δ 197.1, 136.3, 133.5, 132.1 (2C), 128.8 (2C), 128.7, 128.3 (2C), 

128.0 (2C), 122.1, 83.6, 77.2, 46.1, 37.6. HRMS (ESI): m/z calcd for C17H14N3O (M+H)+: 

276.1137, Found: 276.1124. 

 

General procedure-10: Deuterium labeling experiment  

An oven-dried 5 mL glass vial was charged with enone 49a (0.22 mmol, 1.0 equiv), Zhdankin 

reagent 38 (0.29 mmol, 1.3 equiv), toluene:MeOD (1:1, 1 mL) and DABCO (0.02 mmol, 0.1 

equiv) at room temperature (rt) and continued stirring at rt until starting material disappeared as 

monitored by TLC. The reaction mixture was quenched with aqueous ammonium chloride 

solution, diluted with ethyl acetate and the layers were separated. The aqueous layer further 

extracted with ethyl acetate. The organic layers were combined, dried over anhydrous Na2SO4, 

concentrated, and purified by silica gel column chromatography (hexane/ethyl acetate) to afford 

the respective product 57. 

 



                                                                                                             Experimental section 

 

112 
 

 This compound was prepared by following the general procedure 10 and 

isolated as pale yellow oil. (~74% D-incorporation by 1H-NMR). Rf = 0.4 

(EtOAc/Hexane = 1/4). IR (thin film, neat): max/cm-1 2922, 2853, 2103, 

1695, 1585, 1281, 763. 1H-NMR (400 MHz, CDCl3): δ 8.00 (m, 2H), 7.62 

(t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.8 Hz, 2H), 3.75 (t, J = 6.4 Hz, 2H), 3.25 (t, J = 6.4 Hz, 0.52H). 

13C-NMR (100 MHz, CDCl3): δ 197.2 (d, J = 17.0 Hz), 136.3, 133.5, 128.7 (2C), 128.0 (2C), 

46.1 (d, J = 4.3 Hz), 37.3 (t, J = 19.0 Hz). HRMS (ESI): m/z calcd for C9H7N3OD2Na (M+Na)+: 

200.0769, Found: 200.0774. 

 

General procedure-11: Synthesis of tricyclic triazoles  

To a solution of 50h (0.10 mmol, 1 equiv) in anhydrous toluene (1 mL) the reagents 

Pd(PPh3)2Cl2 (0.005 mmol, 0.05 equiv), CuI (0.01 mmol, 0.1 equiv) and Et3N (0.3 mmol, 3.0 

equiv) were sequentially added and the mixture was stirred at rt under an argon atmosphere for 

20 min. Acetylenic compound (0.15 mmol, 1.5 equiv) dissolved in anhydrous toluene (1 mL) 

was added dropwise under argon atmosphere. The reaction mixture was then heated at 80 °C 

until starting material disappeared as monitored by TLC. After completion of the reaction, the 

solvent was removed in vacuo, the residue was extracted with ethyl acetate. The organic layers 

were combined, dried over anhydrous Na2SO4, concentrated, and purified by silica gel column 

chromatography (hexane/ethyl acetate) to afford the respective product 66. 

 

1-Phenyl-5H-benzo[c][1,2,3]triazolo[1,5-a]azepin-7(6H)-one (66a).  

This compound was prepared by following the general procedure 11 and 

isolated as a pale yellow solid. mp = 133-135 oC. Rf = 0.4 (EtOAc/Hexane = 

1/1). IR (thin film, neat): max/cm-1 2991, 1683, 1653, 1236, 1450, 1253, 760. 

1H-NMR (400 MHz, (CD3)2SO): δ 7.88 (m, 1H), 7.59 (m, 2H), 7.51 (m, 2H), 

7.41 (m, 3H), 7.27 (m, 1H), 4.80 (t, J = 6.0 Hz, 2H), 3.23 (t, J = 6.0 Hz, 2H). 13C-NMR (100 

MHz, CDCl3): δ 200.1, 146.4, 136.5, 133.0, 131.0, 130.4, 130.9, 130.0, 129.9, 128.7 (2C), 

128.5, 128.0 (2C), 125.7, 44.9, 43.7. HRMS (ESI): m/z calcd for C17H14N3O (M+H)+: 276.1137; 

Found: 276.1124. 
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3-Azido-1-(2-(phenylethynyl)phenyl)propan-1-one (67).  

 This compound was prepared by following the general procedure 11 and 

isolated as colourless viscous oil. Rf = 0.5 (EtOAc/Hexane = 1/4). IR (thin 

film, neat): max/cm-1 2930, 2230, 2105, 1693, 1445, 1370, 1205, 1139, 914. 

1H-NMR (400 MHz, CDCl3): δ 7.78 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 7.6 Hz, 

1H), 7.59 (m, 2H), 7.53 (t, J = 7.6 Hz, 1H), 7.43 (m, 4H), 3.77 (t, J = 6.8 Hz, 

2H), 3.52 (t, J = 6.8 Hz, 2H).13C-NMR (100 MHz, CDCl3): δ 199.7, 139.8, 134.0, 131.6, 131.5 

(2C), 128.9, 128.6, 128.5 (2C), 128.4, 122.6, 121.6, 95.3, 88.1, 46.4, 41.1. HRMS (ESI): m/z 

calcd for C17H14N3O (M+H)+: 276.1137; Found: 276.1124. 

 

1-(m-Tolyl)-5H-benzo[c][1,2,3]triazolo[1,5-a]azepin-7(6H)-one (66b).  

This compound was prepared by following the general procedure 11 and 

isolated as yellow solid. mp = 135-137 oC. Rf = 0.4 (EtOAc/Hexane = 1/1). IR 

(thin film, neat): max/cm-1 2956, 2929, 1684, 1598, 1371, 1279, 1239, 1012, 

771. 1H-NMR (400 MHz, (CD3)2SO): δ 7.89 (m, 1H), 7.59 (m, 2H), 7.38 (s, 

1H), 7.23 (m, 4H), 4.80 (t, J = 5.6 Hz, 2H), 3.23 (t, J = 5.6 Hz, 2H), 2.29 (s, 3H). 13C-NMR (100 

MHz, CDCl3): δ 200.3, 146.5, 138.6, 136.5, 133.0, 130.97, 130.91, 130.3, 130.1, 129.9, 129.3, 

128.69, 128.61, 125.8, 125.0, 44.9, 43.7, 21.4. HRMS (ESI): m/z calcd for C18H16N3O (M+H)+: 

290.1293, Found: 290.1280. 

 

1-(4-Isopropylphenyl)-5H-benzo[c][1,2,3]triazolo[1,5-a]azepin-7(6H)-one (66c).  

 This compound was prepared by following the general procedure 11 and 

isolated as yellow solid. mp = 150-152 oC. Rf = 0.4 (EtOAc/Hexane = 1/1). IR 

(thin film, neat): max/cm-1 2959, 2925, 1679, 1596, 1446, 1368, 1239, 981. 

1H-NMR (400 MHz, CDCl3): δ 7.99 (m, 1H), 7.53 (m, 4H), 7.45 (m, 1H), 

7.25 (m, 2H), 4.85 (t, J = 5.6 Hz, 2H), 3.29 (t, J = 5.6 Hz, 2H), 2.95 (m, 1H), 

1.30 (s, 3H), 1.28 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 200.3, 149.4, 140.9, 136.5, 133.1, 

132.0, 130.9, 130.1, 130.0, 129.8, 127.8 (2C), 126.8 (2C), 125.9, 44.9, 43.7, 33.9, 23.9 (2C). 

HRMS (ESI): m/z calcd for C20H20N3O (M+H)+: 318.1606; Found: 318.1621. 
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1-(4-Methoxyphenyl)-5H-benzo[c][1,2,3]triazolo[1,5-a]azepin-7(6H)-one (66d).  

This compound was prepared by following the general procedure 11 and 

isolated as yellow solid. mp = 141-142 oC. Rf = 0.4 (EtOAc/Hexane = 1/1). IR 

(thin film, neat): max/cm-1 2930, 2857, 1680, 1446, 1279, 1139, 914. 1H-NMR 

(400 MHz, (CD3)2SO): δ 7.88 (m, 1H), 7.58 (m, 2H), 7.43 (d, J = 8.8 Hz, 2H), 

7.28 (m, 1H), 6.98 (d, J = 8.8 Hz, 2H), 4.79 (t, J = 5.2 Hz, 2H), 3.78 (s, 3H), 

3.22 (t, J = 6.0 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 200.3, 159.8, 146.3, 

136.5, 133.0, 130.9, 130.3, 129.9, 129.8, 129.3 (2C), 126.0, 122.9, 114.2 (2C), 55.3, 44.9, 43.7. 

HRMS (ESI): m/z calcd for C18H16N3O2 (M+H)+: 306.1243; Found: 306.1228. 

 

1-(Cyclohex-1-en-1-yl)-5H-benzo[c][1,2,3]triazolo[1,5-a]azepin-7(6H)-one (66e).  

This compound was prepared by following the general procedure 11 and 

isolated as viscous oil. Rf = 0.4 (EtOAc/Hexane = 1/1). IR (thin film, neat): 

max/cm-1 2930, 2859, 1681, 1595, 1445, 1340, 1279, 1139, 914. 1H-NMR (400 

MHz, CDCl3): δ 7.95 (d, J = 7.6 Hz, 1H), 7.63 (m, 2H), 7.53 (m, 1H), 6.11 (s, 

1H), 4.76 (t, J = 6.0 Hz, 2H), 3.21 (t, J = 6.0 Hz, 2H), 2.34 (m, 2H), 2.16 (m, 2H), 1.70 (m, 4H). 

13C-NMR (100 MHz, CDCl3): δ 200.3, 143.4, 136.3, 132.9, 130.7, 129.8, 129.5 (2C), 128.24, 

128.21, 126.4, 44.9, 43.6, 27.3, 25.5, 22.6, 21.9. HRMS (ESI): m/z calcd for C17H18N3O 

(M+H)+: 280.1450, Found: 280.1437. 

 

1-Butyl-5H-benzo[c][1,2,3]triazolo[1,5-a]azepin-7(6H)-one (66f).  

 This compound was prepared by following the general procedure 11 and 

isolated as colourless viscous oil. Rf = 0.4 (EtOAc/Hexane = 1/1). IR (thin film, 

neat): max/cm-1 2956, 2929, 1689, 1597, 1468, 1371, 1213, 771. 1H-NMR (400 

MHz, CDCl3): δ 7.88 (d, J = 7.6 Hz, 1H), 7.71 (t, J = 7.2 Hz, 1H), 7.54 (m, 

2H), 4.79 (t, J = 5.6 Hz, 2H), 3.19 (t, J = 5.6 Hz, 2H), 2.84 (t, J = 7.6 Hz, 2H), 1.78 (m, 2H), 1.47 

(m, 2H), 0.94 (t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 200.2, 147.1, 136.4, 133.2, 

131.2, 131.1, 129.4, 128.8, 126.1, 44.9, 43.5, 31.3, 25.4, 22.6, 13.8. HRMS (ESI): m/z calcd for 

C15H18N3O (M+H)+: 256.1450; Found: 256.1437. 
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General procedure-12: Synthesis 1,4-disubstituted-1,2,3-triazoles.  

An oven-dried 5 mL glass vial was charged with azide 50 (0.2 mmol, 1.0 equiv), DMSO (1 mL) 

at room temperature. DABCO (0.04 mmol, 0.2 equiv) was then introduced at room temperature 

(rt) and continued stirring at 60 °C until starting material disappeared as monitored by TLC. The 

reaction mixture was quenched with aqueous ammonium chloride solution, diluted with ethyl 

acetate and the layers were separated. The aqueous layer further extracted with ethyl acetate. The 

organic layers were combined, dried over anhydrous Na2SO4, concentrated, and purified by silica 

gel column chromatography (hexane/ethyl acetate) to afford the respective product 71. 

 

3-(4-Benzoyl-1H-1,2,3-triazol-1-yl)-1-phenylpropan-1-one (71a).  

This compound was prepared by following the general procedure 12 

and isolated as yellow solid. mp = 133-135 oC. Rf = 0.5 

(EtOAc/Hexane = 1/1). IR (thin film, neat): max/cm-1 3098, 1657, 

1651, 1691, 1411, 1354, 1051, 855. 1H-NMR (400 MHz, CDCl3): δ 

8.47 (s, 1H), 8.39 (m, 2H), 7.98 (m, 2H), 7.60 (m, 2H), 7.51 (m, 4H), 4.95 (t, J = 6.0 Hz, 2H), 

3.75 (t, J = 6.0 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 196.1, 185.7, 136.6, 135.7, 134.0, 

133.2, 130.5, 128.7 (2C), 129.8, 128.8 (2C), 128.3 (2C), 128.1 (2C), 45.1, 38.4. HRMS (ESI): 

m/z calcd for C18H15N3O2Na (M+Na)+: 328.1062, Found: 328.1046. 

 

3-(4-(4-Bromobenzoyl)-1H-1,2,3-triazol-1-yl)-1-(4-bromophenyl)propan-1-one (71b).  

This compound was prepared by following the general 

procedure 12 and isolated as yellow solid. mp = 151-153 oC. 

Rf = 0.5 (EtOAc/Hexane = 1/1). IR (thin film, neat): max/cm-

1 3100, 1660, 1650, 1410, 1352, 1051, 855. 1H-NMR (400 

MHz, CDCl3): δ 8.47 (s, 1H), 8.33 (m, 2H), 7.83 (m, 2H), 7.66 (m, 4H), 4.93 (t, J = 6.0 Hz, 2H), 

3.72 (t, J = 6.0 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 195.0, 184.4, 147.6, 135.1, 134.4, 

132.2 (2C), 132.1 (2C), 131.7 (2C), 129.9, 129.5 (2C), 129.4, 128.6, 45.0, 38.2. HRMS (ESI): 

m/z calcd for C18H14Br2N3O2 (M+H)+: 461.9453, Found: 461.9435. 
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3-(4-(4-Isopropylbenzoyl)-1H-1,2,3-triazol-1-yl)-1-(4-isopropylphenyl)propan-1-one (71c).  

This compound was prepared by following the general 

procedure 12 and isolated as yellow solid. mp = 140-142 oC. 

Rf = 0.5 (EtOAc/Hexane = 1/1). IR (thin film, neat): 

max/cm-1 3098, 1657, 1651, 1619, 1530, 1411, 1354, 1242, 

1051, 856. 1H-NMR (400 MHz, CDCl3): δ 8.43 (s, 1H), 8.33 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 

8.0 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 4.94 (t, J = 6.0 Hz, 2H), 3.72 (t, J 

= 6.0 Hz, 2H), 3.00 (m, 2H), 131 (s, 3H), 1.29 (s, 6H), 1.27 (s, 3H).13C-NMR (100 MHz, 

CDCl3): δ 195.7, 185.4, 155.7, 154.7, 147.9, 134.4, 133.6, 130.7 (2C), 129.6, 128.3 (2C), 126.9 

(2C), 126.5 (2C), 45.1, 38.3, 34.6, 34.3, 23.7 (2C), 23.6 (2C). HRMS (ESI): m/z calcd for 

C24H28N3O2 (M+H)+: 390.2182, Found: 390.2164. 

