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    The 16th volume of Advances in Organic Synthesis presents recent exciting developments in synthetic organic chemistry. The chapters are written by eminent researchers in the field. The topics include advances in copper-catalyzed heterocyclic syntheses, modern green chemistry methods, review on electroluminescence polymers, synthesis of xanthene, evolution of polymer chemistry, and lastly, an overview on oxidizing and reducing agents in total synthesis.




    This volume should prove to be a valuable resource for organic chemists, pharmaceutical scientists and postgraduate students seeking updated and critically important information on recent important developments in synthetic organic chemistry. I hope that the readers will find these reviews valuable and thought-provoking, and that they trigger further research in the quest for new developments in the field.
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      Abstract




      Heterocycles have gained significant attention from the research community due to their prevalence in numerous natural products and their applications as pharmaceuticals, agrochemicals, and new materials. The application of transition metal catalysts in the synthesis of heterocyclic compounds is an indispensable tool in the field of organic synthesis and has acquired notable recognition in scientific society all over the world. The popularity of copper-based catalysts is attributed to their cost-effectiveness, easy accessibility, and environmentally benign nature. In addition to this, the ability of copper catalysts to coordinate with heteroatoms and to activate unsaturated systems has resulted in the growing interest of synthetic and medicinal chemists in this field. Copper-based catalysts have shown their application in various cross-coupling reactions, C–H functionalization, radical alkylations, conjugate additions, and trifluoromethylation. Furthermore, they have also exhibited tremendous scope in heterocyclic syntheses, which include many important reactions, such as azide-alkyne click reaction (a type of 1,3-dipolar cycloaddition), nitrone-olefin cycloaddition (Kinugasa reaction), multi-component reactions, and other similar strategies which result in the construction of 4-8 membered heterocyclic adducts of biological and industrial relevance. The copper-catalyzed heterocyclic syntheses have many advantages, such as easily accessible substrates, good atom economy, high functional group tolerance, excellent yields, and remarkable selectivities. In addition to this, the targetted heterocycles exhibited diverse biological activities viz. antibacterial, antifungal, anticancer, antitubercular, anti-HIV, anti-inflammatory, analgesics, and antiviral activities. The main aim of this chapter is to summarize the advances made in copper-catalyzed synthesis of heterocyclic compounds in the last ten years.
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      INTRODUCTION




      Heterocyclic compounds represent an important and broad division of organic chemistry. These compounds are widely distributed in nature. A large number of naturally occurring compounds, such as amino acids, vitamins, nucleic acids, antibiotics, and related compounds, possess heterocyclic core, which can attribute to their unique structural characteristics [1]. Heterocyclic compounds have played an essential role in the metabolic activity of all living cells. Furthermore, heterocycles have also found numerous applications in various industries, viz. pharmaceutical, agrochemical, etc [2, 3]. The use of heterocycles as modifiers and additives in reprography, cosmetics, plastics, and information storage materials has significantly enhanced the scope of this field. In addition to medicinal applications, heterocyclic molecules have exhibited other useful applications, such as fungicides, herbicides, anticorrosive agents, photostabilizers, dyestuff, copolymers, photographic developers, sensitizers, whiteners, and flavouring agents [4]. The heterocyclic compounds have attracted considerable interest from the scientific community due to their valuable and versatile applications (Fig. 1).




      
[image: ]


Fig. (1))


      Biologically important heterocyclic compounds.



      Apart from natural resources, synthetic chemistry has also provided access to a wide range of heterocyclic compounds. It has been found that most of the new synthetic drugs contain heterocyclic core in their structure. Synthetic heterocyclic compounds are widely known for their therapeutic activity, such as antibacterial, antifungal, anti-HIV, antitubercular, antimalarial, anticancer, anti-inflammatory antidepressant, and insecticidal [4].




      The present chapter is divided into different sections, viz. Classification, General synthesis of heterocycles and Chemistry & applications of copper. The last section, i.e., Recent trends in copper-catalyzed heterocyclic syntheses, deals with the literature reports of the past ten years which have been selected for demonstrating the advancement made in this field.


    




    

      CLASSIFICATION




      

        Organic Compounds




        Organic compounds are broadly classified into two categories, namely acyclic compounds and cyclic compounds (Fig. 2). Acyclic compounds refer to those compounds having long chains of the carbon skeleton. These are also known as open-chain compounds. These compounds are further categorized into straight-chain compounds and branched-chain compounds (Fig. 2). On the other hand, cyclic compounds are those compounds that possess ring structures. The cyclic compounds are further classified into homocyclic compounds and heterocyclic compounds (Fig. 2). Homocyclic compounds are those in which cyclic ring is made up of only one type of atom, i.e., Carbon, whereas heterocyclic compounds are those in which one/more heteroatoms are present in the ring system in addition to carbon.


      




      

        Heterocyclic Compounds




        Generally, heterocyclic compounds are categorized as small-sized heterocycles (three and four-membered rings), medium-sized heterocycles (five and six-membered rings), and large-sized heterocycles (Seven or higher membered rings). Small-sized heterocycles are highly strained molecules, therefore, they are highly reactive in nature. Furthermore, five- and six-membered heterocyclic rings are quite stable, hence, they are present in a majority of biologically and industrially relevant heterocycles. These heterocycles are present either as an isolated ring or fused heterocyclic system. The seven and higher membered heterocycles are not very much investigated since they are less readily formed. However, the application of these compounds in medicinal chemistry and material sciences continues to thrive more interest of the researchers in this field [5, 6].
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Fig (2))


        Classification of organic compounds.



        The most common method for the classification of heterocyclic compounds is based on the size of the heterocyclic ring. The other methods of classification are based on various factors, such as nature and/or the number of heteroatom present (aza-, oxa-, thia- and/or di-, tri-, tetra-), degree or type of saturation (aromatic and non-aromatic, or saturated and unsaturated), or the type of heterocycles (simple and fused heterocycles).




        On the basis of the size of the ring, heterocyclic compounds are classified into three-membered, four-membered, five-membered, six-membered, and seven-membered compounds (Fig. 3). The higher membered heterocyclic rings are also known to exist but to a lesser extent. In addition to this, there are many heterocyclic compounds in which heterocyclic rings are fused to other cyclic compounds, viz. alicyclic, aromatic, or heterocyclic in nature. These types of compounds are commonly known as fused/condensed heterocyclic systems (Fig. 3). This is an important category of heterocyclic compounds, therefore, they will be discussed as a separate class. A wide range of natural or synthetic heterocyclic compounds having diverse therapeutic applications belongs to this category [7, 8].
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Fig. (3))


        Classification of heterocyclic compounds.

      


    




    

      GENERAL SYNTHESIS OF HETEROCYCLIC COMPOUNDS




      Heterocyclic compounds can be synthesized using two different methodologies, viz. cyclization and cycloaddition reactions [9-12]. Both of these methodologies have been extensively studied and explored by synthetic organic chemists for the construction of heterocyclic compounds. However, cycloaddition reactions have gained more attention in comparison to cyclization reactions due to their high atom economy, excellent efficiency, mild reaction conditions, and availability of substrates/reagents. In addition to this, a number of multicomponent approaches for heterocyclic synthesis are also available in the literature [13]. Furthermore, most of the synthetic methodologies occur in the presence of catalysts. Catalytic processes are much more common for the synthesis of heterocyclic compounds in light of their high efficacy, short reaction time, and convenient nature. Some of the examples of heterocyclic synthesis via cycloaddition and cyclization reactions are given in Fig. (4).
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Fig. (4))


      General synthesis of heterocycles via copper-catalyzed reactions.