 

3-(4-(4-Methoxybenzoyl)-1H-1,2,3-triazol-1-yl)-1-(4-methoxyphenyl)propan-1-one (71d).  

This compound was prepared by following the general 

procedure 12 and isolated as yellow solid. Rf = 0.5 

(EtOAc/Hexane = 1/1). IR (thin film, neat): max/cm-1 1674, 

1640, 1597, 1369, 1253, 1119, 1044, 907. 1H-NMR (400 

MHz, CDCl3): δ 8.48 (d, J = 8.8 Hz, 2H), 8.42 (s, 1H), 7.94 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 9.2 

Hz, 2H), 6.96 (d, J = 8.8 Hz, 2H), 4.92 (t, J = 6.4 Hz, 2H), 3.91 (s, 3H), 3.89 (s, 3H), 3.68 (t, J = 

6.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 194.5, 184.0, 164.1, 163.7, 148.1, 133.0 (2C), 

130.4 (2C), 129.58, 129.54, 128.9, 114.0 (2C), 113.6 (2C), 55.6, 55.5, 45.2, 38.0. HRMS (ESI): 

m/z calcd for C20H20N3O4 (M+H)+: 366.1454, Found: 366.1438. 

 

3-(4-(4-Methoxybenzoyl)-1H-1,2,3-triazol-1-yl)-1-(4-methoxyphenyl)propan-1-one (71e).  

This compound was prepared by following the general procedure 12 and isolated as yellow solid. 

mp = 157-160 oC. Rf = 0.3 (EtOAc/Hexane = 1/1). IR (thin 

film, neat): max/cm-1 1674, 1640, 1597, 1369, 1253, 1119, 

1044, 907. 1H-NMR (400 MHz, CDCl3): δ 8.55 (s, 1H), 

8.53 (s, 2H), 8.07 (d, J = 7.6 Hz, 2H), 7.82 (d, J = 8.0 Hz, 

4H), 4.97 (t, J = 5.6 Hz, 2H), 3.79 (t, J = 6.0 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 194.8, 

183.9, 147.3, 139.5, 138.4, 133.1, 132.7 (2C), 132.1 (2C), 131.0, 130.9 (2C), 130.3, 128.5 (2C), 
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117.3, 116.4, 44.9, 38.4. HRMS (ESI): m/z calcd for C20H14N5O2 (M+H)+: 356.1147; Found, 

356.1131. 

 

1-(Thiophen-2-yl)-3-(4-(thiophene-2-carbonyl)-1H-1,2,3-triazol-1-yl)propan-1-one (71l).  

 This compound was prepared by following the general procedure 12 

and isolated as yellow solid. mp = 146-149 oC. Rf = 0.5 

(EtOAc/Hexane = 1/1). IR (thin film, neat): max/cm-1 3098, 1657, 

1651, 1619, 1530, 1411, 1354, 1242, 1051, 856. 1H-NMR (400 MHz, 

CDCl3): δ 8.70 (d, J = 2.8 Hz, 1H), 8.43 (s, 1H), 7.76 (d, J = 4.0 Hz, 2H), 7.71 (d, J = 4.8 Hz, 

1H), 7.29 (t, J = 4.8 Hz, 1H), 7.16 (t, J = 4.0 Hz, 1H), 4.92 (t, J = 6.4 Hz, 2H), 3.68 (t, J = 6.4 

Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 188.7, 177.1, 147.4, 142.7, 142.3, 136.1, 135.0, 134.8, 

132.7, 129.1, 128.43, 128.41, 45.0, 38.8. HRMS (ESI): m/z calcd for C14H11S2N3O2Na 

(M+Na)+: 340.0190, Found: 340.0184. 

 

3-(4-(4-Chlorobenzoyl)-1H-1,2,3-triazol-1-yl)-1-(4-chlorophenyl)propan-1-one (71t).  

This compound was prepared by following the general 

procedure 12 and isolated as yellow solid. Rf = 0.5 

(EtOAc/Hexane = 1/1). IR (thin film, neat): max/cm-1 2990, 

1672, 1643, 1595, 1361, 1254, 1119, 1041, 907. 1H-NMR 

(400 MHz, CDCl3): δ 8.48 (s, 1H), 8.42 (m, 2H), 7.92 (m, 2H), 7.49 (m, 4H), 4.94 (t, J = 6.0 Hz, 

2H), 3.73 (t, J = 6.0 Hz, 2H). 13C-NMR (100 MHz, CDCl3): δ 194.8, 184.2, 147.7, 140.6, 139.8, 

134.7, 134.0, 132.0 (2C), 129.9, 129.4 (2C), 129.2 (2C), 128.7 (2C), 45.0, 38.2. HRMS (ESI): 

m/z calcd for C18H14Cl2N3O2 (M+H)+: 374.0463; Found: 374.0446. 

 

General procedure-13: Intramolecular MBH reaction   

An oven dried 5 mL glass vial was charged with 86 (30 mg, 0.15 mmol). Toluene (1 mL) and 

PBu3 (1 M solution in toluene, 0.1 mL, 0.015 mmol) were introduced at room temperature (rt) 

under nitrogen atmosphere and stirring continued at rt until 86 disappeared as monitored by 

TLC. All the volatiles were removed under reduced pressure. The crude product was purified by 

silica gel flash chromatography using hexane/ethyl acetate as eluent, to afford 87. 
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(Z)-2-(Hydroxy(phenyl)methylene)-2,3-dihydro-1H-inden-1-one (87a). 

This compound was prepared by following the general procedure 13 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3061, 2833, 1650, 1603, 1570, 1487, 1103. 1H-NMR (400 

MHz, CDCl3): δ 15.1 (s, 1H), 7.97 (m, 2H), 7.92 (d, J = 7.6 Hz, 1H), 7.54 

(m, 5H), 7.47 (t, J = 7.2 Hz, 1H), 3.97 (s, 2H). 13C-NMR (100 MHz, 

CDCl3): δ 195.9, 177.1, 148.6, 137.9, 134.8, 128.6 (2C), 128.1 (2C), 127.4, 125.6, 123.4, 109.4, 

69.3. HRMS (ESI): m/z calcd for C16H13O2 (M+H)+ 237.0916, found 237.0914. 

 

(Z)-2-((2,6-Dimethylphenyl)(hydroxy)methylene)-2,3-dihydro-1H-inden-1-one (87b). 

This compound was prepared by following the general procedure 13 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3061, 3834, 1652, 1579, 1376, 1276, 770. 1H-NMR (400 

MHz, CDCl3): δ 7.93 (d, J = 7.6 Hz, 1H), 7.59 (t, J = 7.2 Hz, 1H), 7.46 (m, 

2H), 7.27 (t, J = 7.6 Hz, 2H), 7.13 (d, J = 7.6 Hz, 2H), 3.33 (s, 2H), 2.34 (s, 

6H). 13C-NMR (100 MHz, CDCl3): δ 194.8, 173.4, 148.7, 138.5, 135.0, 134.1, 133.4, 129.3, 

127.5 (2C), 127.4 (2C), 125.9, 123.5, 111.9, 34.2 (2C). HRMS (ESI): m/z calcd for C18H17O2 

(M+H)+ 265.1229, found 265.1221. 

 

(Z)-2-(Hydroxy(naphthalen-1-yl)methylene)-2,3-dihydro-1H-inden-1-one (87c). 

This compound was prepared by following the general procedure 13 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3100, 2866, 1648, 1578, 1378, 1279, 1142, 1102, 669. 1H-

NMR (400 MHz, CDCl3): δ 14.85 (s, 1H), 7.85 (d, J = 7.6 Hz, 1H), 7.81 

(d, J = 3.6 Hz, 1H), 7.66 (d, J = 4.8 Hz, 1H),7.55 (m, 4H) 7.59 (m, 2H), 7.43 

(t, J = 7.2 Hz, 1H), 7.22 (t, J = 4.0 Hz, 1H), 3.87 (s, 2H). 13C-NMR (100 MHz, CDCl3) δ 194.6, 

173.65, 148.88, 138.25, 133.7, 133.4, 132.5, 130.7, 130.0, 128.5, 127.4, 127.0, 126.6, 126.4, 

125.8, 125.5, 124.9, 123.5, 112.3, 31.0. HRMS (ESI): m/z calcd for C20H15O2 (M+H)+ 

287.1072, found 287.1076. 

 

 



                                                                                                             Experimental section 

 

119 
 

(Z)-2-((4-Chlorophenyl)(hydroxy)methylene)-2,3-dihydro-1H-inden-1-one (87d). 

This compound was prepared by following the general procedure 13 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3080, 2835, 1658, 1570, 1370, 1140, 778. 1H-NMR (400 

MHz, CDCl3): δ 15.06 (s, 1H), 7.91 (d, J = 8.4 Hz, 3H), 7.60 (m, 1H), 

7.55 (m, 1H), 7.50 (m, 3H), 3.94 (s, 2H). 13C-NMR (100 MHz, CDCl3): δ 

195.9, 169.3, 148.4, 137.7, 137.4, 133.5, 129.4 (2C), 128.3 (2C), 127.6, 126.3, 125.6, 123.5, 

109.5, 32.2. HRMS (ESI): m/z calcd for C16H12O2Cl (M+H)+ 271.0526, found 271.0531. 

 

(Z)-2-((4-Bromophenyl)(hydroxy)methylene)-2,3-dihydro-1H-inden-1-one (87e). 

This compound was prepared by following the general procedure 13 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3066, 2900, 1660, 1590, 1278, 1232, 1026, 778. 1H-

NMR (400 MHz, CDCl3): δ 15.06 (s, 1H), 7.91 (d, J = 7.6 Hz, 1H), 7.84 

(d, J = 8.8 Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 7.61 (m, 1H), 7.56 (d, J = 7.6 

Hz, 1H), 7.47 (t, J = 7.2 Hz, 1H), 3.93 (s, 2H). 13C-NMR (100 MHz, CDCl3): δ 196.0, 169.3, 

148.4, 137.7, 133.6, 133.6, 131.9 (2C), 126.9 (2C), 127.6, 126.0, 125.6, 123.5, 109.5, 32.1. 

HRMS (ESI): m/z calcd for C16H12O2Br (M+H)+ 315.0021, found 315.0017. 

 

(Z)-2-(Benzofuran-3-yl(hydroxy)methylene)-2,3-dihydro-1H-inden-1-one (87e). 

This compound was prepared by following the general procedure 13 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin 

film, neat): νmax/cm−1 3100, 2900, 1665, 1603, 1560, 12765, 1235, 1124, 

1026.1H-NMR (400 MHz, CDCl3): δ 14.32 (s, 1H), 7.90 (d, J = 7.6 Hz, 

1H), 7.72 (d, J = 7.6 Hz, 1H), 7.63 (m, 3H), 7.54 (s, 1H), 7.46 (m, 2H), 

7.33 (t, J = 7.6 Hz, 1H), 4.13 (s, 2H). 13C-NMR (100 MHz, CDCl3): δ 196.2, 159.7, 156.0, 

150.6, 149.4, 138.0, 133.6, 127.5, 127.4, 126.9, 125.8, 123.8, 123.4, 122.5, 111.8, 111.5, 109.5, 

31.5. HRMS (ESI): m/z calcd for C18H13O3 (M+H)+ 277.0865, found 277.0860. 
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(Z)-2-(Hydroxy(thiophen-3-yl)methylene)-2,3-dihydro-1H-inden-1-one (87f). 

This compound was prepared by following the general procedure 13 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3100, 2910, 1665, 1578, 1425, 1328, 1269, 1190, 998. 1H-

NMR (400 MHz, CDCl3): δ 14.85 (s, 1H), 7.87 (d, J = 7.6 Hz, 1H), 7.83 

(d, J = 4.0 Hz, 1H), 7.83 (m, 1H), 7.68 (dd, J = 5.2, 0.8 Hz, 1H), 7.58 (m, 

2H), 7.45 (m, 1H), 3.93 (s, 2H). 13C-NMR (100 MHz, CDCl3): δ, 194.1, 166.0, 14.8, 138.6, 

138.0, 133.2, 131.6, 130.7, 128.3, 127.5, 125.6, 123.1, 108.5, 32.1. HRMS (ESI): m/z calcd for 

C14H11O2S (M + H)+ 243.0480, found 243.0486. 

 

(Z)-2-(Furan-3-yl(hydroxy)methylene)-2,3-dihydro-1H-inden-1-one (87g). 

This compound was prepared by following the general procedure 13 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3089, 2905, 1661, 1579, 1455, 1396, 1260, 1190, 998. 1H 

-NMR (400 MHz, CDCl3) δ 14.25 (s, 1H), 7.82 (d, J = 7.6 Hz, 1H), 7.67 

(s, 1H), 7.53 (m, 2H), 7.40 (t, J = 3.60 Hz, 1H), 7.17 (d, J = 3.60 Hz, 1H), 

6.60 (m, 2H), 3.90 (s, 1H). 13C-NMR (100 MHz, CDCl3): δ 194.5, 161.2, 149.5, 148.8, 146.1, 

138.0, 133.1, 127.2, 125.6, 123.0, 115.8, 112.4, 107.9, 31.5. HRMS (ESI): m/z calcd for 

C14H11O (M+H)+ 227.0708, found 227.0700.  

 

General procedure-14: Synthesis of triflate   

A solution of 87a (2.50 mmol, 1equiv) and triethylamine (3.75 mmol, 1.5 equiv) in dry 

dichloromethane (12 mL) under argon was cooled to 0 °C and triflic anhydride (3.75 mmol, 1.5 

equiv) was then added dropwise at the same temperature. After 30 min stirring, the solution was 

carefully poured onto a saturated aqueous solution of NaHCO3 The organic layer was separated 

and the aqueous one extracted with dichloromethane (3×20 mL). The combined organic layers 

were washed with brine (20 mL) then water (20 mL), dried over MgSO4, and concentrated under 

reduced pressure to afford orange oil. The crude product was purified by silica gel flash 

chromatography using hexane/ethyl acetate as eluent, to afford 88. 
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General procedure-15: Synthesis of boronic acids   

To a solution of 1-bromonaphthalene derivative (4.2 mmol, 1.0 equiv) in anhydrous THF (5 mL) 

at -78 °C was added dropwise, n-BuLi (4.6 mmol, 1.2 equiv). The reaction solution was stirred 

for 45 min at -78 °C, then trimethyl borate (5.06 mmol, 1.5 equiv) was added dropwise and the 

mixture allowed warming to rt over a 6 h period. Aqueous 10% HCl (40 mL) was added and the 

mixture stirred at rt for another 30 min. After the solvent was evaporated, the slurry was diluted 

with ethyl acetate (100 mL), washed with saturated aqueous NH4Cl, brine and dried over 

MgSO4 and filtered. The crude product was purified by silica gel flash chromatography using 

hexane/ethyl acetate as eluent, to afford 89. 