    




    

      CHEMISTRY & APPLICATIONS OF COPPER




      Copper is one of the most abundant and naturally occurring metals present in the earth’s crust and oceans. It is also very important for living beings as it is the third most abundantly present trace element in the human body. Copper is also well known to act as a co-factor for many enzymes, catalyzing biological reactions viz. iron transport, respiration, pigmentation, hormone production, blood clotting, cell growth, and development, etc. In addition to this, copper has multiple applications in our daily life. It is also used as wiring, roofing, and plumbing materials.




      The copper element exhibits multiple oxidation states, i.e., 0, I, II, III, the most common being I and II. Copper can show interconversions amongst various oxidation states via gain (reduction) and loss (oxidation) of electrons, enabling it to serve as a catalyst for various chemical reactions. Copper is known to catalyze a number of reactions, such as cycloaddition, cyclization, click reactions, and multicomponent reactions. The use of free copper metal and copper complexes as a versatile oxidative catalyst has acquired considerable attention from synthetic organic chemists [14]. Copper catalysts for oxidative processes are much more preferable in comparison to heavy metal salts (salts of Ru, Rh, Pd, etc.), which are toxic as well as expensive in nature. The wide scope of copper catalysts can be attributed to their high abundance, inexpensiveness, and non-toxic nature.




      A large number of reports discussing copper-catalyzed reactions have been very well documented in the literature [15], however, the scope of copper-catalysts in heterocyclic synthesis has not been discussed yet. Therefore, a systematic and detailed review explaining copper-catalyzed heterocyclic synthesis is of great importance. This chapter mainly deals with recent advances in the copper-catalyzed synthesis of heterocyclic compounds. The main focus of the present review is to provide insights into copper-catalyzed reactions, which include efficiency, selectivity, and mechanistic aspects.


    




    

      RECENT TRENDS IN COPPER-CATALYZED HETEROCYCLIC SYNTHESES




      The present chapter deals with recent advancements in copper-catalyzed syntheses of heterocyclic compounds for the period of last ten years. For convenience, new strategies have been systematically classified on the basis of the size of the heterocycles synthesized.




      Furthermore, three-membered rings were not covered here because there is not much research available on this subject.




      

        Four Membered Heterocyclic Syntheses




        Zlatopolskiy et al. have successfully carried out the synthesis of radiofluorinated β-lactams via Kinugasa reaction [16]. Initial studies were performed between 18F-labelled nitrone 1 and diversely substituted alkynes using CuI as a catalyst (Scheme 1). The reaction resulted in the formation of products 2-3 with good radiochemical yields (RCY) and high diastereoselectivity. It was observed that diastereoselectivity was reversed when propargyl alcohol was used as an alkyne component in the presence of 1,10-phenanthroline. The authors also stated that RCY can be significantly enhanced by using different copper-(I) stabilizing ligands, along with the improvement in reaction time. Using similar substrates, Kinugasa reaction in the presence of CuSOs4 as catalyst afforded the β-lactam 4 with excellent RCY. The Kinugasa reaction was also employed for the synthesis of 18F-labelled bicyclic β-lactams from radiofluorinated alkynes and cyclic nitrones in moderate yields (52%). In addition to this, the authors have prepared radiofluorinated β-lactam peptide and protein conjugate under mild conditions, short reaction time, and high yields.
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Scheme 1)


        Diastereoselective synthesis of radiofluorinated β-lactams.



        A regioselective Kinugasa reaction between fluorinated nitrones and carefully selected terminal alkynes using CuI as a catalyst has been studied by Kowalski et al. [17]. The reaction furnished the target β-lactams with very good yields and excellent diastereoselectivity. The diastereoselectivity of the reaction was highly sensitive towards different types of substituents on alkynes. Optically pure nitrones afforded a mixture of diastereomers. The asymmetric Kinugasa reaction between achiral N-benzyl C-trifluoromethyl nitrone 5 and phenyl acetylene 6 using catalytic amounts of various chiral ligands (bis-oxazoline derivatives and BINOL) afforded C4-fluoroalkylated β-lactams 7-8 with excellent diastereoselectivity although low enantioselectivity was observed in the results (Scheme 2). Furthermore, it was also found that the use of different chiral ligands significantly affects the diastereoselectivity of the reaction.
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Scheme 2)


        Asymmetric synthesis of C4-fluoroalkylated β-lactams.



        Kumar et al. synthesized a wide range of 3-(hydroxyl/bromo)methyl-1-aryl-4- (styryl)azetidin-2-ones 11via Cu(I)-catalyzed Kinugasa reaction between diversely functionalized α,β-unsaturated nitrones 9 and various terminal alkynes 10 (Scheme 3) [18]. The novel β-lactam derivatives 11 were obtained in moderate to very good yields. The reaction was found to be highly diastereoselective and resulted in the exclusive formation of cis-β-lactams. It was observed in the results that propargyl alcohol was found to be a better alkyne substrate as compared to propargyl bromide in terms of the overall yield of the reaction. Furthermore, the reaction was found to be unsuccessful with other alkyne substrates, such as propiolaldehyde and methyl propiolate.
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Scheme 3)


        One-pot copper-catalyzed synthesis of 4-styryl-β-lactam derivatives



        Mucha and his co-workers described the preparation of a series of β-lactams 14-17via diastereoselective Kinugasa reaction [19]. The 1,3-dipolar cycloaddition was carried out between 1,3-dioxolane/1,3-dioxane derived acyclic nitrones 12 and alkynes 13 using CuI as catalyst (Scheme 4). The authors investigated diastereoselective Kinugasa reaction for single as well as double asymmetric induction in the target products. The reaction of chiral nitrones with achiral alkynes afforded the products as a complex diastereomeric mixture of four isomers. However, the reaction between achiral nitrone and chiral alkynes furnished only two products (cis- and trans- isomer) with excellent stereoselectivity (up to 6:1). The products were obtained in moderate to good yields. In the case of double asymmetric induction, a reaction between chiral nitrones and chiral alkynes resulted in the formation of a mixture of two diastereomers in very good yields (dr up to 95:5). The stereochemical outcomes were established on the basis of electronic structure dichroism coupled HPLC and NMR spectroscopy.
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Scheme 4)


        Synthesis of β-lactam derivatives via diastereoselective Kinugasa reaction.



        Wolosewicz et al. have reported enantioselective Kinugasa reaction between nitrones 18 (acyclic as well as cyclic) and terminal alkynes 19 in the presence of the catalytic amount of readily available PINAP/CuX complexes (Scheme 5) [20]. The reaction resulted in the formation of a series of β-lactams 20-23 in moderate to good yields, along with very good enantioselectivities. However, these reactions showed moderate diastereoselectivities. The authors showed that N-PINAP ligand exhibited the best results as compared to other similar ligands. It was also observed that configuration at C4 was reversed when CuI was replaced with CuOTf/Cu(OTf)2 in the presence of the same chiral ligand. The reaction exhibited a wide range of functional group tolerance even with alkyl-substituted terminal alkynes. Furthermore, results showed that the use of N-benzyl nitrones significantly enhanced the enantioselectivities in comparison to N-phenyl nitrones. On the other hand, increasing the distance of the phenyl group from nitrone (R1) resulted in considerable loss of enantioselectivity. Furthermore, cyclic aliphatic nitrones resulted in the formation of a bicyclic β-lactam derivative with moderate yield, excellent diastereoselectivity (dr 93:7), and good enantioselectivity (ee 51%). The reaction was well suited for the synthesis of monobactams on a gram scale without any considerable loss of yield or stereoselectivity.
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Scheme 5)


        Enantioselective synthesis of β-lactams via Kinugasa reaction.



        A novel, reusable nanomagnetic composite has been prepared and investigated for catalytic activity on asymmetric Kinugasa reaction by Safaei-Ghomi and co-workers [21]. The nanomagnetic composite was synthesized under mild conditions via immobilization of chiral (R, R)-cyclohexadiamine on Fe3O4/ZnO core/shell MNPs surface and characterized on the basis of FT-IR, TGA, energy dispersive X-ray analysis, vibrating sample magnetometry and X-ray diffraction. The one-pot Kinugasa reaction was carried out between aromatic aldehydes 24, aromatic hydroxylamine 25 and terminal alkynes 26 in the presence of nanomagnetic composite and copper nitrate using PEG as solvent (Scheme 6). The reaction yielded β-lactam derivatives 27 in very good yields and was found to be highly diastereoselective as well as enantioselective. The novel catalytic system provides various advantages including low cost, long term stability, high catalytic activity and easy recovery.
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Scheme 6)


        Diastereselective synthesis of β-lactams via asymmetric Kinugasa reaction.



        Takayama et al. [22] have described the asymmetric synthesis of 1,3,4-trisubstituted β-lactam derivatives 30-31via copper-catalyzed Kinugasa reaction using prolinol-phosphine chiral ligand (Scheme 7). The intermolecular Kinugasa reaction was performed between diversely substituted nitrones 28 and alkynes 29 which afforded the products moderate to excellent yields along with the high level of enantioselectivities. It was also observed that the reaction was highly diastereoselective for cis- isomer. The present protocol was also suitable for unfavourable substrates such as alkyl acetylenes.
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Scheme 7)


        Copper-catalyzed asymmetric synthesis of β-lactams.



        A diastereoselective Kinugasa reaction between cyclic nitrones 32 and phthalimidoacetylenes 33 for the preparation of optically pure bicyclic-β-lactams 34-35 is described by Kabala and co-workers [23] (Scheme 8). The cyclic nitrones derived from L-serine/L-phenylglycine and glyoxalic acid has been used for diastereoselective Kinugasa reaction. The reaction was catalyzed by CuCl and results in the formation of products in good yields (up to 66%). The reaction showed better diastereoselectivity when R is –CH2OBn (cis:trans 10:2) as compared to R = Ph (cis:trans 10:6). The high level of diastereoselectivity for cis-isomer was due to the approach of acetylene molecule towards nitrone from position anti- to bulky substituents in the vicinity of nitrogen. Further, bicyclic β-lactam derivatives can be easily converted into monobactams via a six-membered ring-opening reaction followed by deprotection of β-lactam rings. The authors have also evaluated the synthesized bicyclic β-lactams for potential antibacterial activity. The results showed that β-lactams with R = –CH2OBn showed some antibacterial activity but at high conc. (IC50 0.25 and 15.27 mM) whereas phenyl substituted β-lactams were found to be inactive. Also, none of the compounds showed activity against S. aureus (MSSA), S. aureus (MRSA) and vancomycin-intermediate S. aureus (VISA).
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Scheme 8)


        Diastereoselective Kinugasa reaction for the synthesis of bicyclic β-lactams.



        Shu et al. [24] have reported novel regioselective, chemoselective, diastereo-selective and enantioselective copper-catalyzed Kinugasa/Michael domino reaction for the synthesis of enantiopure spirocyclic β-lactams 38 (Scheme 9). The reaction was carried out between diversely substituted nitrones 36 with alkyne tethered cyclohexadienones 37 in the presence of the copper catalyst, a chiral ligand and a base. The reaction exhibited excellent stereoselectivity in addition to moderate to very good yields. It was also observed that longer alkyl chains (R1) significantly affect the diastereoselectivity. The reaction showed high functional group tolerance and produced excellent results with various aromatic as well as heteroaryl substituted nitrones and alkyne substrates (R2 and R3). The absolute configuration of the products was established on the basis of X-ray crystallographic study of representative spirocyclic β-lactam 38 (R1 = 4-BrC6H4; R2 = R3 = Ph; n = 1; X = O).
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Scheme 9)


        Copper-catalyzed asymmetric synthesis of spirocyclic β-lactams.



        A novel strategy elaborating exclusive preparation of 4-substituted β-lactams 41via Kinugasa reaction between nitrones 39 and calcium carbide 40 has been reported by Hosseini et al. [25] (Scheme 10). The target products were formed in moderate to excellent yields. In this reaction, calcium carbide was activated by TBAF in the presence of CuCl and NMI. The results showed that substituents on nitrogen (R1) exert more influence on the performance of the reaction, i.e., aromatic ring possessing EWGs on nitrogen were found to be more favourable for the reaction in comparison to the aromatic ring having EDGs. Furthermore, the presence of alkyl groups on the nitrogen atom of nitrone was highly unfavourable and did not afford the products. However, the reaction proceeded quite well with C-alkylated nitrones. The authors successfully carried out the synthesis of fully substituted β-lactam derivatives using phenylacetylenes under modified conditions, which furnished the product with excellent yields (83%) and good diastereoselectivity (cis:trans 2.4:1).
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Scheme 10)


        Synthesis of 4-substituted β-lactams via Kinugasa reaction between calcium carbide and nitrones.



        Shi and his co-workers reported a novel and efficient methodology for the synthesis of functionalized β-lactams 44via a copper-catalyzed cascade process (Scheme 11) [26]. In this strategy, diversely substituted alkenes 42 were treated with toluene 43, resulting in the formation of target molecules in moderate to very good yields. The reaction tolerated the wide range of functional groups on alkene as well as toluene. In addition to this, α-substituted terminal alkenes furnished the β-lactams in good yields. The authors proposed that the cascade process involves C(benzyl)–H radical abstraction followed by intermolecular addition to alkene and intramolecular amination to afford the target product.
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Scheme 11)


        Synthesis of β-lactams via copper-catalyzed cascade process.

      




      

        Five-Membered Heterocyclic Syntheses




        Fan et al. [27] have described a novel and efficient three-component strategy for the synthesis of functionalized furans 48 (Scheme 12). The reaction between propargyl alcohol 45, aldehyde 46 and amines 47 was catalyzed by CuBr and resulted in the formation of the target product in moderate to good yields. It was observed that 2,5-dihydrofurans were easily formed using electron-poor aldehydes. The reaction was successful with various secondary amines and tertiary propargyl alcohols. Further, reaction with 4-nitrobenzaldehyde requires high temperature (80 oC) which might be attributed to the strong electron-withdrawing nature of the nitro- group. The mechanistic studies showed that initially, substrates undergo A3-coupling which was followed by isomerisation of alkyne to form allenol intermediate. The allenol finally underwent intramolecular cyclization to afford the target product. However, furans undergo further transformation and yielded 3-amino-2-pyrones as the final product when ethylglyoxalate was used as a substrate in the reaction.
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Scheme 12)


        Synthesis of highly functionalized 2,5-dihydrofurans.



        A novel and efficient strategy for the preparation of functionalized imidazolidines 51via copper-catalyzed domino reaction has been reported by Li et al. [28]. The one-pot three-component strategy involves the reaction between two imines 49 derived from formaldehyde and a terminal alkyne 50 which afforded the products excellent yields (Scheme 13). It was observed in the results that aliphatic imines and aromatic imines containing EWGs as well as EDGs were found suitable for the reaction. However, aromatic imines substituted with the bulky group at the ortho- position have significantly diminished the yields of the reaction. Further, X-ray analysis has confirmed that the product exists in a more thermodynamically stable (E)- configuration.
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Scheme 13)


        Copper-catalyzed three-component synthesis of imidazolidine derivatives.