 

(2-Isopropoxynaphthalen-1-yl)boronic acid (89b). 

This compound was prepared by following the general procedure 15 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3205, 2978, 1598, 1378, 1188, 1105, 947, 886. 1H-NMR (400 

MHz, CDCl3): δ 8.45 (s, 1H), 7.81 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 8.4 Hz, 

1H), 7.42 (m, 3H), 4.68 (m, 1H), 1.30 (s, 3H), 1.30 (s, 3H). 13C-NMR (100 

MHz, CDCl3): δ 157.7, 146.1, 135.1, 130.1, 129.0, 129.1, 128.1, 127.6, 125.6, 117.3, 71.3, 22.7 

(2C). HRMS (ESI): m/z calcd for C13H15O3BNa (M+Na)+ 253.1012, found 253.0813. 

 

(2-(Cyclohexyloxy)naphthalen-1-yl)boronic acid (89d). 

This compound was prepared by following the general procedure 15 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 

3215, 2990, 1578, 1368, 1190, 1155, 988, 889. 1H-NMR (400 MHz, 

CDCl3): δ 8.45 (s, 1H), 7.81 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 

7.42 (m, 3H), 4.32 (m, 1H) 1.85 (m, 1H), 1.41 (m, 3H), 1.19 (m, 2H), 1.07 

(m, 2H), 0.89 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 157.1, 145.9, 136.1, 130.1, 129.6, 

129.1, 128.5, 127.4, 125.8, 117.1, 75.8, 33.6, 32.1, 31.5, 25.5, 23.4. HRMS (ESI): m/z calcd for 

C16H19O3BNa (M+Na)+ 293.1325, found 293.1336.  
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(2-Isopropoxy-6-phenylnaphthalen-1-yl)boronic acid (89i). 

This compound was prepared by following the general procedure 15 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3210, 2970, 1460, 1387, 1333, 1110, 957. 1H-NMR (400 

MHz, CDCl3): δ 8.27 (s, 2H), 8.15 (s, 1H), 7.93 (d, J = 8.8 Hz, 1H), 7.78 

(m, 4H), 7.51 (t, J = 7.6 Hz, 2H), 7.36 (m, 2H), 6.59 (s, 1H), 4.67 (m, 1H), 1.31 (s, 3H), 1.29 (s, 

1H), 1.30 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 157.9, 146.5, 135.6, 135.1, 130.1, 129.4, 

129.10 (2C), 128.6 (2C), 127.6, 127.0, 125.2, 117.5, 71.6, 22.9 (2C). HRMS (ESI): m/z calcd 

for C19H19O3BNa (M+Na)+ 297.1274, found 297.1280. 

 

(2,3-Dimethoxynaphthalen-1-yl)boronic acid (89j). 

This compound was prepared by following the general procedure 15 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, 

neat): νmax/cm−1 3301, 2990, 1468, 1353, 1348, 1115, 973. 1H-NMR (400 

MHz, CDCl3): δ 8.41 (s, 1H), 7.78 (d, J = 8.4 Hz, 1H), 7.62 (d, J = 8.0 Hz, 

1H), 7.32 (m, 3H), 3.92 (s, 3H), 3.89 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 151.9, 146.6, 

131.5, 129.5, 126.7, 126.7, 125.8, 125.0, 116.6, 107.6, 69.3, 64.3. HRMS (ESI): m/z calcd for 

C12H13O4BNa (M + Na)+ 255.0805, found 255.0813. 

 

Dihydroxy(2-isopropoxy-7-(methoxymethyl)naphthalen-1-yl)-l3-bromane (89k). 

This compound was prepared by following the general procedure 15 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin 

film, neat): νmax/cm−1 3204, 2975, 1447, 1373, 1332, 1102, 949. 1H- 

NMR (400 MHz, CDCl3): δ 8.25 (d, J = 8.8 Hz, 1H), 7.75 (m, 2H), 

7.55 (d, J = 8.8, 1.2 Hz, 1H), 7.24 (d, J = 8.8 Hz, 1H), 4.69 (m, 1H), 4.63 (s, 2H), 3.45 (s, 3H), 

1.46 (s, 3H), 1.44 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 152.6, 134.4, 132.9, 129.9, 128.6, 

127.6, 127.4, 126.4, 117.9, 111.4, 74.3, 73.4, 58.1, 22.4 (2C). HRMS (ESI) m/z calcd for 

C15H19O4BNa (M+Na)+ 297.1274, found 297.1280. 
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General procedure 16: Suzuki-Miyaura cross-coupling reaction 

Indenone triflate 88 (20 mg, 1.0 equiv), Pd2(dba)3 (2.3 mg, 0.1 equiv), Boronic acid 89 (19 mg, 

1.0 equiv), and K2CO3 (24.0 mg, 3.0 equiv) were placed in a flame dried sealed tube under a N2 

atmosphere, then degassed 1.0 mL THF/water (9:1) was added. The sealed tube was stirred at 70 

oC for 5 h. After cooling to room temperature, the reaction was quenched with saturated NH4Cl 

and was extracted three times with 3 mL of EtOAc and the combined organic layer was washed 

with brine and dried over Na2SO4. Volatiles were removed under reduced pressure. The crude 

product was purified by silica gel flash chromatography using hexane/ethyl acetate as eluent, to 

afford 90. 

 

General procedure 17: Atropselective Suzuki-Miyaura cross-coupling reaction 

Indenone triflate 88 (20 mg, 1.0 equiv), Pd2(dba)3 (2.3 mg, 0.1 equiv), ligand (3.2 mg, 0.15 

equiv), Boronic acid 89 (19 mg, 1.0 equiv), and K2CO3 (24.0 mg, 3 equiv) were placed in a 

flame dried sealed tube under a N2 atmosphere, then degassed 1.0 mL THF/water (9:1) was 

added. The sealed tube was stirred at 70 oC for 5 h. After cooling to room temperature, the 

reaction was quenched with saturated NH4Cl and was extracted three times with 3 mL of EtOAc 

and the combined organic layer was washed with brine and dried over Na2SO4. Volatiles were 

removed under reduced pressure. The crude product was purified by silica gel flash 

chromatography using hexane/ethyl acetate as eluent, to afford 90. 

 

(Z)-2-((2-Methoxynaphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one (90a). 

 This compound was prepared by following the general procedure 16 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin 

film, neat): νmax/cm−1 3056, 1693, 1602, 1462, 1419, 1393, 1250, 1116, 

1101, 976. 1H-NMR (400 MHz, CDCl3): δ 7.91 (d, J = 9.20 Hz, 1H), 

7.83 (m, 1H), 7.74 (m, 1H), 7.66 (d, J = 7.2 Hz, 1H), 7.58 (t, J = 7.2 Hz, 1H), 7.52 (m, 4H), 7.35 

(m, 7H), 4.16 (d, J = 4.0 Hz, 1H), 3.81 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 192.4, 152.9, 

149.1, 144.5, 140.9, 139.3, 135.2, 134.0, 132.5, 129.6, 129.2 (2C), 128.8 (2C), 128.26, 128.22 

(2C), 127.3, 126.6, 125.9, 124.4, 124.2, 123.9, 123.4, 113.8, 56.6, 33.3. HRMS (ESI): m/z calcd 

for C27H20ONa (M+Na)+ 399.1361, found 399.1358. 
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(Z)-2-((2-Isopropoxynaphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one 

(90b). 

 This compound was prepared by following the general procedure 17 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 

3057, 1690, 1596, 1443, 1410, 1303, 1235, 1115, 1095, 987. 1H-NMR 

(400 MHz, CDCl3): δ 7.86 (d, J = 9.2 Hz, 1H), 7.83 (m, 1H), 7.75 (m, 

1H), 7.66 (d, J =7.6 Hz, 1H), 7.56 (t, J = 6.8 Hz, 1H), 7.50 (m, 3H), 7.33 

(m, 7H), 4.61 (m, 1H), 4.29 (d, J = 20.8 Hz, 1H), 4.03 (d, J = 20.8, 1H), 

1.20 (d, J = 6.0 Hz, 3H), 0.90 (d, J = 6.0 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 192.3, 151.4, 

149.1, 145.0, 141.5, 139.4, 135.0, 133.9, 132.9, 129.0 (2C), 129.03, 129.00, 128.9, 128.2, 

128.07, 128.0 (2C), 127.2, 126.5, 125.8, 124.2, 123.8, 123.4, 116.1, 70.7, 33.5, 22.5, 21.6. 

HRMS (ESI): m/z calcd for C29H24O2Na (M + Na)+ 404.1776, found 404.1780. 

 

Optical rotation: [ ]22
 D +105.6 (c 0.10, CHCl3) for a sample with ee 80%. The enantiomeric 

excess was determined by HPLC analysis using Daicel Chiralcel IB Column (90:10 n- Hexane/2-

Propanol, 1.0 mL/min, 254 nm, τmajor = 15.5 min, τminor = 9.8 min). 

 

(Z)-2-((2-(Tert-butyl)naphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one 

(90c). 

This compound was prepared by following the general procedure 16 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 

3062, 1699, 1609, 1460, 1409, 1360, 1245, 1115, 1080, 970. 1H-NMR 

(400 MHz, CDCl3): δ 7.84 (d, J = 7.2 Hz, 1H), 7.80 (d, J = 8.8 Hz, 1H), 

7.72 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 7.6 Hz, 2H), 7.59 (t, J = 6.8 Hz, 

1H), 7.52 (d, J = 7.6 Hz, 1H), 7.47 (dd, J = 8.0, 1.6 Hz, 1H), 7.39 (d, J = 

9.2 Hz, 1H), 7.33 (m, 6H), 4.33 (d, J = 20.8 Hz, 1H), 4.00 (d, J = 20.8 Hz, 1H), 1.29 (s, 9H). 

13C-NMR (100 MHz, CDCl3): δ 192.1, 150.8, 149.0, 145.6, 141.3, 139.4, 135.0, 133.9, 133.0, 

129.6, 129.4, 129.1 (2C), 128.26, 128.2, 128.1, 128.0 (2C), 127.3, 126.4, 125.8, 124.3, 124.2, 

123.8, 122.0, 79.6, 33.6, 29.7 (3C). HRMS (ESI): m/z calcd for C30H26ONa (M+Na)+ 425.1881, 

found 425.1889. 
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(Z)-2-((2-(Cyclohexyloxy)naphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one 

(90d). 

This compound was prepared by following the general procedure 16 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 

3000, 1689, 1598, 1441, 1390, 1320, 1290, 1110, 1015, 978. 1H-NMR 

(400 MHz, CDCl3): δ 7.894 (d, J = 8.8 Hz, 1H), 7.81 (m, 1H), 7.73 (m, 

1H), 7.66 (d, J = 7.6 Hz, 1H), 7.58 (m, 1H), 7.50 (m, 3H), 7.32 (m, 7H), 

4.32 (m, 1H), 4.25 (d, J = 20.4 Hz, 1H), 4.06 (d, J = 20.4 Hz, 1H), 1.85 

(m, 1H), 1.41 (m, 3H), 1.19 (m, 2H), 1.07 (m, 2H), 0.89 (m, 2H). 13C-NMR (100 MHz, CDCl3) 

δ 192.3, 151.3, 149.1, 145.0, 141.4, 139.4, 135.1, 133.9, 133.0, 130.5, 131.6, 13.9 (2C), 129.9, 

129.31 (2C), 129.2, 128.9 (2C), 128.91, 125.8, 125.3, 124.2, 123.8, 123.2, 115.8, 75.8, 32.1, 

31.5, 25.5, 23.4, 23.4. HRMS (ESI): m/z calcd for C32H29O2Na (M + H)+ 445.2168, found 

445.2173. 

 

(Z)-2-((2-(Cyclohexyloxy)naphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one 

(90e). 

This compound was prepared by following the general procedure 16 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 

3089, 1696, 1601, 1541, 1490, 1320, 1290, 1105, 988, 878. 1H-NMR 

(400 MHz, CDCl3): δ 7.89 (d, J = 8.8 Hz, 1H), 7.83 (m, 1H), 7.74 (m, 

1H), 7.77 (d, J = 7.6 Hz, 1H), 7.61 (m, 2H) 7.54 (m, 4H), 7.33 (m, 5H), 

4.41 (d, J = 3.2 Hz, 1H), 4.16 (d, J = 3.2 Hz, 1H), 4.01 (m, 1H), 1.54 (m, 2H), 1.15 (m, 7H), 1.03 

(m, 2H), 0.81 (t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 192.4, 152.5, 149.0, 144.8, 

141.2, 139.4, 135.1, 133.9, 132.7, 129.1, 129.3, 128.9 (2C), 128.42, 128.2, 128.1, 128.14 (2C), 

127.3, 126.5, 125.8, 124.5, 124.2, 123.9, 123.3, 114.7, 69.1, 33.6, 29.5, 28.9, 25.9, 25.5, 14.0. 

HRMS (ESI): m/z calcd for C32H32O2 (M+H)+ 460.2402, found 460.2413. 

 

(Z)-2-((2-(Tert-butyl)naphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one 

(90f). 

This compound was prepared by following the general procedure 16 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 2960, 1691, 1670, 1571, 
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1430, 1319, 1120, 1280, 1041, 846, 789. 1H-NMR (400 MHz, CDCl3): δ 

10.1 (s, 1H), 8.01 (dd, J =7.6 and 1.2 Hz, 1H), 7.72 (d, J = 7.6 Hz, 1H), 

7.67 (td, J = 14.8, 7.6, 0.6, 1H), 7.59 (m, 2H), 7.49 (dt, J = 7.6 , 0.6 Hz, 

1H), 7.39 (m, 6H), 7.32 (dd, J =7.6 and 0.8 HZ, 1H), 4.15 (d, J =18.0 Hz, 

1H), 3.97 (d, J = 18.0 Hz, 1H). 13C-HNMR (100 MHz, CDCl3): δ 192.8, 191.3, 149.0, 146.3, 

143.6, 140.2, 139.0, 134.8, 134.5, 133.8, 133.7, 129.77, 129.74, 129.0 (2C), 128.8, 128.5 (2C), 

128.1, 127.5, 125.9, 124.3, 33.5. HRMS (ESI): m/z calcd for C23H17O2 (M+Na)+ 325.1229, 

found 325.1233. 

 

(Z)-2-((2-(Tert-butyl)naphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one 

(90g). 

 This compound was prepared by following the general procedure 16 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 

3090, 1691, 1589, 1481, 1390, 1320, 1270, 1065, 889, 898. 1H-NMR 

(400 MHz, CDCl3): δ 7.77 (d, J = 11.6 Hz, 1H), 7.65 (m, 1H), 7.57 (dt, J 

=14.8, 7.6 and 1.2 Hz, 1H), 7.45 (m, 2H), 7.37 (m, 5H), 7.24 (d, J =7.6 , 

1.6 Hz,1H), 7.1 (m, 2H), 4.17 (d, J = 20.0, 1H), 3.74 (d, J = 20.0 Hz, 1H), 1.29 (s, 9H). 13C-

NMR (100 MHz, CDCl3): δ 192.8, 153.6, 149.0, 143.3, 141.6, 139.8, 136.3, 135.6, 133.9, 

133.4, 131.0, 129.1 (2C), 128.9, 128.6, 128.4, 128.1, 127.9 (2C), 127.3, 125.7, 124.2, 121.7, 

79.3, 33.8, 29.0. HRMS (ESI): m/z calcd for C26H25O (M + Na)+ 353.1905, found 353.1909. 