        Cruz-Gonzalez and co-workers [29] have reported the synthesis and evaluation of novel 2-benzimidazolethiole derived mono- and bis-1,2,3-triazoles as corrosion inhibitors of steel. The mono-1,2,3-triazole derivatives 55 were obtained in excellent yields by copper-catalyzed reaction between 2-(prop-2'-yn-1'-ylthio)- 1H-benzo[d]imidazole 52, substituted benzyl halides 53 and sodium azide 54 (Scheme 14). On the other hand, bis-1,2,3-triazole derivatives were prepared under similar conditions using 1-(prop-2'-yn-1'-yl)-2-(prop-2'-yn-1'-ylthio)-1H-benzo[d] imidazole as substrate. All the novel compounds were investigated for potential corrosion inhibition activity on steel and were found to significantly inhibit corrosion in acidic media (up to 90%).
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Scheme 14)


        One-pot three-component synthesis of mono-1,2,3-triazole derivatives.



        Ramanathan et al. [30] have reported the one-pot synthesis of diversely substituted pyrrolidines 59 via copper-zeolite (Cu-Y) catalyzed reaction between 2-(phenylamino) maleate 56, terminal alkynes 57 and sulfonyl azides 58 (Scheme 15). The reaction furnished the products in very good yields along with excellent selectivity. It was characterized by mild conditions, shorter reaction time and easily accessible starting materials. In addition to this, the catalyst was environment friendly and showed good reusability (up to four cycles). The authors described that cascade reaction involves azide-alkyne cycloaddition followed by rearrangement of triazole ring and formation of N-sulfonylketenimine which undergo intermolecular nucleophilic addition, cyclization and [1, 3]-H shift to yield the target product.
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Scheme 15)


        One-pot multicomponent synthesis of diversely substituted pyrrolidines.



        A novel copper-catalyzed cycloaddition/oxidation process for the direct preparation of nitro substituted 1,2,3-triazoles 62 has been investigated by Chen et al. [31]. The reaction between nitro-olefins 60 and azides 61 afforded the target products good to excellent yields with high regioselectivity (Scheme 16). The authors showed that the reaction was tolerant to a wide range of aromatic nitro-olefins substituted with EDGs and EWGs. On the other hand, diversely substituted organic azides (aliphatic and aromatic) produced good results and benzyl azides were found to be more suitable in comparison to other aromatic azides. The present oxidative-dehydrogenative process did not involve the elimination of nitrous acid and hence showed a high atom economy.
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Scheme 16)


        Regioselective synthesis of a nitro substituted 1,2,3-triazoles.



        Yoshimatsu and co-workers [32] have carried out the synthesis of a novel series of highly functionalized 2,5-dihydropyrroles 64 (Scheme 17). The β-enaminoester 63 (Blaise intermediate) which was in-situ generated from ynenitrile using reformatsky reagent (Zn/ethyl bromoacetate in THF), underwent copper-catalyzed intramolecular cyclization via 5-endo mode to afford β-2,5-dihydropyrrolyl α,β-unsaturated esters 64 in moderate to very good yield. The authors have also investigated the transformation of these esters into their derivatives by removal of N-tosyl group and N-acetylation followed by coupling of free NH2 group. These compounds were evaluated for anti-proliferative activity against HCT-116 cell lines. The results showed that most of these compounds exhibited mild inhibition of tumour cell viability (10 μM treatment).
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Scheme 17)


        Synthesis of highly functionalized 2,5-dihydropyrroles.



        A novel, one-pot, three-component click strategy for the synthesis of diversely substituted triazoles have been developed by Wei et al. [33]. The reaction involves Cu/Pd transmetallation relay catalytic reaction between alkyne 65, azide 66 and aromatic halides 67 to afford 1,4,5-substituted 1,2,3-triazoles 68 in very good yields with high regioselectivity (Scheme 18). The reaction was found to have wide substrate scope. This methodology offers a potential alternative for click reactions of internal alkynes in comparison to CuAAc click reactions.
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Scheme 18)


        One-pot synthesis of 1,4,5-trisubstituted 1,2,3-triazoles.



        Yamada and co-workers [34] have described a methodology for accessing 5-stibano-1H-1,2,3-triazoles 71 in moderate to very good yields (Scheme 19). The methodology involves copper-catalyzed [3+2] cycloaddition between organic azides 69 and ethynylstibane 70 under aerobic conditions. The reaction showed extensive functional group tolerance. The authors have also reported the synthesis of 1-benzyl-4-phenyl-1,2,3-triazoles, 1-benzyl-5-iodo-4-phenyl-1,2,3-trizoles and organoantimony compound by treating 5-stibano-1,2,3-triazoles 71 with HCl, I2 and NOBF4 respectively.
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Scheme 19)


        Copper-catalyzed synthesis of 5-stibano-1,2,3-triazoles.



        A formal [2+2+1] copper-catalyzed reaction for the synthesis of γ-butyrolactones 75 has been described by Ha et al. [35]. The three-component reaction between alkenes 72, alkyl nitriles 73 and water 74 afforded the products from moderate to good yields (Scheme 20). The reaction was found to be highly successful with a wide range of substituents on alkene as well as nitriles. The authors confirmed that the reaction involves copper-catalyzed intermolecular hydroxyl-cyanoalkylation of alkenes followed by lactonization. The strategy has also found its utility in total synthesis of (±)-Sacidumlignan D.
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Scheme 20)


        Copper-catalyzed three-component synthesis of highly functionalized γ-butyrolactones.



        Sarmah and co-workers [36] have carried out the synthesis of 1,4-diazabicyclo[2.2.2]octane derived surfactant (mesoporous ZSM-5) and investi-gated its catalytic activity in the multi-component protocol for accessing 1,2,3-triazoles 79 (Scheme 21). The reaction between alkyl/aryl halides 76, aromatic terminal alkynes 77 and sodium azide 78 afforded the products from good to excellent yields. Further, epoxides/epichlorohydrin were successfully used as a substrate in place of alkyl/aryl halides for synthesizing 1,2,3-triazole/bis-triazole derivatives respectively under similar conditions. The reaction has exhibited high regiospecificity which further depends upon the nature of epoxide substrate (i.e. aliphatic/aromatic). The mesoporous catalyst (ZSM-5) showed excellent stability and high reusability.
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Scheme 21)


        Synthesis of 1,4-disubstituted 1,2,3-triazole derivatives.



        Wang et al. [37] have investigated the synthesis of 5-alkynyl-1,2,3-triazoles 83via CuAAc/alkynylation reaction carried out between terminal alkynes 80, azides 81 and non-terminal alkynes 82 (Scheme 22). The target products were obtained in moderate to excellent yields. The reaction was found to be highly regioselective and results in the exclusive formation of a single regioisomer. The reaction showed high functional group tolerance. Further, aromatic acetylenes substituted with various EWGs as well as EDGs showed good results. The reaction proceeds via an initial copper-catalyzed click reaction between an azide and terminal alkynes followed by a reaction between cuprate-triazole intermediate and bromoalkynes to yield the final product.
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Scheme 22)


        One-pot three-component preparation of 5-alkynyl-1,2,3-triazoles.



        Blastik et al. [38] have investigated the preparation and application of azidoperfluoroalkanes for the construction of rare N-perfluoroalkyl substituted triazoles 86via copper-catalyzed azide-alkyne cycloaddition (Scheme 23). The azidoperfluoroalkanes 84 exhibited good reactivity towards terminal alkynes 85 and results in the exclusive formation of 1,4-disubstituted product in moderate to excellent yields. The authors have also described a one-pot strategy for the synthesis of N-perfluoroalkyl substituted triazoles with comparable efficiency (yield 24-89%) and easy handling of volatile azides. However, the regioselectivity of the reaction was significantly reduced. Since internal alkynes sluggishly react with azides, 4,5-disubstituted triazoles were prepared by the reaction between phenyl copper acetylide and azidoperfluoroalkane in the presence of iodine yielding iodotriazoles in good yields (60%).
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Scheme 23)


        Rare synthesis of N-perfluoroalkyl substituted 1,2,3-triazoles.



        A fast and convenient one-pot, two-step strategy for the synthesis of thiazolidine-2-thiones 90 was developed by Nachaev and co-workers [39]. The copper-catalyzed three-component reaction was performed between diversely substituted amines 87, aldehydes 88 and terminal alkynes 89 and products were obtained in moderate to good yields (Scheme 24). The authors have studied the effect of differently substituted substrates on reaction yield. It was observed that yields were significantly decreased with an increase of bulk or elongation of substituents on aldehydes. Further, aromatic aldehydes were also found to be less efficient. On the other hand, aromatic acetylenes bearing electronically and sterically different substituents worked well for the reaction. The mechanistic studies reveal that the reaction involves A3-coupling between amine, aldehyde and alkyne to furnish propargylamine which underwent annulation with carbon disulfide followed by cyclization to afford the target product.
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Scheme 24)


        One-pot two-step synthesis of thiazolidine-2-thione derivatives.



        Singh and co-workers [40] have reported the synthesis and anti-tubercular evaluation of novel 4-aminoquinoline-ferrocenyl chalcone conjugates 93. These conjugates were prepared in excellent yields via copper-catalyzed azide-alkyne cycloaddition (CuAAc) between quinoline derived alkynes 91 and ferrocene derived azides 92 (Scheme 25). The authors have investigated the antitubercular evaluation against Mycobacterium tuberculosis (mc26230 strain). Compound 93 (m = 2, n = 5) was found to be non-cytotoxic against HeLa cells and exhibited excellent inhibitory activity against M. tuberculosis (MIC99 – 30 μM). In addition to this, it was observed that compounds having acyclic flexible chains on quinoline moiety showed better activity in comparison to those having cyclic substituents.
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Scheme 25)


        Synthesis of 4-aminoquinoline-ferrocenyl chalcone derivatives.



        Liu et al. [41] have investigated a novel strategy for the synthesis of 4-acyl-1,2,3-triazoles 96via copper-catalyzed three-component reaction between methyl ketones 94, organic azides 95 and various one-carbon donors (Scheme 26). The use of DMF as a one-carbon donor produced the best results in comparison to other similar substrates i.e. DMSO, TMEDA and DMA. The products were formed in moderate to very good yields. It was also observed that the presence of EWGs on the aromatic ring of acetophenones afforded the products slightly better yields. However, alkyl methyl ketones were not found suitable for the reaction.
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Scheme 26)


        Copper promoted three-component synthesis of 4-acyl-1,2,3-triazole derivatives.



        Dang and Seayad [42] have described an efficient strategy for the synthesis of a variety of 1,2-, 1,2,3-, 1,2,3,5- and completely substituted pyrroles. Differently substituted pyrroles can be easily accessed through proper choice of primary amines 97, ketones 98 and diols 99 (Scheme 27). The reaction was catalyzed by in-situ generated Cu-NHC catalyst in the presence of LiOtBu which afforded the products 100 in moderate to very good yields. The reaction exhibited high functional group tolerance. The authors have also investigated the applicability of a two-component approach for the preparation of N-unsubstituted pyrroles via reaction between β-amino alcohol and ketone.
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Scheme 27)


        Copper-NHC mediated multicomponent synthesis of pyrroles.



        A novel series of triaozle linked 6-phenyl-2-(trifluoromethyl)quinoline derivatives 103 have been successfully synthesized using copper-catalyzed [Cu(II), Cu(I), Cu(0)] mechanochemical approach by Tireli et al. [43]. The authors have investigated the reaction between quinoline derived alkynes 101 and organic azides 102 using solid-state (Ball-Milling) as well as solution-state catalysis (Scheme 28). The results showed that yields have been significantly enhanced in the milling procedure (up to 15 fold). Further, it was observed that efficiency in both the procedures (milling and solution state) depends upon the type of substituents present at para- position of aromatic azides. It has been found that yields of the reaction were increased in the order as -H < -Cl < -Br < -I. The use of Cu(0) catalyst as brass milling media allowed the in-situ monitoring of the ball-milling process to provide insight into mechanochemical CuAAc reaction pathways. This indicates that the catalytic process has occurred on the surface of milling balls.
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Scheme 28)


        Solvent-free copper-catalyzed synthesis of quinoline and 1,2,3-triazole hybrids.



        A novel series of 1,2,3-triazole-9H-purines 106 have been synthesized in moderate to good yields by Kapadiya et al. [44]. It involves a copper-catalyzed reaction between alkyne substituted 2,6-dichloropurine 104 and diversely substituted aromatic azides 105 under click reaction conditions (Scheme 29). The reaction was found to be highly regioselective and results in the exclusive formation of 1,4-disubstituted triazole derivatives. The reaction was tolerant towards a wide range of aromatic azides substituted with EWGs as well as EDGs.




        
[image: ]


Scheme 29)


        Preparation of purine anchored 1,2,3-triazole derivatives.



        A copper-catalyzed decarboxylative approach for the preparation of 1,5-disubstituted 1,2,3-triazoles 109 has been investigated by Kumar and co-workers [45]. The reaction between various aryl azides 107 and cinnamic acids 108 in the presence of Cu(II) catalyst under aerobic condition results in the formation of the target product in very good yields (Scheme 30). The reaction was found to be highly regioselective towards 1,5-disubstituted product and showed wide substrate scope. The mechanistic study revealed that initial 1,3-dipolar cycloaddition between an azide and cinnamic acid was followed by decarboxylation to afford copper–triazoline complex which finally furnished the target product after acid- mediated protonolysis.
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Scheme 30)


        Regioselective preparation of 1,5-disubstituted 1,2,3-triazole derivatives.



        Jing et al. [46] have carried out the synthesis of a novel series of 1,2,3-triazole linked isoxazole ethers 112 in excellent yields. The authors have investigated the applicability of both conventional and non-conventional (MWI) methods on copper-catalyzed azide-alkyne cycloaddition (CuAAc) between various azides 110 and alkynes 111 (Scheme 31). In addition to this, mono- as well as di-1,2,3-triazole linked isoxazole ethers have been prepared by the reaction between various isoxazolyl alkynes and benzyl azides/neopentyl glycol respectively. It was observed in the results that under microwave conditions, reaction yields were quite high whereas reaction time was significantly reduced. Further, better yields were obtained with an increase in electron-donating ability of substituents on isoxazole substrate (-F < -Cl < -H < -Me < -OMe).
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Scheme 31)


        Microwave-assisted synthesis of isoxazole linked 1,2,3-triazole derivatives.



        Zhang and co-workers [47] have discussed a highly chemoselective approach for accessing diversely substituted N,N-di-propargylimidazolidines 116. The formation of cyclic divalent propargylamines was carried out by treatment of primary diamines 113 with formaldehyde 114 and two alkynes 115 under microwave irradiation (Scheme 32). The results showed that 1,2-diamines substituted with alkyl groups afforded the products resulted in better yields in comparison to aryl-substituted 1,2-diamines. In addition to this, the presence of EWGs on alkynes decreased the product yields. The authors showed that the reaction involves copper-catalyzed annulation/A3-coupling/A3-coupling steps to yield the final product.
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Scheme 32)


        Chemoselective synthesis of cyclic divalent propargyl amines.