 

(Z)-2-((2-Methoxynaphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one (90h). 

 This compound was prepared by following the general procedure 16 

and isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR 

(thin film, neat): νmax/cm−1 3060, 1691, 1590, 1425, 1320, 1169, 

1278, 1065, 889, 778. 1H-NMR (400 MHz, CDCl3): δ 7.88 (d, J = 

9.20 Hz, 1H), 7.82 (m, 1H), 7.70 (m, 1H), 7.63 (d, J = 7.2 Hz, 1H), 

7.51 (t, J = 7.2 Hz, 1H), 7.50 (m, 3H), 7.31 (m, 5H), 3.98 (d, J = 4.0 Hz, 1H), 4.15 (d, J =18.0 

Hz, 1H), 3.97 (d, J = 18.0 Hz, 1H), 3.78 (s, 3H), 3.81 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 

192.4, 152.9, 149.1, 144.5, 140.9, 139.3, 135.2, 134.0, 133.2, 132.5, 129.2 (2C), 128.8 (2C), 
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128.26, 128.22 (2C), 127.3, 126.6, 125.9, 124.4, 124.2, 123.9, 123.4, 113.8, 58.9, 56.6, 33.3. 

HRMS (ESI): m/z calcd for C28H23O3 (M+H)+ 407.1647, found 407.1660. 

 

(Z)-2-((2-Methoxynaphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-1H-inden-1-one (90i). 

This compound was prepared by following the general procedure 16 and 

isolated as colorless liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin 

film, neat): νmax/cm−1 3015, 1685, 1549, 1489, 1306, 1145, 1268, 1036, 

828, 769. 1H-NMR (400 MHz, CDCl3): δ 7.93 (d, J = 8.8 Hz, 1H), 7.82 

(m, 1H), 7.70 (m, 2H), 7.63 (d, J = 7.2 Hz, 1H), 7.58 (m, 4H), 7.51 (t, J = 

7.2 Hz, 1H), 7.50 (m, 3H), 7.31 (m, 6H), 4.10 (d, J =18.0 Hz, 1H), 3.97 (d, J = 18.0 Hz, 1H), 

3.98 (d, J = 4.0 Hz, 1H), 3.78 (s, 3H), 3.81 (s, 3H). 13C-NMR (100 MHz, CDCl3): δ 192.1, 

152.7, 148.9, 144.4, 140.1, 139.1, 137.6, 136.1, 135.1, 134.3, 133.2, 132.1, 129.1 (2C), 128.9, 

128.7 (2C), 128.9 (2C), 128.1 (2C), 128.21, 128.20 (2C), 126.9, 126.1, 125.5, 124.3, 124.0, 

123.8, 123.1, 113.5, 58.0, 56.0, 33.9. HRMS (ESI): m/z calcd for C35H29O2 (M+H)+ 481.2168, 

found 481.2170. 

 

(Z)-2-((2-Isopropoxy-7-(methoxymethyl)naphthalen-1-yl)(phenyl)methylene)-2,3-dihydro-

1H-inden-1-one (90j).   

This compound was prepared by following the general procedure 16 and isolated as colorless 

liquid. Rf = 0.4 (EtOAc/ Hexane = 3/7). IR (thin film, neat): νmax/cm−1 

3009, 1688, 1569, 1436, 1356, 1135, 1268, 1026, 859, 789. 1H-NMR 

(400 MHz, CDCl3): δ 7.90 (d, J = 8.8 Hz, 1H), 7.79 (m, 1H), 7.67 (m, 

1H), 7.60 (d, J = 7.2 Hz, 1H), 7.55 (m, 4H), 7.45 (t, J = 7.2 Hz, 1H), 7.43 

(m, 3H), 7.28 (m, 2H), 4.42 (s, 2H), 4.00 (d, J =18.0 Hz, 1H), 3.98 (d, J = 

18.0 Hz, 1H), 3.88 (d, J = 4.0 Hz, 1H), 3.76 (s, 3H), 3.80 (s, 3H), 3.30 (s, 3H). 13C-NMR (100 

MHz, CDCl3): δ 192.8, 153.1, 149.6, 144.9, 141.3, 139.9, 135.8, 134.6, 132.9, 129.5, 129.3, 

129.0, 128.8, 128.5, 128.4, 128.3, 128.26, 128.22, 127.8, 127.9, 126.9, 126.1, 125.3, 124.8, 

124.1, 123.9, 113.9, 70.9, 58.7, 56.6, 33.9. HRMS (ESI): m/z calcd for C21H29O3 (M+H)+ 

449.2117, found 449.2120. 
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Crystal structure of furotropone 9j (CCDC 1046548): A single crystal of 9j suitable for X-ray 

diffraction was obtained by slow evaporation of its solution in ethanol and cyclohexane. The 

compounds 9j was crystallized in the monoclinic centrosymmetric P21/c space group with 4 

molecules in the unit cell (Z = 4). In the crystal lattice of 9j, one dimensional chain of molecules 

was observed along the a-axis (Figure 5c). The ORTEP (drawn at 50% probability level) of the 

compound 9j is shown in Figure 5a. The compound display significant twisted structure. The 

torsion angle between the tropone unit and furan unit is about 178o (C6-C22-C21-C20), which is an 

indication of the approximately planar structure of the furotropone core. 

 

(a)                                                           (b) 

 

(c) 

 

Figure 24. (a) ORTEP of the structure of 9j (Hydrogen atom are omitted for clarity); (b) 

Tetramer of molecule in the unit cell, (c) One dimensional packing of 9j molecules along a 

direction. 
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Table 22: Crystal data and structure refinement for 9j 

Empirical formula  C29O4H18 

Formula weight  280.43  

Temperature/K  293(2)  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  13.63(3)  

b/Å  9.940(11)  

c/Å  17.23(4)  

α/°  90  

β/°  108.27(9)  

γ/°  90  

Volume/Å3 2217(7)  

Z  4  

ρcalcg/cm3 0.840  

μ/mm-1 0.061  

F(000)  561.0  

Radiation  MoKα (λ = 0.71075)  

2Θ range for data collection/°  6.15 to 39.67  

Index ranges  -12 ≤ h ≤ 12, -9 ≤ k ≤ 9, -16 ≤ l ≤ 16  

Reflections collected  10735  

Independent reflections  1973 [Rint = 0.1736, Rsigma = 0.0959]  

Data/restraints/parameters  1973/0/97  

Goodness-of-fit on F2 1.705  

Final R indexes [I>=2σ (I)]  R1 = 0.2728, wR2 = 0.5551  

Final R indexes [all data]  R1 = 0.3435, wR2 = 0.6158  

Largest diff. peak/hole / e Å-3 0.67/-0.39  

 

Crystal structure of furotropone 29o (CCDC 1454583): Structure of the 

dihydrobenzofuranone 29o was confirmed by single crystal X-ray diffraction analysis. 
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Fig. 25: ORTEP diagram of 29o with 50% ellipsoidal probability. 

 

Table 23: Crystal data and structure refinement for 29o 

Empirical formula C18O4H18 

Formula weight 280.43 

Temperature/K 293(2) 

Crystal system monoclinic 

Space group P21/n 

a/Å 13.63(3) 

b/Å 9.940(11) 

c/Å 17.23(4) 

α/° 90 

β/° 108.27(9) 

γ/° 90 

Volume/Å3 2217(7) 

Z 4 

ρcalcg/cm3 0.840 

μ/mm-1 0.061 

F(000) 561.0 

Radiation MoKα (λ = 0.71075) 

2Θ range for data collection/° 6.15 to 39.67 

Index ranges -12 ≤ h ≤ 12, -9 ≤ k ≤ 9, -16 ≤ l ≤ 16 

Reflections collected 10735 

Independent reflections 1973 [Rint = 0.1736, Rsigma = 0.0959] 

Data/restraints/parameters 1973/0/97 

Goodness-of-fit on F2 1.705 

Final R indexes [I>=2σ (I)] R1 = 0.2728, wR2 = 0.5551 

Final R indexes [all data] R1 = 0.3435, wR2 = 0.6158 

Largest diff. peak/hole / e Å-3 0.67/-0.39 
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Crystal structure of 66a (CCDC 1548395): Structure of the tricyclic triazole 66a was 

confirmed by single crystal X-ray diffraction analysis. 

 
 

Fig. 26: ORTEP diagram of 66a with 50% ellipsoidal probability. 

 

Table 24: Crystal data and structure refinement for 66a. 

Empirical formula C17H13N3O 

Formula weight 275.30 

Temperature/K 296.15 

Crystal system triclinic 

Space group P-1 

a/Å 7.8532(17) 

b/Å 8.5948(2) 

c/Å 11.0694(18) 

α/° 69.43(4) 

β/° 89.34(4) 

γ/° 77.22(3) 

Volume/Å3 680.4(3) 

Z 2 

ρcalcg/cm3 1.344 

μ/mm-1 0.087 

F(000) 288.0 

Crystal size/mm3 0.3 × 0.24 × 0.24 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.398 to 50.054 

Index ranges -9 ≤ h ≤ 8, -6 ≤ k ≤ 10, -9 ≤ l ≤ 13 

Reflections collected 2291 

Independent reflections 2012 [Rint = 0.0359, Rsigma = 0.0218] 

Data/restraints/parameters 2012/0/190 
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Goodness-of-fit on F2 1.253 

Final R indexes [I>=2σ (I)] R1 = 0.0535, wR2 = 0.1495 

Final R indexes [all data] R1 = 0.0689, wR2 = 0.1831 

Largest diff. peak/hole / e Å-3 0.19/-0.22 

 

 

Crystal structure of coupling product 90c (CCDC 1454583): Structure of the 

dihydrobenzofuranone 90c was confirmed by single crystal X-ray diffraction analysis. 

 

Fig. 27: ORTEP diagram of 90c with 50% ellipsoidal probability. 

 

Table 25: Crystal data and structure refinement for 90c 

Empirical formula  C30H26O2  

Formula weight  837.01  
Temperature/K  296.15  
Crystal system  triclinic  

Space group  P-1  
a/Å  12.239(5)  

b/Å  12.334(5)  
c/Å  16.152(7)  
α/°  78.511(10)  

β/°  73.425(10)  
γ/°  89.573(10)  

Volume/Å3  2286.8(16)  
Z  2  
ρcalcg/cm3  1.216  

μ/mm-1  0.075  
F(000)  888.0  

Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.688 to 50.954  
Index ranges  -14 ≤ h ≤ 14, -14 ≤ k ≤ 14, -19 ≤ l ≤ 19  

Reflections collected  32270  
Independent reflections  8241 [Rint = 0.0453, Rsigma = 0.0459]  
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Data/restraints/parameters  8241/0/583  

Goodness-of-fit on F2  1.038  
Final R indexes [I>=2σ (I)]  R1 = 0.0559, wR2 = 0.1442  

Final R indexes [all data]  R1 = 0.0984, wR2 = 0.1727  
Largest diff. peak/hole / e Å-3  0.55/-0.31  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 

 

135 
 

REFERENCES 

 

(1)  (a) Liu, N.; Song, W.; Schienebeck, C. M.; Zhang, M.; Tang, W. Tetrahedron 2014, 70, 

9281. (b) Houk, K. N.; Woodward, R. B. J. Am. Chem. Soc. 1970, 92, 4145. (c) Houk, K. 

N.; Luskus, L. J.; Bhacca, N. S. J. Am. Chem. Soc. 1970, 92, 6392. (d) Noble, W. J. L.; 

Ojosipe, B. A. J. Am. Chem. Soc. 1975, 97, 5939. (e) Trost, B. M.; Seoane, P. R. J. Am. 

Chem. Soc. 1987, 109, 615. (f) Machiguchi, T.; Hasegawa, T.; Ishii, Y.; Yamabe, S.; 

Minato, T. J. Am. Chem. Soc. 1993, 115, 11536. (g) Nair, V.; Poonoth, M.; Vellalath, S.; 

Suresh, E.; Thirumalai, R. J. Org. Chem. 2006, 71, 8964. (h) Trost, B. M.; McDougall, P. 

J.; Hartmann, O.; Wathen, P. T. J. Am. Chem. Soc. 2008, 130, 149609. 

(2) (a) Zhao, J. Curr. Med. Chem, 2007, 14, 2597.  

(3) (a) Baillie, A. J.; Freeman, G. G.; Cook, J.W.; Somerville, A. R. Nature, 1950, 166, 65. 

(b) Dashevskii, V. G.; Pharmaceut. Chem. J., 1981, 15, 67. (c) Grohs, B. M.; Kunz, B. 

Curr. Microbiol. 1998, 37, 67. (d) Akers, H. A.; Abrego, V. A.; Garland, E. J. Bacteriol. 

1980, 141, 164. (e) Halliday, J. E. J. Am. Pharm. Assoc. Am. Pharm. Assoc. 1959, 48, 

722. (f) Trust, T. J.; Bartlett, K. H. Antimicrob. Agents Chemother. 1975, 8, 381. (g) 

Trust, T.J.; Coombs, R. W. Can. J. Microbiol. 1973, 19, 1341. (h) Coombs, R. W.; Trust, 

T. J. Can. J. Microbiol. 1973, 19, 1177. (i) Trust, T. J. Antimicrob. Agents Chemother. 

1975, 7, 500. (j) Inamori, Y.; Shinohara, S.; Tsujibo, H.; Okabe, T.; Morita, Y.; 

Sakagami, Y.; Kumeda, Y.; Ishida, N. Biol. Pharm. Bull. 1999, 22, 990. (j) Morita, Y.; 

Matsumura, E.; Tsujibo, H.; Yasuda, M.; Sakagami, Y.; Okabe, T.; Ishida, N.; Inamori, 

Y. Biol. Pharm. Bull. 2001, 24, 607. 

(4) For β-Thujaplicine, see (a) Pietra, F. Chem. Rev. 1972, 73, 293. (b) Yusupov, M. K.; 

Sadykov, A. S. Chem. Nat. Compd. 1978, 14, 1. For stipitatic acid, see (c) Birkinshaw, J. 

H.; Chambers, A. R.; Raistrich, H. Biochem. J. 1942, 36, 242. For cordytropolone, see (d) 

Isaka, M.; Tanticharoen, M.; Kongsaeree, P.; Thebtaranonth, Y. J. Org. Chem. 2001, 66, 

4803. For manicol, see (e) Polonsky, J.; Beloeil, J.-C.; Prange, T.; Pascard, C.; 

Jacquemin, H.; Donnelly, D. M. X.; Kenny, P. T. M. Tetrahedron 1983, 16, 2647. For 

pupurogallin, see (f) Inamori, Y.; Muro, C.; Sajima, E.; Katagiri, M.; Okamoto, Y.; 

Tanaka, H.; Sakagami, Y.; Tsujibo, H. Biosci. Biotechnol. Biochem. 1997, 61, 890. For 

fomentariol, see (g) Arpin, N.; Favre-Bonvin, J.; Steglich, W. Phytochemistry 1974, 13, 



References 

 

136 
 

1949. For malettinins E, see (h) Angawi, R. F.; Swenson, D. C.; Gloer, J. B.; Wicklow, 

D. T. Tetrahedron Lett. 2003, 44, 7593. For estratropones (i) Miller, T. A.; Bulman, A. 

L.; Thompson, C. D.; Garst, M. E.; Macdonald, T. L. J. Med. Chem. 1997, 40, 3836. For 

colchicine, see (j) Ellington, E.; Bastida, J.; Viladomat, F.; Imanek, V.; Codina, C. 

Biochem. System. Ecol. 2003, 31, 715. For fortunolide (k) Du, J.; Chiu, M. H.; Nie, R. L. 

J. Nat. Prod. 1999, 62, 1664. For pycnidione (l) Baldwin, J. E.; Mayweg, A. V. W.; 

Neumann, K.; Pritchard, G. P. Org. Lett. 1999, 1, 1933. For grandirubrine, see (m) 

Itokawa, H.; Matsumoto, H.; Morita, H.; Takeya K. Heterocycles 1994, 37, 1025. For 

rubrulone, see (n) Schuep, W.; Blount, J. F.; Williams. T. H.; Stempel, A. J. Antibiot. 

1978, 31, 1226. For theaflavin, see (o) Taguri, T.; Tanaka, T.; Kouno, I. Biol. 

Pharmaceut. Bull. 2004, 27, 1965. 

(5) For frondosine B, see (a) Patil, A. D.; Freyer, A. J.; Killmer, L.; Offen, P.; Carte, B.; 

Jurewicz, A. J.; Johnson, R. K. Tezrahedron 1997, 53, 5047. For liphagal, see (b) Marion, 

F.; Williams, D. E.; Patrick,B. O.; Hollander, I.; Mallon, R.; Kim, S. C.; Roll, D. M.; 

Feldberg, L.; Soest, R .V.; Andersen R. J. Org. Lett. 2006 8, 2. For nakafuran 9, see (c) 

McPhail, K.; Coleman, M. T.; Coetzee, P. J. Nat. Prod. 1998, 61, 961. For gnididione, 

see (d) Jacobi, P. A.; Selnick, H. G. J. Org. Chem. 1990, 55, 202. For salvixalapoxide, 

see (e) Esquivel, B.; Tello, R.; Sanchez, A. A. J. Nat. Prod. 2005, 68, 787. For 

Languidulane, see (f) Aldonado, E.; Rtega, A. Phytochemitry 1997, 45, 1461.  

(6) (a) Boye, O.; Brossi, A. In The Alkaloids; Brossi, A., Cordell, G. A., Eds.; Academic 

Press: San Diego, 1992, 41, 125. (b) Le Hello, C. In The Alkaloids; Cordell, G. A., Ed.; 

Academic Press: San Diego, 2000, 53, Chapter 5. (c) Nozoe, T. Bull. Chem. Soc. Jpn. 

1936, 11, 295. (d) Teng, H.-L.; Yao, L.; Wang, C.-J. J. Am. Chem. Soc. 2014, 136, 4075. 

(e) Liu, N.; Song, W.; Schienebeck C. M.; Zhang, M.; Tang, W. Tetrahedron 2014, 70, 

9281. 

(7) Shafiee, A. J. Heterocycl. Chem. 1975, 12, 177. 

(8) Hirama, M.; Ito, S. Tetrahedron Lett. 1976, 27, 2334. 

(9) Nagao, T.; Mori, A.; Takeshita. H. Sogo Rikogaku KenkyukaHokoku (Kyushu Daigaku 

Daigakuin) 1991, 13, 13.  

(10) Nakamura, A.; Kubo, K.; Ikeda, Y.; Mori, A.; Takeshita, H. Bull. Chem. Soc. Jpn. 1994, 

67, 2803. 



References 

 

137 
 

(11) Shu, T.; Chen, D. W.; Ochiai M. Tetrahedron Lett. 1996, 37, 5539. 

(12) Choi, Y. L.; Yu, C.; Kim, B. T.; Heo, J. N. J. Org. Chem. 2009, 74, 3948. 

(13)  (a) Kudoh, M.; Satoh, T.; Ikeda, H.; Nakazawa, T.; Miyashi, T.; Katagiri, S.; Sudoh, S. 

Bull. Chem. Soc. Jpn. 2009, 82, 70. (b) Ohkita, M.; Nishida, S.; Tsuji, T. J. Am. Chem. 

Soc. 1999, 121, 4589. (c) Arican, D.; Bruckner, R. Org. Lett. 2013, 15, 2582. For 

heteroaryl-annulated tropones, see: (d) Etaiw, S. H.; El-Borai, M.; Ismail, M. I. Can. J. 

Chem. 1980, 58, 2358. (e) Kudoh, M.; Sudoh, S.; Katagiri, S.; Nakazawa, T.; Ishihara, 

M.; Jinguji, M.; Higashi, M.; Yamaguchi, H.; Miyatake, R.; Sugihara, Y.; Kabuto, C. 

Bull. Chem. Soc. Jpn. 2006, 79, 1240. 

(14) Shirke, R. P.; Ramasastry, S. S. V. J. Org. Chem. 2015, 80, 4893 

(15) Dhiman, S.; Ramasastry, S. S. V. Indian J. Chem. Sect. A 2013, 52, 1103. 

(16) Dhiman, S.; Ramasastry, S. S. V. Org. Biomol. Chem. 2013, 11, 4299. 

(17) 2,3′-Bifurans traditionally have been synthesized by employing typical Pd-mediated 

coupling strategy. Few miscellaneous methods, though not general in nature, are 

reported. For example, see: (a) Pennanen, S. I. J. Heterocycl. Chem. 1977, 14, 745. (b) 

Liu, Z.; Yu, W.; Yang, L.; Liu, Z.-L. Tetrahedron Lett. 2007, 48, 5321. (c) Kumar, T.; 

Mobin, S. M.; Namboothiri, I. N. N. Tetrahedron 2013, 69, 4964. 

(18) (a) Higashi, M.; Yamaguchi, H.; Machiguchi, T. Spectroehimica Acta. 1987, 43A, 1427. 

(b) Jin, J.; Ito, K.; Takahashi, F.; Oda, M. Chem. Lett. 2010, 39, 861863. (c) Ikoma, T.; 

Akiyama, K.; Tero-Kubota, S.; Ikegami, Y. J. Phys. Chem. Acc. 1998, 102, 446. (d) 

Yamaguchi, H.; Amako, Y.; Azumi, H. Tetrahedron 1966, 24, 267.  

(19) Sahoo, S. K.; Sharma, D.; Bera, R. K.; Crisponi, G.; Callan, J. F. Chem. Soc. Rev. 2012, 

41, 7195. 

(20) (a) Dalko, P. I.; Moisan, L. Angew. Chem. 2004, 116, 5248; Angew. Chem. Int. Ed. 2004, 

43, 5138. (b) Berkessel, A.; Groger, H. Asymmetric Organocatalysis; Wiley-VCH: 

Weinheim, Germany, 2005. (c) Seayad, J.; List, B. Org. Biomol. Chem. 2005, 3, 719. (d) 

Guillena, G.; Ramon, D. J. Tetrahedron: Asymmetry 2004, 116, 5248. (e) Figueiredo, R. 

M.; Christmann, M. Eur. J. Org. Chem. 2007, 2575. (f) Seebach, D. Angew. Chem. Int. 

Ed. 1979, 91, 259; Angew. Chem. Int. Ed. 1979, 18, 239. 

(21) For topics in current chemistry; enantioselective organocatalytic diels–alder reactions, see 

(a) Merino, P.; Marqués-López, E.; Tejero, T.; Herrera, R. P. Synthesis 2010, 1, 1. For 

  



References 

 

138 
 

cinchona alkaloids in asymmetric organocatalysis, see (b) Marcelli, T.; Hiemstra, H. 

Synthesis 2010, 8, 1229. For enantioselective phosphine organocatalysis, see (c) 

Marinetti, A.; Voituriez, A. Synlett 2010, 2, 174. For chiral phosphoric acids as versatile 

catalysts for enantioselective transformations, see (d) Terada, M. Synthesis 2010, 12, 

1929. For organocatalytic asymmetric synthesis of organophosphorus compounds, see (e) 

Albrecht, L.; Albrecht, A.; Krawczyk, H.; Jorgensen K. A. Chem. Eur. J. 2010, 16, 28. 

For asymmetric organocatalytic rearrangement reactions, see (f) Moyano, A.; Hamdouni, 

N. E.; Atlamsani, A. Chem. Eur. J. 2010, 16, 5260. For asymmetric organocatalysis with 

Sulfones, see (g) Nielsen, M.; Jacobsen, C. B.; Holub, N.; Paixão, M. W.; Jorgensen, K. 

A. Angew. Chem. Int. Ed. 2010, 49, 2668. For when organocatalysis meets transition-

metal catalysis, see (h) Zhong, C.; Shi, X.; Eur. J. Org. Chem. 2010, 2999. For 

organocatalytic cascade reactions as a new tool in total synthesis, see (i) Grondal, C.; 

Jeanty, M.; Enders, D. Nat. Chem. 2010, 2, 167. For enantioselective organocatalytic 

michael reactions in aqueous media, see (j) Pellissier, H. Curr. Org. Chem, Bentham 

Science Publishers 2018, 21, 323. 

(22) (a) Enders, D.; Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107, 5606. (b) 

Mahatthananchai, J.; Bode, J. W. Acc. Chem. Res. 2014, 47, 696.   

(23)  (a) Eder, U.; Saeur, G.; Wiechert, R. Angew. Chem. Int. Ed. 1971, 10, 496. (b) Yua, X.; 

Wang, W. Org. Biomol. Chem. 2008, 6, 2037. 

(24) (a) Cui, L.; Zhu, Y.; Luo, S.; Cheng, J.-P. Chem. Eur. J . 2013, 19, 9481. (b) Kampen, D.; 

Reisinger, C. M.; List. B. Top. Curr. Chem. 2010, 291, 395. (c) Mitra, R.; Niemeyer, J.; 

ChemCatChem 2018, 10, 1. 

(25) (a) Guo, H.; Fan, Y.; Sun, Z.; Wu, Y.; Kwon, O. Chem. Rev. 2018, 118, 10049. (b) Ni, 

H.; Chan, W. L.; Lu, Y. Chem. Rev. 2018, 118, 9344. (c) Guo, H.; Fan, Y. C.; Sun, 

Z.; Wu, Y.; Kwon, O. Chem. Rev. 2018, 20, 10049. (d) Xiao, Y.; Sun, Z.; Guo H.; Kwon, 

O. Beilstein J. Org. Chem. 2014, 10, 2089.  

(26) (a) Zhou, L.; Chen, J.; Tan, C. K.; Yeung, Y.-Y. J. Am. Chem. Soc. 2011, 133, 9164. (b) 

Zhou, L.; Tan, C. K.; Jiang, X.; Chen, F.; Yeung, Y.Y. J. Am. Chem. Soc. 2010, 132, 

15474. (c) Tan, C. K.; Zhou, L.; Yeung, Y.-Y. Org. Lett. 2011, 13, 2738. (d) Kanta, C. 

Mittal, D. N.; Seidel, D. J. Am. Chem. Soc. 2011, 133, 16802. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Fan%20YC%5BAuthor%5D&cauthor=true&cauthor_uid=30260217
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=30260217
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=30260217
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=30260217
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kwon%20O%5BAuthor%5D&cauthor=true&cauthor_uid=30260217
https://www.ncbi.nlm.nih.gov/pubmed/30260217


References 

 

139 
 

(27) (a) Kirmse, W. Carbene Chemistry, Academic Press: New York, 1964 and 1971. (b) 

Jones, M.; Moss, R. A. Carbenes, Wiley: New York, 1973 and 1975; Vols. I and II (c) 

Brinker, U. H. Advances in Carbene Chemistry, Jai Press: Greenwich and Stamford, 1994 

and 1998; Vols. 1 and 2.  

(28) (a) Menon, R. S.; Biju, A. T.; Nair, V. Chem. Soc. Rev. 2015, 44, 5040. (b) 

Mahatthananchai, J.; Bode, J. W. Acc. Chem. Res. 2014, 47, 696. (c) Loh, C. C. J.; 

Enders, D. Chem. Eur. J. 2012, 18, 10212. (d) Ryan, S. J.; Candish, L.; Lupton, D. W. 

Chem. Soc. Rev. 2013, 42, 4906. (e) Cohen, D. T.; Scheidt, K. A. Chem. Sci. 2012, 3, 53. 

(f) Vora, H. U.; Rovis, T. Aldrichimica Acta 2011, 44, 3. (g) Marion, N.; Diez-Gonzalez, 

S.; Nolan, S. P. Angew. Chem. Int. Ed. 2007, 46, 2988. (h) Sarkar, S. D.; Studer, A. 

Angew. Chem. Int. Ed. 2010, 49, 9266. (i) Enders, D.; Niemeier, O.; Hanseler, A. Chem. 

Rev. 2007, 107, 5606. (j) Phillips, E. M.; Chan, A.; Scheidt, K. A. Aldrichimica Acta 

2009, 42, 55. (k) Moore, J. L.; Rovis, T. Top. Curr. Chem. 2010, 291, 77. (l) Nair, V.; 

Menon, R. S.; Biju, A. T.; Sinu, C. R.; Paul, R. R.; Jose, A.; Sreekumar, V. Chem. Soc. 

Rev. 2011, 40, 5336. (m) Vora, H. U.; Wheeler, P.; Rovis, T. Adv. Synth. Catal. 2012, 

354, 1617. (n) Bugaut, X.; Glorius, F. Chem. Soc. Rev. 2012, 41, 3511. (o) Izquierdo, J.; 

Hutson, G. E.; Cohen, D. T.; Scheidt, K. A. Angew. Chem. Int. Ed. 2012, 51, 11686. (p) 

Ramanjaneyulu, B. T.; Reddy, V.; Arde, P.; Mahesh, S.; Anand, R. V. Chem. Asian J. 

2013, 8, 1489. (q) Ramanjaneyulu, B. T.; Reddy, V.; Saxena, A.; Anand, R. V. Org. 

Biomol. Chem. 2012, 10, 848. 

(29) Ugai, T.; Tanaka, S.; Dokawa, S. J. Pharm. Soc. Jpn. 1943, 63, 269. 