        A novel one-pot approach for Cu-AlPO5 catalyzed synthesis of 1,4-disubstituted 1,2,3-triazoles 120 has been reported by Kumar et al. [48]. The catalyst was prepared by loading copper nanoparticles (CuNPs) on the surface of CuAlPO5. The reaction was carried out between benzyl bromide 117, sodium azide 118 and phenylacetylene 119 and the product was obtained in excellent yield (Scheme 33). The catalyst was found to be highly efficient and exhibited excellent recyclability (up to 5 cycles).
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Scheme 33)


        Cu-AlPO5 catalyzed synthesis of 1,4-disubstituted 1,2,3-triazoles.



        Aflak et al. [49] have carried out the efficient and selective synthesis of 1,4-disubstituted 1,2,3-triazoles 123via sustainable click reaction (Scheme 34). The reaction between various azides 121 and alkynes 122 was catalyzed by copper iodide supported on commercially available activated carbon (CuI-CC) as well as carbon produced from vegetable biomass with the help of Argan nutshells (Cu-CANS) using water as solvent. The Cu-CC and Cu-CANS catalyzed [3+2] click reaction was found to be highly regioselective and afforded the products in good to excellent yields. The catalyst showed easily recoverability and excellent reusability (up to 10 catalytic cycles).
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Scheme 34)


        Construction of 1,2,3-triazoles via click reaction in an aqueous medium.



        Gonzalez-Silva and his co-workers investigated the copper-catalyzed synthesis of mercaptopyridine anchored triazole complexes 126 and their application in azide-alkyne click reaction [50]. The novel complexes were prepared by the reaction between cupric chloride with 2-mercaptopyridine/4-mercaptopyridine triazole derivatives. The click reaction was performed between organic azides 124 and alkynes 125 in the presence of novel catalytic complex 126, resulting in the formation of target product 127 in excellent yields (Scheme 35). Furthermore, the authors demonstrated that the reaction was successful only with oxidizable alcohol. It was also observed that complex 126 exhibited better results for accessing mono-, bis-, and tris-triazoles under mild reaction conditions.
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Scheme 35)


        Azide-alkyne cycloaddition promoted by Cu-triazole complex.



        Trujillo et al. carried out a comparative analysis of green methodologies for copper-catalyzed [3+2] azide-alkyne click reaction [51]. The authors have performed the reaction using four different strategies (conventional, MWI, solvent-free and heating) and analyzed different parameters viz. reaction time, yield and purity). The reaction between diversely substituted benzyl azides 128 and terminal alkynes 129 furnished the novel fluorinated triazole derivatives 130 in excellent yields with good atom economy (Scheme 36). The study reveals that the microwave method produced the best results.
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Scheme 36)


        Green synthesis of 1,2,3-triazole derivatives.

      




      

        Six Membered and Higher Heterocyclic Synthesis




        Fan and co-workers [27] have reported the synthesis of functionalized pyrones 134via copper-catalyzed reaction between ethyl glyoxalate 131, propargyl alcohol 132 and secondary amine 133 (Scheme 37). The reaction has wide functional group tolerance with respect to various propargyl alcohols 131 which include alkyl, aryl, heteroaryl as well as alkenyl substitutions. In addition to this, various secondary amines viz. 2-methylpyrrolidine, 2-(methoxymethyl)pyrrolidine, piperidine, dibutylamine were also found suitable for the reaction. Further, it was observed that the use of chiral secondary amine ((S)-2-methylpyrrolidine) afforded the products with high enantioselectivity (ee >99%). The authors showed that 3-amino-2-pyrones 134 were formed via an opening of the initially formed furan ring followed by lactonization and isomerisation.
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Scheme 37)


        One-pot multicomponent synthesis of functionalized pyrones.



        A highly chemoselective and efficient approach for the synthesis of hexahydropyrimidine derivatives 139 has been developed by Zhang et al. [47]. The reaction was carried out between primary diamines 135, formaldehyde 136 and two terminal alkynes 137-138 under MWI conditions to furnish target products in moderate to excellent yields (Scheme 38). It was observed in the results that EDGs on the aromatic ring of alkynes were not suitable for the reaction. Further, the nature of alkynes did not show a significant effect on the efficiency of the reaction. The mechanistic study revealed the presence of initial copper-catalyzed annulations followed by double A3-coupling to afford the final product.
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Scheme 38)


        Chemoselective synthesis of hexahydropyrimidine derivatives.



        Mantovani and co-workers [52] have reported the preparation of pyridazinones 143via copper-catalyzed multicomponent reaction (Scheme 39). The reaction was carried out between aldehydes 140, hydrazines 141 and alkynylesters 142 to afford the six-membered product in moderate to excellent yields. The reaction was found to be highly regioselective with a complete absence of pyrazole derivatives. The results showed that the presence of EDGs or EWGs on aldehydes 140 or alkynyl esters 142 did not affect the reaction yield. Different hydrazines 141 were also found suitable for the reaction. However, unsubstituted/aliphatic hydrazines and alkynyl esters having alkyl group directly linked to triple bond did not furnish the target product.
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Scheme 39)


        Multicomponent strategy for the synthesis of pyridazinone derivatives.



        An unprecedented asymmetric multicomponent reaction for the synthesis of tetrahydropyridazines 147 has been investigated by Huang et al. [53]. The reaction between α-halogeno-N-benzoyl hydrazones 144, 2-methoxyfuran 145 and water 146 was catalyzed by Cu/tBu-Box complex resulted in the formation of products in moderate to very good yields (Scheme 40). The reaction exhibited high regioselectivity and excellent stereoselectivity. The reaction also showed high functional group tolerance. The mechanism involves asymmetric IEDDA followed by nucleophilic addition and ring-opening of 2-methoxyfurans.
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Scheme 40)


        Preparation of functionalized tetrahydro-pyridazine derivatives.



        Xu and co-workers [54] have reported a novel copper-catalyzed cyclization of α-aminonitrile tethered enynes 148 affording 4,5-dihydro-3H-azepines 149 (Scheme 41). The substrate α-aminonitrile tethered enynes contain an electron-deficient alkene moiety. The products were obtained in moderate to very good yields. The reaction showed good results with a wide range of substituted α-aminonitrile tethered enynes. The reaction was highly affected by the nature of the R2 group present on the substrate 148. The presence of electron-withdrawing ester substituents produced moderate yields whereas no product was observed in the case of a substrate containing nitrile group. Further, the 2-pyridyl group (R1) was also not found suitable for the reaction.
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Scheme 41)


        One-pot synthesis of 4,5-dihydro-3H-azepines.



        Sheng et al. [55] have described an efficient copper-catalyzed preparation of multisubstituted pyridines 153. The [2+2+2] reaction was carried out between diversely substituted nitriles 150 and alkynes 151 in the presence of vinyliodonium salt 152 (Scheme 42). The products were obtained in moderate to excellent yields with high regioselectivity. The mechanistic studies revealed that the reaction involves aza-butadienylium intermediate which was formed by vinyliodonium salt mediated alkenylation of nitriles.
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Scheme 42)


        Copper-catalyzed [2+2+2] modular synthesis of multi substituted pyridines.