(30) (a) Collett, C. J.; Massey, R. S.; Taylor, J. E.; Maguire, O. R.; Donoghue, A. C.; Smith, 

A. D. Angew. Chem. Int. Ed. 2015, 54, 6887. (b) Liu, T.; Han, S.-M.; Han, L.-L.; Wang, 

L.; Cui, X.-Y.; Du, C.-Y.; Bi, S. Org. Biomol. Chem. 2015, 13, 3654. (c) Flanigan, D. M.; 

Romanov-Michailidis, F.; White, N. A.; Rovis, T. Chem. Rev. 2015, 115, 9307. (d) 

Goodman, C. G.; Johnson, J. S. J. Am. Chem. Soc. 2014, 136, 14698. (e) Thai, K.; 

Langdon, S. M.; Bilodeau, F.; Gravel, M. Org. Lett. 2013, 15, 2214. (f) Piel, I.; 

Pawelczyk, M. D.; Hirano, K.; Froehlich, R.; Glorius, F. Eur. J. Org. Chem. 2011, 5475. 

(g) Biju, A. T.; Kuhl, N.; Glorius, F. Acc. Chem. Res. 2011, 44, 1182. (h) Enders, D.; 

Grossmann, A.; Huang, H.; Raabe, G. Eur. J. Org. Chem. 2011, 4298. (i) Sanchez-Diez, 

E.; Fernandez, M.; Uria, U.; Reyes, E.; Carrillo, L.; Vicario, J. L. Chem. Eur. J. 2015, 21, 



References 

 

140 
 

8384. (j) Xu, J.; Mou, C.; Zhu, T.; Song, B.-A.; Chi, Y. R. Org. Lett. 2014, 16, 3272. (k) 

Langdon, S. M.; Wilde, M. M. D.; Thai, K.; Gravel, M. J. Am. Chem. Soc. 2014, 136, 

7539. (l) Padmanaban, M.; Biju, A. T.; Glorius, F. Org. Lett. 2011, 13, 98. (m) Enders, 

D.; Grossmann, A.; Fronert, J.; Raabe, G. Chem. Commun. 2010, 6282. (n) Enders, D.; 

Henseler, A. Adv. Synth. Catal. 2009, 351, 1749. (o) Li, G.-Q.; Dai, L.-X.; You, S.-L. 

Chem. Commun. 2007, 852. (p) Mennen, S. M.; Miller, S. J. J. Org. Chem. 2007, 72, 

5260. (q) Rose, C. A.; Gundala, S.; Connon, S. J.; Zeitler, K. Synthesis 2011, 190. (r) 

Bortolini, O.; Fantin, G.; Fogagnolo, M.; Giovannini, P. P.; Venturi, V.; Pacifico, S.; 

Massi, A. Tetrahedron 2011, 67, 8110. (s) Ramanjaneyulu, B. T.; Mahesh, S.; Anand, R. 

V. Org. Lett. 2015, 17, 6. 

(31) (a) Gu, L.; Zhang, Y. J. Am. Chem. Soc. 2010, 132,914. (b) Chiang, P. C.; Bode, J. W. 

Org. Lett. 2011, 13, 2422.  

(32) (a) Grasa, G. A.; Kissling, R. M.; Nolan, S. P. Org. Lett. 2002, 4, 3583. b) Movassaghi, 

M.; Schmidt, M. A. Org. Lett. 2005, 7, 2453. c) Kano, T.; Sasaki, K.; Maruoka, K. Org. 

Lett. 2005, 7, 1347.  

(33) Chen, X. Y.; Ye, S. Org. Biomol. Chem. 2013, 11, 7991.  

(34) (a) Boddaert, T.; Coquerel, Y.; Rodriquez, J. Adv. Synth. Catal. 2009, 351, 1744. (b) 

Phillips, E. M.; Riedrich, M.; Scheidt, K. J. Am. Chem. Soc. 2010, 132, 13179.  

(35) (a) Song, J. J.; Gallou, F.; Reeves, J. T.; Tan, Z.; Yee, N. K.; Senanayake, C. H. J. Org. 

Chem. 2006, 71, 1273. (b) Kano, T.; Sasaki, K.; Konishi, T., Mii, H.; Maruoka, K. 

Tetrahedron Lett. 2006, 47, 4615.  

(36) (a) Ukai, T.; Tanaka, S.; Dokawa, S. J. Pharm. Soc. Jpn. 1943, 63, 296. (b) Breslow, R. 

J. Am. Chem. Soc. 1958, 80, 3719.  

(37) Cookson, R. C.; Lane, R. M. J. Chem. Soc. Chem. Commun. 1976, 804.  

(38) Hachisu, Y.; Bode, J. W.; Suzuki, K. J. Am. Chem. Soc. 2003, 125, 8432. 

(39) Enders, D.; Niemeier, O.; Balensiefer, T. Angew. Chem. Int. Ed. 2006, 45, 1463. 

(40) Enders, D.; Niemeier, O.; Raabe, G. Synlett 2006, 2431. 

(41) Takikawa, H.; Hachisu, Y.; Bode, J. W.; Suzuki, K. Angew. Chem. Int. Ed. 2006, 45, 

3492. 

(42) Takikawa, H.; Suzuki, K. Org. Lett. 2007, 9, 2713. 

(43) Li, Y.; Feng, Z.; You, S.-L. Chem. Commun. 2008, 2263. 



References 

 

141 
 

(44) Ema, T.; Oue, Y.; Akihara, K.; Miyazaki, Y.; Sakai, T. Org. Lett. 2009, 11, 4866. 

(45) Takada, A.; Hashimoto, Y.; Takikawa, H.; Hikita, K.; Suzuki, K. Angew. Chem. Int. Ed. 

2011, 50, 2297. 

(46) Enders, D.; Niemeier, O. Synlett 2004, 2111. 

(47) (a) Lipshutz, B. H. Chem. Rev. 1986, 86, 795. (b) Nagahara, T.; Yokoyama, Y.; Inamura, 

K.; Katakura, S.; Komoriya, S.;Yamaguchi, H.; Hara, T.; Iwamoto, M. J. Med. Chem. 

1994, 37, 1200. (c) Hanson, J. R. Nat. Prod. Rep. 1995, 12, 381. (d) Hou, X. L.; Cheung, 

H. Y.; Hon, T. Y.; Kwan, P. L.; Lo, T. H.; Tong, S. Y.; Wong, H. N. C. Tetrahedron 

1998, 54, 1955. (e) Gilchrist, T. L. J. Chem. Soc. Perkin Trans. 1 2001, 2491. (f) 

Watanabe, M.; Su, W. T.; Chang, Y. J.; Chao, T. H.; Wen, Y. S.; Chow, T. J. Chem. 

Asian J. 2013, 8, 60. (g) Simonetti, S. O.; Larghi, E. L.; Bracca, A. B. J.;Kaufman, T. S. 

Nat. Prod. Rep. 2013, 30, 941. 

(48) (a) Sakamoto, T.; Kondo, Y.; Yamanaka, H. Heterocycles 1988, 27, 2225. 

(b)Nematollahi, D.; Habibi, D.; Rahmati, M.; Rafiee, M. J. Org. Chem. 2004, 69, 2637. 

(c) Cacchi, S.; Fabrizi, G.; Goggiamani, A. Curr. Org. Chem. 2006, 10, 1423. (d) 

Nagamochi, M.; Fang, Y. Q.; Lautens, M. Org. Lett. 2007, 9, 2955. (e) Liu, Y.; Wang, 

M.; Yuan, H.; Liu, Q. Adv. Synth. Catal. 2010, 352, 884. (f) Cacchi, S.; Fabrizi, G.; 

Goggiamani, A. Org. Biomol. Chem. 2011, 9, 641. (g) Kuram, M. R.; Bhanuchandra, M.; 

Sahoo, A. K. Angew. Chem. Int. Ed. 2013, 52, 4607. 

(49) Shirke, R. P.; Reddy, V.; Anand R.V.; Ramasastry S. S. V. Synthesis 2016, 48, 1865. 

(50) Shing, T. K. M.; Cheng, H. M.; Wong, W. F.; Kwong, C. S. K.; Li, J.; Lau, C. B. S.; 

Leung, P. S.; Cheng, C. H. K. Org. Lett. 2008, 10, 3145. 

(51) For dasycarpuside A, see: (a) Chang, J.; Xuan, L. J.; Xu, Y. M.; Zhang, J. S. Planta Med. 

2002, 68, 425. (b) For the hepatic agent, see: Iwasaki, T.; Sugiura, M.; Matsuoka, Y.; 

Matsumoto, M.; Kitamura, K. Eur. Pat. Appl EP386778, 1990. (c) For angelicins, see: 

Guiotto, A.; Rodighiero, P.; Manzini, P.; Pastohi, G.; Bordin, F.; Baccichetti, F.; 

Carlassare, F.; Vedaldi, D.; Dall’Acqua, F.; Tamaro, M.; Recchia, G.; Cristofolini, M. J. 

Med. Chem. 1984, 27, 959. 

(52) (a) P. Griess, Philos. Trans. R. Soc. London, 1864, 13, 377. (b) P. Griess, Justus Liebigs 

Ann. Chem., 1865, 135, 131. 



References 

 

142 
 

(53) (a) Brase, S.; Gil, C.; Knepper, K.; Zimmermann, V. Angew. Chem. Int. Ed. 2005, 44, 

5188. (b) Waser, J.; Carreira, E. M. Organic Azides: Syntheses and Applications; Br se, 

S., Banert, K., Eds.; Wiley- VCH: Weinheim, 2010, 95. (c) Chiba, S. Synlett 2012, 21. (d) 

Huang, X.; Groves, J. T. ACS Catal. 2016, 6, 751. (e) Intrieri, D.; Zardi, P.; Caselli, A.; 

Gallo, E. Chem. Commun. 2014, 50, 11440.  

(54)  (a) Smith, P. A. S. Org. React. 1946, 3, 337. (b) Boyer, J. H.; Canter, F. C. Chem. Rev. 

1954, 54, 1. (c) Labbe, G. Chem. Rev. 1969, 69, 345. (d) Scriven, E. F. V.; Turnbull, K. 

Chem. Rev. 1988, 88, 297. (e) Brase, S.; Gil, C.; Knepper, K.; Zimmermann, V. Angew. 

Chem. Int. Ed. 2005, 44, 5188. (f) ) Katsuki, T. Chem. Lett. 2005, 1304. (g) Lang, S.; 

Murphy, J. A. Chem. Soc. Rev. 2006, 35, 146. (h) Cenini, S.; Gallo, E.; Caselli, A.; 

Ragaini, F.; Fantauzzi, S.; Piangiolino, C. Coord. Chem. Rev. 2006, 250, 1234. (i) 

Fantauzzi, S.; Caselli, A.; Gallo, E. Dalton Trans. 2009, 5434. (j) Minozzi, M.; Nanni, 

D.; Spagnolo, P. Chem. Eur. J. 2009, 15, 7830. (k) Driver, T. G. Org. Biomol. Chem. 

2010, 8, 3831. (l) Chiba, S. Synlett 2012, 21. (m) Uchida, T.; Katsuki, T. Chem. Rec. 

2014, 14, 117. (n) Kuhn, M.; Breinbauer, R. Angew. Chem. Int. Ed. 2004, 43, 3106. 

(55) Lin, T. S.; Prusoff, W. H. J. Med. Chem. 1978, 21, 109.   

(56) (a) Klausner, Y. S.; Bodanshky, M. Synthesis 1974, 549. (b) Han, S.Y.; Kim, Y. A.; 

Tetrahedron 2004, 60, 2447. 

(57) (a) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40, 2004. (b) 

Khanetskyy, B.; Dallinger, D.; Kappe, C. O. J. Comb. Chem. 2004, 6, 884. (c) 

Ramachary, D. B.; Barbas, C. F. III. Chem. Eur. J. 2004, 10, 5323. (d) Oertel, K.; Zech, 

G.; Kunz, H. Angew. Chem. Int. Ed. 2000, 39, 1431. (e) Tempest, P. A.; Brown, S. D.; 

Armstrong, R. W. Angew. Chem. Int. Ed. 1996, 35, 640. (f) Kim, S. W.; Bauer, S. M.; 

Armstrong, R. W. Tetrahedron Lett. 1998, 39, 6993. (g) Kunz, H.; Pfrengle, W. J. Am. 

Chem. Soc. 1988, 110, 651. (h) Kunz, H.; Pfrengle, W. Tetrahedron 1988, 44, 5487. 

(58) Khasainov, B.; Comet, M.; Veyssiere, B.; Spitzer, D. Propellants Explos. Pyrotech. 2016, 

42, 5. 

(59) (a) Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123. (b) Varvoglis, A.; 

Tetrahedron 1997, 53, 1179. (d) Kirschning, A. Eur. J. Org. Chem. 1998, 2267. (c) 

Wirth, T.; Hirt, U. H. Synthesis 1999, 1271. (e) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 

2002, 102, 2523. (f) Wirth, T.; Ochiai, M.; Zhdankin, V. V.; Koser, G. F.; Tohma, H.; 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Khasainov%2C+Boris
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Comet%2C+Marc
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Veyssiere%2C+Bernard
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Spitzer%2C+Denis


References 

 

143 
 

Kita, Y. Top. Curr. Chem, 2003, 224. (g) Wirth, T. Angew. Chem. Int. Ed. 2005, 44, 

3656. (i) Moriarty, R. M. J. Org. Chem. 2005, 70, 2893. (h) Ladziata, U.; Zhdankin, V. 

V. Arkivoc 2006, 9, 26. (j) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2008, 108, 5299. (k) 

Zhdankin, V. V. Arkivoc, 2009, 1, 1.  

(60) (a) Yoshimura, A.; Zhdankin, V. V. Chem. Rev. 2016, 116, 3328. (b) Ghosh, S.; Pradhan, 

S.; Chatterjee, I. Beilstein J. Org. Chem. 2018, 14, 1244. (c) Li, X.; Chen, Pinhong.; Liu, 

G.; Beilstein J. Org. Chem. 2018, 14, 1813. 

(61) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155. 

(62) Merritt, E. A.; Olofsson, B. Angew. Chem. Int. Ed. 2009, 48, 9052. 

(63) Eisenberger, P.; Gischig, S.; Togni, A. Chem. Eur. J. 2006, 12, 2579. 

(64)  (a) Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; Simonsen, A. J. J. Org. 

Chem. 1996, 61, 6547. (b) Fernandez Gonzalez, D.; Brand, J. P.; Waser, J. Chem. Eur. J. 

2010, 16, 9457. 

(65)  For Preparation and chemistry of stable azidoiodinanes, see (a) Zhdankin, V. V.; Kuehl, 

C. J.; Krasutsky, A. P.; Formaneck, M. S.; Bolz, J. T. Tetrahedron Lett. 1994, 35, 9677. 

(b) Krasutsky, A. P.; Kuehl, C. J.; Zhdankin, V. V. Synlett 1995, 1081. (c) Zhdankin, V. 

V.; Krasutsky, A. P.; Kuehl, C. J.; Simonsen, A. J.; Woodward, J. K.; Mismash, B.; Bolz, 

J. T. J. Am. Chem. Soc. 1996, 118, 5192. 

(66) (a) Xu, L.-W.; Li, L.; Xia, C.-G.; Zhou, S.-L.; Li, J.-W. Tetrahedron Lett. 2004, 45, 1219. 

(b) Castrica, L.; Fringuelli, F.; Gregoli, L.; Pizzo, F.; Vaccaro, L. J. Org. Chem. 2006, 71, 

9536. (c) Angelini, T.; Lanari, D.; Maggi, R.; Pizzo, F.; Sartori, G.; Vaccaro, L. Adv. 

Synth. Catal. 2012, 354, 908. (d) Matcha, K.; Narayan, R.; Antonchick, A. P. Angew. 

Chem., Int. Ed. 2013, 52, 7985. (e) Fuentes, N.; Kong, W.; Ferna dez. -S. L.; Merino, E.; 

Nevado, C. J. Am. Chem. Soc. 2015, 137, 964. (f) Wang, A.-F.; Zhu, Y.-L.; Wang, S.-L.; 

Hao, W.-J.; Li, G.; Tu, S.-J.; Jiang, B. J. Org. Chem. 2016, 81, 1099. (g) Sun, Y.-M.; Yu, 

L.-Z.; Zhu, Z.-Z.; Hu, X.-B.; Gao, Y.-N.; Shi, M. Org. Biomol. Chem. 2017, 15, 634. 

(67)  For selected reactions of carbon-centered radicals with alkyl and aryl azides, see: (a) 

Benati, L.; Montevecchi, P. C.; Spagnolo, P. Tetrahedron Lett. 1978, 815. (b) Benati, L.; 

Montevecchi, P. C. J. Org. Chem. 1981, 46, 4570. (c) Kim, S.; Joe, G. H.; Do, J. Y. J. 

Am. Chem. Soc. 1994, 116, 5521. (d) Montevecchi, P. C.; Navacchia, M. L.; Spagnolo, P. 

Eur. J. Org. Chem. 1998, 1219. (e) Benati, L.; Leardini, R.; Minozzi, M.; Nanni, D.; 



References 

 

144 
 

Spagnolo, P.; Strazzari, S.; Zanardi, G. Org. Lett. 2002, 4, 3079. (f) Lizos, D. E.; 

Murphy, J. A. Org. Biomol. Chem. 2003, 1, 117. For recent examples of radical 

azidations using sulfonyl azides, see: (a) Renaud, P.; Ollivier, C. J. Am. Chem. Soc. 2001, 

123, 4717. (b) Renaud, P.; Ollivier, C.; Panchaud, P. Angew. Chem. Int. Ed. 2002, 41, 

3460. (c) Renaud, P.; Ollivier, C.; Panchaud, P.; Zigmantas, S. J. Org. Chem. 2004, 69, 

2755. 

(68) Kong, W.; Merino, E.; Nevado, C. Angew. Chem. Int. Ed. 2014, 53, 5078. 

(69)  Ouyang, X.-H.; Song, R.-J.; Liu, Y.; Hu, M.; Li, J.-H. Org. Lett. 2015, 17, 6038. 

(70) Chen, L.; Xing, H.; Zhang, H.; Jiang, Z.-X.; Yang, Z. Org. Biomol. Chem. 2016, 14, 

7463. 

(71) Yang, T.; Zhu, H.; Yu, W. Org. Biomol. Chem. 2016, 14, 3376. 

(72) Shirke, R. P.; Ramasastry, S. S. V. Org. Lett. 2017, 19, 5482. 

(73) Qing, X.; Qijie, H.; Juncheng, L.; Jun, W. Org. Lett. 2015, 17, 6090. 

(74) (a) Singh, P. N. D.; Muthukrishnan, S.; Murthy, R. S.; Klima, R. F.; Mandel, S. M.; 

Hawk, M.; Yarbrough, N.; Gudmundsdottir, A. D. Tetrahedron Lett. 2003, 44, 9169. (b) 

Jiao, J.; Nguyen, L. X.; Patterson, D. R.; Flowers, R. A. Org. Lett. 2007, 9, 1323. 

(75) (a) Shyam, P. K.; Jang, H.-Y. Eur. J. Org. Chem. 2014, 1817. For the azido oxyamination 

of olefins, see: (b) Zhang, B.; Studer, A. Org. Lett. 2013, 15, 4548. (c) Fumagalli, G.; 

Rabet, P. T. G.; Boyd, S.; Greaney, M. F. Angew. Chem. Int. Ed. 2015, 54, 11481. 

(76) Jiang, H.; He, Y.; Cheng, Y.; Yu, S. Org. Lett. 2017, 19, 1240. 

(77) (a) Cheng, Y.; Yuan, X.; Ma, J.; Yu, S. Chem. - Eur. J. 2015, 21, 8355. (b) Cheng, Y.; 

Yu, S. Org. Lett. 2016, 18, 2962. (c) Zhou, S.; Song, T.; Chen, H.; Liu, Z.; Shen, H.; Li, 

C. Org. Lett. 2017, 19, 698. 

(78) Rosokha, S. V.; Kochi, J. K. Acc. Chem. Res. 2008, 41, 641. 

(79) For selected reviews, see (a) Agalave, S. G.; Maujan, S. R.; Pore, V. S. Chem. Asian J. 

2011, 6, 2696. (b) Sagheer, A. H.; Brown, T. Acc. Chem. Res. 2012, 45, 1258. (c) 

Thirumurugan, P.; Matosiuk, D.; Jozwiak, K. Chem. Rev. 2013, 113, 4905. (d) Bonandi, 

E.; Christodoulou, M. S.; Fumagalli, G.; Perdicchia, D.; Rastelli, G.; Passarella, D. Drug 

Discov. Today 2017, 22, 1572. (e) Dheer, D.; Singh, V.; Shankar, R. Bioorg. Chem. 2017, 

71, 30. 

 



References 

 

145 
 

(80) For selected reviews, see (a) Muller, T.; Brase, S. Angew. Chem. Int. Ed. 2011, 50, 

11844. (b) Lau, Y. H.; Rutledge, P. J.; Watkinson, M.; Todd, M. H. Chem. Soc. Rev. 

2011, 40, 2848. (c) Chu, C.; Liu, R. Chem. Soc. Rev. 2011, 40, 2177. (d) Astruc, D.; 

Liang, L.; Rapakousiou, A; Ruiz, J. Acc. Chem. Res. 2012, 45, 630. (e) Xi, W.; Scott, T. 

F.; Kloxin, C. J.; Bowman, C. Adv. Funct. Mater. 2014, 24, 2572. (f) Huo, J.; Hu, H.; 

Zhang, M.; Hu, X.; Chen, M.; Chen, D.; Liu, J.; Xiao, G.; Wang, Y.; Wen, Z. A Mini 

RSC Adv. 2017, 7, 2281. 

(81) (a) Kolb, H. C.; Sharpless, K. B. Drug Discover. Today 2003, 8, 1128. (b) Horne, W. S.; 

Yadav, M. K.; Stout, C. D.; Ghadiri, M. R. J. Am. Chem. Soc. 2004, 126, 15366. (c) 

Mohammed, I.; Kummetha, I. R.; Singh, G.; Sharova, N.; Lichinchi, G.; Dang, J.; 

Stevenson, M.; Rana, T. M. J. Med. Chem. 2016, 59, 7677-7682.  

(82) Fan, W. -Q.; Katritzky, A. R. In Comprehensive Heterocyclic Chemistry II, Katritzky, A.; 

Rees, C. W.; Scriven, E. F. V. Eds.; Elsevier: Oxford, 1996, 4, 1.  

(83) (a) Narsimha, S.; Battula, K. S.; Nukala, S. K.; Gondru, R.; Reddy, Y. N.; Nagavelli, V. 

R. RSC Adv. 2016, 6, 74332. (b) Antonini, I.; Santoni, G.; Lucciarini, R.; Amantini, C.; 

Sparapani, S.; Magnano, A. J. Med. Chem. 2006, 49, 7198. (c) Mishra, K. B.; Shashi, S.; 

Tiwari, V. K. RSC Adv. 2015, 5, 86840.  

(84) Singh, M. S.; Chowdhury, S.; Koley, S. Tetrahedron 2016, 72, 5257. 

(85) (a) Nagarjuna Reddy, M. N.; Kumara Swamy, K. C. K. Eur. J. Org. Chem. 2012, 2013. 

(b) Brahma, K.; Achari, B.; Chowdhury, C. Synthesis 2013, 45, 545. (c) John, J.; Thomas, 

J.; Parekh, N.; Dehaen, W. Eur. J. Org. Chem. 2015, 4922. (d) Qureshi, Z.; Kim, J. Y.; 

Bruun, T.; Lam, H.; Lautens, M. ACS Catal. 2016, 6, 4946. (e) Yu, L.-Z.; Wei, Y.; Shi, 

M. Chem. Commun. 2016, 52, 13163. 

(86) (a) Ramachary, D. B.; Ramakumar, K.; Narayana, V. V. Chem. - Eur. J. 2008, 14, 9143. 

(b) Belkheira, M.; el Abed, D.; Pons, J.-M.; Bressy, C. Chem. - Eur. J. 2011, 17, 12917. 

(c) Danence, L. J. T.; Gao, Y.; Li, M.; Huang, Y.; Wang, J. Chem. - Eur. J. 2011, 17, 

3584. (d) Ramasastry, S. S. V. Angew. Chem. Int. Ed. 2014, 53, 14310. (e) Ramachary, 

D. B.; Shashank, A. B.; Karthik, S. Angew. Chem. Int. Ed. 2014, 53, 10420. (f) Thomas, 

J.; John, J.; Parekh, N. Dehaen, W. Angew. Chem. Int. Ed. 2014, 53, 10155. (g) Lima, C. 

G. S.; Ali, A.; Van Berkel, S. S.; Westermann, B.; Paixao, M. W. Chem. Commun. 2015, 



References 

 

146 
 

51, 10784. (h) Wei, F.; Wang, W.; Ma, Y.; Tung, C.- H.; Xu, Z. Chem. Commun. 2016, 

52, 14188. (i) Jalani, H. B.; Karagoez, A. C.; Tsogoeva, S. B. Synthesis 2016, 49, 29. 

(87) Coronel, C.; Arce, G.; Iglesias, C.; Noguera, C. M.; Bonnecarr re, P. R.; Giordano, S. R.; 

Gonzalez, D. J. Mol. Catal. B: Enzym. 2014, 102, 94. 

(88) (a) Janreddy, D.; Kavala, V.; Kuo, C.-W.; Chen, W.-C.; Ramesh, C.; Kotipalli, T.; Kuo, 

T.-S.; Chen, M.-L.; He, C.-H.; Yao, C.-F. Adv. Synth. Catal. 2013, 355, 2918. (b) 

Dhiman, S.; Mishra, U. K.; Ramasastry, S. S. V. Angew. Chem. Int. Ed. 2016, 55, 7737. 

(89) For reviews on atropisomerism in drugs and natural products, see: (a) Clayden, J.; Moran, 

W. J.; Edwards, P. J.; Laplante, S. R. Angew. Chem. Int. Ed. 2009, 48, 6398. (b) Smyth, J. 

E.; Butler, N. M.; Keller, P. A. Nat. Prod. Rep. 2015, 32, 1562. (c) Zask, A.; Murphy, J.; 

Ellestad, G. A. Chirality 2013, 25, 265. (d) Bringmann, G.; Gulder, T.; Gulder, T. A. M.; 

Breuning, M. Chem. Rev. 2011, 111, 563. (e) Bringmann, G.; Mortimer, A. J. P.; Keller, 

P. A.; Gresser, M. J.; Garner, J.; Breuning, M. Angew. Chem. Int. Ed. 2005, 44, 5384. (f) 

Kozlowski, M. C.; Morgan, B.J.; Linton, E. C. Chem. Soc. Rev. 2009, 38, 3193. 

(90) Cahn, R. S.; Ingold, C.; Prelog, V. Angew. Chem. Int. Ed. Engl. 1966, 5, 385. 

(91)  (a) Bringmann, G.; Price Mortimer, A. J.; Keller, P. A.; Gresser, M. J.; Garner, J.; 

Breuning, M. Angew. Chem. Int. Ed., 2005, 44, 5384. For related reviews: (b) Baudoin, 

O. Eur. J. Org. Chem., 2005, 4223. (c) Wang, H. Chirality 2010, 22, 827. (d) Kozlowski, 

M. C.; Morgan, B. J.; Linton, E. C. Chem. Soc. Rev. 2009, 38, 3193. (e) Bringmann, G.; 

Gulder, T.; Gulder, T. A. M.; Breuning, M. Chem. Rev, 2011, 111, 563. (f) Bringmann, 

G.; Hinrichs, J.; Pabst, T.; Henschel, P.; Peters, K.; Peters, E.-M. Synthesis 2001, 155. (g) 

Zhang, D.; Wang, Q. Coord. Chem. Rev. 2015, 286, 1. (g) LaPlante, S. R.; Fader, L. D.; 

Fandrick, K. R.; Fandrick, D. R.; Hucke, O.; Kemper, R.; Miller, S. P. F.; Edwards, P. J. 

J. Med. Chem. 2011, 54, 7005. 

(92) (a) McCarthy, M.; Guiry, P. J. Tetrahedron 2001, 57, 3809. (b) Noyori, R. Angew. Chem. 

2002, 114, 2108. Angew. Chem. Int. Ed. 2002, 41, 2008. (c) Hayashi, T. Acc. Chem. Res. 

2000, 33, 354. (d) Brunel, J. M. Chem. Rev. 2005, 105, 857. (e) Chen, Y.; Yekta, S.; 

Yudin, A. K. Chem. Rev. 2003, 103, 3155. 

 (93) For vancomycin, see (a) Boger, D. L.; Miyazaki, S.; Kim, S. H.; Wu, J. H.; Castle, S. L.; 

Loiseleur, O.; Jin, Q. J. Am. Chem. Soc. 1999, 121, 10004. For steganacine, see (b) 

Kende, A. S.; Liebeskind, L. S. J. Am. Chem. Soc. 1976, 98, 1, 267. For 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Andrew+S.++Kende
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Lanny+S.++Liebeskind


References 

 

147 
 

Ancistrocladisine, see (c) Manfredi, K. P.; Blunt, J. W.; Cardellina, J. H.; McMahon, J. 

B.; Pannell, L. L.; Cragg, G. M.; Boyd, M. R. J. Med. Chem. 1991, 34, 3402. (d) For 

Gossypol, (e) Dodou, K.; Anderson, R. J.; Lough, W. J.; Small, D. A. P.; Shelley, M. D.; 

Groundwater, P. W. Bioorg. Med. Chem. 2005, 13 4228. For Mastigophorene, (f) 

Bringmann, G.; Pabst, T.; Henschel, P.; Michel, M. Tetrahedron 2001, 57, 1269. Degnan, 

A. P.; Meyers, A. I. J. Am. Chem. Soc. 1999, 121, 2762. For Korupensamine B, see (g) 

Huang, S.; Petersen, T. B.; Lipshutz, B. H. J. Am. Chem. Soc. 2010, 132, 14021. For 

Knipholone, see (h) Feilcke, R.; Arnouk, G.; Raphane, B.; Richard, K.; Tietjen, I.; 

Andrae-Marobela, K.; Erdmann, F.; Schipper, S.; Becker, K.; Arnold, N.; Frolov, N.; 

Reiling, N.; Imming, P.: Fobofou, S. A. T. J. Pharm. Biomed. Anal. 2019, 174, 277. 