        Yan and co-workers [56] have described a novel copper-catalyzed protocol for accessing seven-membered heterocyclic derivatives 156 in moderate to good yields. The one-pot reaction involves the treatment of amide anchored terminal alkynes 154 with aryl-substituted diazoacetates 155 under mild conditions (Scheme 43). A wide range of aryl diazoacetates has been successfully used in the reaction. It was also observed that electron-deficient and para-substituted diazoacetates produced better results. However, electron-rich and ortho-substituted diazoacetates afforded the products with diminished yields. The authors have concluded that all the products were obtained in Z-configuration exclusively.
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Scheme 43)


        One-pot synthesis of seven-membered heterocycles.



        Pawlowski et al. [57] have investigated the scope of copper-catalyzed Biginelli reaction for the synthesis of 3,4-dihydropyrimidin-2(1H)-one derivative 160 using sustainable media. The multicomponent reaction was performed between various benzaldehydes 157, ethyl acetoacetate 158 and urea 159 in the presence of N-heterocyclic carbene-copper (NHC-Cu) complex as catalyst results in the formation of target product in moderate to excellent yields (Scheme 44). Under similar conditions, thiourea afforded 3,4-dihydropyrimidin-2(1H)-thiones in very good yields. The results showed that benzaldehyde having EWGs gave better yields than benzaldehyde containing EDGs. In addition to this, p-substitution on benzaldehyde is found more suitable in comparison to o-substitutions. However, o-CF3 substitute benzaldehyde did not yield the products at all. The catalyst showed mild recyclability (up to 2 cycles).
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Scheme 44)


        Multicomponent synthesis of pyrimidine derivatives via copper-catalyzed Biginelli reaction.

      




      

        Condensed/Fused Heterocyclic Syntheses




        Donthiri et al. [58] have reported the synthesis of a series of imidazo heterocycles via C-H functionalization of various nitrogen-based heterocycles. The reaction was carried out between various pyridines 161 with vinyl azides 162 in the presence of copper iodide as catalyst under aerobic conditions (Scheme 45). The reaction was found to be highly selective and afforded the imidazo[1,2-a]pyridine derivatives 163 in moderate to very good yields. In addition to this, 2-phenylimidazo[2,1-a]isoquinolines have been successfully prepared by using isoquinoline under similar conditions. However, 2-methylpyridine and quinoline were found to be highly unfavourable substrates.
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Scheme 45)


        Copper-catalyzed synthesis of functionalized imidazolidines.



        A novel copper-promoted strategy for the preparation of 1,3-dihydro-2-benzofurans 166 has been investigated by Mahendar et al. [59]. The reaction involves the treatment of o-bromobenzyl alcohols 164 with terminal acetylenes 165 to furnish the target products in very good to excellent yields (Scheme 46). The reaction was found to be highly regioselective (anti-5-exo-dig cyclization) and stereoselective (only Z-isomer was obtained). The reaction exhibited high functional group tolerance. It was also observed in the results that only terminal aryl acetylenes were found successful in the transformation of the substrates into target products whereas terminal alkyl acetylenes did not furnish the products at all. The domino reaction involves initial copper-catalyzed sonogashira coupling followed by intramolecular oxacyclization to afford the final product.
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Scheme 46)


        Synthesis of 1,3-dihydro-2-benzofurans.



        Sun and co-workers [60] have carried out the copper-catalyzed synthesis of a new series of 1,2,3-triesterindolizines 169 from diversely substituted pyridines 167 and butynedioates 168 (Scheme 47). The reaction was found to exhibit high efficiency and good atom economy. The reaction was found to be successful with diversely substituted substrates. The authors have also shown the applicability of this reaction with m-substituted pyridines, quinolines and isoquinolines. Further, two regioisomers have been obtained in the case of m-substituted pyridines in the ratio 52:31.
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Scheme 47)


        Multicomponent synthesis of 1,2,3-triesterindolizines.



        A novel copper-catalyzed three-component strategy for the synthesis of diversely substituted isocoumarins 173 has been described by Yoo et al. [61]. The reaction was carried out between arynes 170, terminal alkynes 171 and carbon dioxide 172 to afford the target product in moderate to very good yields (Scheme 48). The authors have studied the scope of reaction with respect to diversely substituted alkynes and arynes. It was observed that alkynes having EDGs produced better results. Further, 4,5-disubstituted arynes have also furnished the products in good yields. However, electron-deficient alkynes and aliphatic terminal alkynes have resulted in the formation of products in low yields.




        
[image: ]


Scheme 48)


        NHC-Cu mediated synthesis of diversely substituted isocoumarins.



        Ghasemzadeh and co-workers [62] have described a novel and eco-friendly approach for the preparation of benzo[b] [1, 5]diazepine derivatives 177. The one-pot multi-component reaction involves the treatment of aromatic diamines 174 and Meldrum’s acid 175 with various isocyanides 176 (Scheme 49). The reaction was catalyzed by CuI-NPs and resulted in the formation of target products in excellent yields. The reaction exhibited high functional group tolerance and tert-butyl isocyanide produced the best result. In addition to this, CuI-NPs showed high stability, low loading value and excellent reusability (up to five cycles).
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Scheme 49)


        CuI-NPs promoted the synthesis of benzo[b] [1, 5]diazepines.



        A novel solvent dependent multi-component methodology for the synthesis of indolozine derivatives 181 has been investigated by Albaladejo and co-workers [63]. The multi-component reaction between diversely substituted pyridine-2-carbaldehyde 178, terminal alkynes 179 and secondary amines 180 was catalyzed by activated carbon-supported copper nanoparticles (Cu-NPs) in methylene chloride (Scheme 50). The reaction was found to be successful with a wide range of substrates and products were obtained in moderate to excellent yields. Further, it was observed in the results that the use of aliphatic alkynes and 6-substituted aldehydes showed detrimental effects on yields of the reaction. Moreover, the reaction was also applicable with quinoline-2-carbaldehyde.
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Scheme 50)


        One-pot multicomponent synthesis of indolizines.



        Jeena et al. [64] have reported the synthesis of diversely substituted quinoxaline derivatives 184 using tandem oxidative process (TOP). The reaction involves the treatment of various α-hydroxy ketones 182 with diversely substituted o-phenylene diamines 183 in the presence of copper-catalyst under MWI (Scheme 51). The products were obtained in good to excellent yields. It was observed that bulky substituents exhibited lower yields. The authors have also investigated the scope of this methodology for aliphatic diamines in which selective preparation of pyrazines and dihydropyrazines was achieved by the presence and absence of sulphur additive respectively.
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Scheme 51)


        Synthesis of diversely substituted quinoxaline derivatives using TOP.



        Jia and co-workers [65] have developed a multicomponent copper-catalyzed approach for accessing 5-phenyl- [1-3]triazolo[1,5-c]quinazolines 188 in moderate to very good yields. The domino reaction was carried out between (E)-1-bromo-2-(2-nitrovinyl)benzene 185, aromatic aldehydes 186 and sodium azide 187 (Scheme 52). The reaction was found to be successful with a wide range of functional groups viz. electron-donating, electron neutral, halogen-substituted, heteroaryl and even sterically hindered groups. The mechanistic studies revealed that reaction proceeds via consecutive [3+2] cycloaddition between (E)-1-bromo-2-(2-nitrovinyl)benzene 185 and sodium azide 187 followed by copper-catalyzed nucleophilic aromatic substitution replacing halogen with an azide group. After this, the resulting intermediate underwent copper-catalyzed denitrogenation and reduction furnished 2-(1H-1,2,3-triazol-5-yl)aniline. Finally, condensation with benzaldehyde, cyclization and oxidative dehydrogenation afforded the target product.
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Scheme 52)


        Multicomponent strategy for preparation of 5-phenyl- [1-3]triazolo[1,5-c]quinazolines.