Bringmann, G.; Menche, D.; Kraus, J.; Muhlbacher, J.; Peters, K.; Peters, E. M.; Brun, 

R.; Bezabih, M.; Abegaz, B. M. J. Org. Chem. 2002, 67, 5595. For M-(+)-Isokotanin A, 

see (i) Lin, G. Q.; Zhong, M. Tetrahedron Lett, 1996, 37, 3015. For Dioncophylline C (j) 

Schwedhelm, K. F.; Horstmann, M.; Faber, J. H.; Reichert, Y.; Bringmann, G.; Faber, C. 

ChemMedChem 2007, 2, 541. 

(94) (a) Wang, Y.; Urbasand, A.; Li, Q. J. Am. Chem. Soc. 2012, 134, 3342. (b) Ma, Y.-N.; 

Liand, S.-X.; Yang, S.-D. Acc. Chem. Res. 2017, 50, 1480. (c) Glunz, P. W. Bioorg. Med. 

Chem. Lett. 2018, 28, 53. (d) Fuand, W.; Tang, W. ACS Catal. 2016, 6, 4814. (e) 

Kocovsky, P.; Vyskociland, S.; Smrcina, M. Chem. Rev. 2003, 103, 3213. (f) Tang, W.; 

Zhang, X. Chem. Rev. 2003, 103, 3029. (g) Hu, Y.; Wang, Z.; Yang, H.; Chen, J.; Wu, 

Z.; Lei, Y.; Zhou, L. Chem. Sci. 2019, 10, 6777. 

(95) For Atroposelective Synthesis of Axially Chiral Biaryl Compounds, see (a) Bringmann, 

G.; Price Mortimer, A. J.; Keller, P. A.; Gresser, M. J.; Garner, J.; Breuning, M. Angew. 

Chem., Int. Ed. 2005, 44, 5384. For Nonbiaryl and Heterobiaryl Atropisomers: Molecular 

Templates with Promise for Atroposelective Chemical Transformations, see (b) 

Kumarasamy, E.; Raghunathan, R.; Sibi, M. P.; Sivaguru, J. Chem. Rev. 2015, 115, 

11239. For Biaryl synthesis with control of axial chirality, see (c) Wallace, T. W. Org. 

Biomol. Chem. 2006, 4, 3197. For Chiral ligands and recent advances, see (d) Zhang, D.; 

Wang, Q. Coord. Chem. Rev. 2015, 286, 1. For recent advances and new concepts for the 

synthesis of axially stereoenriched biaryls, see (e) Wencel-Delord, J.; Panossian, A.; 

Leroux, F. R.; Colobert, F. Chem. Soc. Rev. 2015, 44, 3418. For the asymmetric Suzuki 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Kirk+P.++Manfredi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=John+W.++Blunt


References 

 

148 
 

coupling route to axially chiral biaryls, see (f) Baudoin, O. Eur. J. Org. Chem. 2005, 

4223. For recent advances in developing new axially chiral phosphine ligands for 

asymmetric catalysis, see (g) Li, Y.-M.; Kwong, F.-Y.; Yu, W.-Y.; Chan, A. S. C. Coord. 

Chem. Rev. 2007, 251, 2119. For Organocatalytic synthesis of axially chiral 

atropisomers. (h) Renzi, P. Org. Biomol. Chem. 2017, 15, 4506. For synthesis of axially 

chiral biaryl compounds by asymmetric catalytic reactions with transition metals, see (i) 

Loxq, P.; Manoury, E.; Poli, R.; Deydier, E.; Labande, A. Coord. Chem. Rev. 2016, 308, 

131. (h) Zilate, B.; Castrogiovanni, A.; Sparr, C. ACS Catal. 2018, 8, 2981. 

(96) Sellars, J. D.; Steel, P. G. Chem. Soc. Rev. 2011, 40, 5170. 

(97) (a) Gujral, S. S.; Khatri, S.; Riyal, P. Indo Glob. J. Pharm. Sci., 2012, 2, 351. (b) 

Hooshmand, S. E.; Heidari, B.; Sedghi, R.; Varma, R. S. Green Chem., 2019, 21, 381. (c) 

Willemse, T.; Schepens, W.; Vlijmen, H. W. T.; Maes, B. U. W.; Ballet, S. Catalysts 

2017, 7, 74. 

(98)  (a) Miyaura, N.; Yamada, K.; Suzuki, A. Tetrahedron Lett. 1979, 20, 3437. (b) Miyaura, 

N.; Suzuki, A. Chem. Commun. 1979, 866. (c) Miyaura, N.; Yanagi, T.; Suzuki, A. Synth. 

Commun. 1981, 11, 513. 

(99) (a) Corbet, J. P.; Mignani, G. Chem. Rev. 2006, 106, 2651. (b) Kotha, S.; Lahiri, K.; 

Kashinath, D. Tetrahedron 2002, 58, 9633.  

(100) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457. (b) Suzuki, A. J. Organomet. Chem. 

1999, 576, 147. (c) Suzuki, A. Chem. Commun. 2005, 4759. (d) Martin, A. R.; Yang, Y. 

Acta Chem. Scand. 1993, 47, 221.  

(101) (a) Anderson, J. C.; Namli, H.; Roberts, C. A. Tetrahedron 1997, 53, 15123. (b) Navarro, 

O.; Kelly, R. A.; Nolan, S. P. J. Am. Chem. Soc. 2003, 125, 16194. 

(102) D. G. Hall, Structure, Properties, and Preparation of Boronic AcidDerivatives. Overview 

of Their Reactions and Applications, Wiley-VCH GmbH, Weinheim, 2005. 

(103) (a) Lu, G.; Franzén, R.; Zhang, Q.; Xu, Y. Tetrahedron Lett. 2005, 46, 4255. (b) Wolfe, J. 

P.; Buchwald, S. L. Angew. Chem. Int. Ed. 1999, 38, 2413. 

(104) (a) Johnson, M. G.; Foglesong, R. J. Tetrahedron Lett. 1997, 38, 7001. (b) Yin, J.; 

Rainka, M. P.; Zhang, X.-X.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 1162. (c) 

Barder, T. E.; Walker, S. D.;. Martinelli, J. R.; Buchwald, S. L. J. Am. Chem. Soc. 2005, 

127, 4685. (d) Würtz, S.; Glorius, F. Acc. Chem. Res. 2008, 41, 1523. (e) Hoshi, T.; 



References 

 

149 
 

Nakazawa, T.; Saitoh, I.; Mori, A.; Suzuki, T.; Sakai, J.-I.; Hagiwara, H. Org. Lett. 2008, 

10, 2063. (f) Hoshi, T.; Saitoh, I.; Nakazawa, T.; Suzuki, T.; Sakai, J.-I.; Hagiwara, H.; J. 

Org. Chem. 2009, 74, 4013. 

(105) (a) Kinney, C. R.; Pontz, D. F. J. Am. Chem. Soc. 1936, 58, 197. (b) Snyder, H. R.; Kuck, 

J. A.; Johnson, J. R. J. Am. Chem. Soc. 1938, 60, 105. (c) Song, Z. Z.; Wong, H. N. C. J. 

Org. Chem. 1994, 59, 33. (d) Mastalerz, M. Angew. Chem. Int. Ed. 2008, 47, 445. (e) 

Lappert, M. F. Chem. Rev. 1956, 56, 959. 

(106) Baker, R. W.; Hambley, T. W.; Turner, P.; Wallace, B. J. Chem. Commun., 1996, 2571. 

(107) Hattori, T.; Date, M.; Sakurai, K.; Morohashi, N.; Kosugi, H.; Miyano, S. Tetrahedron 

Lett. 2001, 42 8035. 

(108) Feng, J.; Li, B.; He, Y.; Gu, Z. Angew. Chem. Int. Ed. 2016, 55, 2186. 

(109) Zheng, S, C.; Wu, S.; Zhou, Q.; Chung, L. W.; Ye, L.; Tan, B. Nat. Commun, 2017, 8 

15238. 

(110) For Atroposelective synthesis of axially chiral biaryl compounds (a) Bringmann, G.; 

Mortimer, A. J. P.; Keller, P. A.; Gresser, M. J; Garner, J.; Breuning, M. Angew. Chem. 

Int. Ed. 2005, 44, 5384. For Total synthesis of chiral biaryl natural products by 

asymmetric biaryl coupling, see (b) Kozlowski, M. C., Morgan, B. J.; Linton, E. C. 

Chem. Soc. Rev. 2009, 38, 3193. Bringmann, G., Gulder, T., Gulder, T. A. M. & 

Breuning, M. Chem. Rev. 2011, 111, 563. For Organocatalytic strategies for the synthesis 

of axially chiral compounds. See (c) Bencivenni, G. Synlett 2015, 26, 1915. For Recent 

advances and new concepts for the synthesis of axially stereoenriched biaryls (d) Wencel-

Delord, J.; Panossian, A.; Leroux, F. R.; Colobert, F. Chem. Soc. Rev. 2015, 44, 3418. 

(111) Ouellette, R. J.; Rawn, J. D. Organic Chemistry: Structure, Mechanism, and Synthesis 

2014, 163-193. 

(112) (a) Zhao, H.; Hsu, D. C.; Carlier, P. R. Synthesis 2005, 1, 1. (b) Kumarasamy, E.; 

Raghunathan, R.; Sibi, M. P.; Sivaguru, J. Chem. Rev. 2015, 115, 11239. 

(113)  Kawabata, T.; Yahiro, K.; Fuji, K. J. Am. Chem. Soc. 1991, 113, 9694. 

(114) (a) Mori, K.; Ohmori, K.; Suzuki, K.; Angew. Chem. Int. Ed. 2009, 48, 5633. (b) Mori, 

K.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed. 2009, 48, 5638. (c) Yoshimura, T.; 

Tomohara, K.; Kawabata, T. J. Am. Chem. Soc. 2013, 135, 7102. 

https://www.sciencedirect.com/book/9780128007808


References 

 

150 
 

(115) (a) Satpathi, B.; Dhiman, S.; Ramasastry, S. S. V. Eur. J. Org. Chem. 2014, 2022. (b) 

Dhiman, S.; Ramasastry, S. S. V. Chem. Commun. 2015, 51, 557. (c) Dhiman, S.; 

Ramasastry, S. S. V. Org. Lett. 2015, 17, 5116. (d) Raghu, M.; Grover, J.; Ramasastry, S. 

S. V. Chem. Eur. J. 2016, 22, 18316. (e) Manisha, Dhiman, S.; Mathew, J.; Ramasastry, 

S. S. V. Org. Biomol. Chem. 2016, 14, 5563. (f) Satpathi, B.; Wagulde, S. V.; 

Ramasastry, S. S. V. Chem. Commun. 2017, 53, 8042. (g) Mondal, A.; Hazra, R.; Grover, 

J.; Raghu, M.; Ramasastry S. S. V. ACS Catal. 2018, 8, 2748. (h) Bankar, S. K.; Singh, 

B.; Tung, P.; Ramasastry, S. S. V. Angew. Chem. Int. Ed. 2018, 57, 1678. 

(116) Satpathi, B.; Ramasastry, S. S. V. Angew. Chem. Int. Ed. 2016, 55, 1777; Angew. Chem. 

2016, 128, 1809. 

(117) Ravindra, B.; Das, B, G.; Ghorai, P. Org. Lett. 2014, 16, 5580. 

(118) Ronco, C.; Jean, L.; Renard, P. Y. Tetrahedron 2010, 66, 7399. 

(119) Mohammad-Pour, G. S.; Ly, R. T.; Fairchild, D. C.; Townley, A. B.; Molina, D. A. V.; 

Trieu, K. D.; Campiglia, A. D.; Harper, J. K.; Uribe-Romo, F. J. J. Org. Chem. 2018, 83, 

8036. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1002/anie.201711797/full
http://onlinelibrary.wiley.com/doi/10.1002/anie.201711797/full
https://www.sciencedirect.com/science/article/pii/S0040402010010690?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0040402010010690?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0040402010010690?via%3Dihub#!


 

151 
 

LIST OF PUBLICATIONS 

 

(1) “Synthesis of axially chiral styrenes via Suzuki-Miyaura cross coupling reaction” 

Shirke, R. P.; Kumar, P.; Ramasastry, S. S. V. ‘Manuscript under preparation’ 

 

 

(2) “Organocatalytic β-azidation of enones initiated by an electron-donor-acceptor 

complex” 

Shirke, R. P.; Ramasastry, S. S. V. Org. Lett. 2017, 19, 5482. 

 

 

(3) “Synthesis of benzofurans from furans via intramolecular cross benzoin reactions 

catalyzed by N-heterocyclic carbenes” 

Shirke, R. P*.; Reddy, V.*; Anand, R. V.; Ramasastry, S. S. V. Synthesis 2016, 48, 

1865. (Authors contributed equally) [Invited for the special issue ‘Cyclization tactics 

and strategies’] 

 

 



 

152 
 

(4) “Modular assembly of furotropones and benzofurotropones, and study of their 

physicochemical properties” 

Shirke, R. P.; Ramasastry, S. S. V. J. Org. Chem. 2015, 80, 4893. 

 

 

(5) “Synthesis of O,S‐containing polycycles via one‐pot Michael addition cycloacetalisation   

Cascade” 
Bankar, S. K.; Shirke, R. P.; Ramasastry, S. S. V. Adv. Synth. Catal. 2015, 357, 3284. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1002/adsc.201500505/abstract


 

153 
 

ABOUT THE AUTHOR 

 

 

 

The author, Mr. Rajendra Pratap Shirke was born at Wangi, Maharashtra. After his initial 

schooling at Wangi, he received a B.Sc. degree in Chemistry from Balwant college vita, Shivaji 

University in 2009. After obtaining a Masters degree from the Yashavantrao Chavan Institute of 

Science, Satara in 2011, he joined the research group of Dr. Ramasastry at the Indian Institute of 

Science Education and Research (IISER) Mohali, as a Ph.D. student in August 2013. He passed 

the comprehensive examination in August 2014. Presently, he is working as a Senior Research 

Fellow of IISER Mohali in the Department of Chemical Sciences.  

 

CONFERENCES ATTENDED  

 Presented a poster at the Emerging Trends in Drug Developments and Natural 

Products (ETDDNP-2018) held at University of Delhi, India during January 2018. Title 

of the presentation: Synthesis of furotropones, Benzofurotropones and benzofurans 

(Elsevier award for one of the best poster presentations). 

 Presented a poster at the XII JNOST-Organic Chemistry Conference (JNOST-OCC) 

held at CDRI-Lucknow, India during December 2016. Title of the presentation: Modular 

assembly of furotropones, Benzofurotropones and study of their physicochemical 

properties. 

 Presented a poster at the 10th CRSI-RSC Symposium held at Punjab University 

Chandigarh, India during February 2016. Title of the presentation: Modular assembly of 

furotropones, Benzofurotropones and study of their physicochemical properties. 

 