        A novel copper-based mixed metal oxide catalyst for the synthesis of 2H-indazolo[2,1-b]phthalazine-triones 192 has been developed by Mosaddegh and co-workers [66]. The target products were obtained by the reaction between phthalazine 189, cyclohexan-1,3-dione 190 and aromatic aldehydes 191 (Scheme 53). The reaction furnished the products in a short reaction time along with excellent yields. The reaction exhibited high functional group tolerance with respect to aromatic aldehydes. Further, the catalyst showed very good reusability up to 5 cycles without any significant loss of activity.
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Scheme 53)


        Ca2CuO3/CaCu2O3/CaO nanocomposite catalyzed green synthesis of 2H-indazolo[2,1-b] phthalazine-triones.



        A novel strategy for the preparation of benzimidazo[1,2-a]quinazolines 196 has been investigated by Rai et al. [67]. The multicomponent strategy involves the reaction between 2-(2-halophenyl)benzimidazoles 193, various aromatic aldehydes 194 and sodium azide 195 using copper powder as a catalyst under aerobic conditions (Scheme 54). The reaction afforded the products from good to excellent yields. It was also observed that the reaction performed better in the case of aldehydes substituted with EDGs. The authors proposed that reaction proceeds via initial azidation of 2-(2-halophenyl)benzimidazoles and subsequent transformation into aryl amines followed by condensation with an aldehyde. The condensed intermediate underwent oxidative cyclization to yield the final product.
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Scheme 54)


        Multicomponent synthesis of benzimidazo fused quinazolines via copper-catalyzed aerobic oxidative approach.



        Rajesh et al. [68] have reported the synthesis of a recyclable and efficient copper-based nanocatalyst for accessing aminoindolizine derivatives 200. The reaction between pyridine-2-carbaldehyde 197, terminal alkynes 198 and secondary amine 199 using EG/PEG as solvent afforded the target products from very good to excellent yields (Scheme 55). The best results were obtained when piperidine was used as a base and ethylene glycol as solvent (yield 90%). The nanocatalyst was found to exhibit high reusability (up to 5 cycles). On the other hand, solvent-free conditions resulted in the formation of chalcones.
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Scheme 55)


        One-pot synthesis of indolizine derivatives using CuI/CSP nanocomposites.



        A new series of imidazo[1,2-a]pyridines 202 have been prepared in very good yields by Reddy et al. [69]. The reaction involves copper-catalyzed cyclization of N-heteroarylenaminones 201 in the presence of air as an oxidant to afford the target products (Scheme 56). The reaction was feasible with a wide range of EDGs as well as EWGs on substrates. In addition to this, steric factors did not significantly affect the overall yield of the reaction. Further, the authors have also synthesized imidazo[1,2-a]pyrimidines/pyrazines by appropriately modifying the substrates.
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Scheme 56)


        Convenient synthesis of imidazo[1,2-a]pyridines.



        Abda and co-workers [70] have prepared a series of novel fused-aziridine derivatives 205-206via Cu(I)-catalyzed 1,3-dipolar cycloaddition under MWI in moderate to good yields (Scheme 57). The reaction was carried out between asymmetric nitrone 203 and terminal alkynes 204 that resulted in the formation of fused-aziridines as a diastereomeric mixture containing two stereogenic centers. The authors have demonstrated that sterically hindered nitrones resulted in the formation of unexpected aziridines via thermal pathway instead of expected Kinugasa reaction i.e. formation of the β-lactam ring.
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Scheme 57)


        Synthesis of fused-aziridine derivatives via MWI assisted Kinugasa reaction.



        An efficient one-pot copper-catalyzed synthesis of mono- and bis-azocines has been described by Harthong et al. [71]. The treatment of doubly bridged biphenyl azepine 207 with diazoesters in the presence of catalyst furnished corresponding azocine derivatives 208-209 in very good yields (Scheme 58). In this case, products were obtained as a mixture of two regioisomers (cis- and trans- isomers) in equivalent amounts. The authors showed that enantiospecificity can be achieved by performing the reaction at 40 °C (up to 86%). These regioisomers exhibited high stability as racemisation did not occur even after prolonged heating at 208 °C. The absolute configurations were determined on the basis of ECD and VCD analyses.




        
[image: ]


Scheme 58)


        Facile synthesis of doubly bridged biphenyl azocines.



        A novel copper-catalyzed cyclization for the controlled synthesis of 3-azabicyclo[4.1.0]hepta-2,4-dienes 211 has been reported by Xu and co-workers [54]. The α-aminonitrile tethered enynes 210 containing an electron-deficient alkene moiety underwent cyclization in the presence of copper acetate and acetic acid to furnish the products in moderate to very good yields (Scheme 59). The reaction was found to be successful with a wide range of functional groups. Further, the presence of a basic group (i.e. R1 = 2-pyridyl) was found to be highly unfavourable for the reaction and produced lower yields.
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Scheme 59)


        Copper-catalyzed controlled synthesis of 3-azabicyclo[4.1.0]hepta-2,4-dienes.



        Rajesh et al. [72] have synthesized and evaluated copper-hydromagnesite (Cu-HM) based nanocatalyst for accessing pyrrolo[1,2-a]quinolines 215via A3-coupling reaction between quinoline-2-carldehyde 212, terminal aromatic alkynes 213 and secondary amines 214 (Scheme 60). The reaction was carried out in the presence of DEG as a green solvent and products were obtained in very good to excellent yields. The authors proposed that the excellent catalytic activity of the Cu-HM catalyst is attributed to the active sites of both copper (Cu2+) as well as Magnesium (Mg2+). Further, it was also shown that catalyst can be used up to 5 cycles without any considerable loss of activity.
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Scheme 60)


        Cu(II)-hydromagnesite catalyzed preparation of pyrrolo[1,2-a]quinoline derivatives.



        Nagesh and co-workers [73] have carried out a one-pot multicomponent synthesis of 1,2,3-triazole tethered benzimidazo[1,2-a]quinolines 219 and evaluated their photophysical properties. The reaction involves treatment of 2-(azidomethyl)-1 H-benzo[d]imidazole 216 with o-bromobenzaldehyde 217 and diversely substi-tuted terminal alkynes 218 using copper iodide as catalyst afforded the products in good to excellent yields (Scheme 61). It was also observed that electron-deficient alkynes showed better results. The mechanistic studies revealed that after the initial azide-alkyne click reaction, the resulting compound underwent Knoevenagel condensation with aryl-copper intermediate complex followed by Ullmann coupling to yield the final product.
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Scheme 61)


        Multicomponent synthesis of 1,2,3-triazole tethered benzimidazo[1,2-a]quinoline derivatives.



        Robust dual-metal-catalyzed synthesis of a new series of highly substituted polycyclic triazoles 223 has been described by Qureshi and co-workers [74]. The one-pot reaction involves the treatment of o-iodobenzyl azides 220 with internal and terminal alkynes 221-222 resulting in the formation of target products in moderate to excellent yields (Scheme 62). The mechanistic studies revealed that the reaction proceeds with initial copper-catalyzed click reaction followed by palladium-catalyzed fusion of internal alkynes. The methodology was successful with a wide range of substrates such as cholesterol, proteins, glucose derivatives, uracil etc.
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Scheme 62)


        Cu/Pd-catalyzed synthesis of functionalized polycyclic triazoles.



        Sarmah et al. [36] have reported the synthesis and evaluation of 1,4-diazabicyclo[2.2.2]octane derived multi-cationic surfactant (mesoporous ZSM-5) as a novel catalytic system for accessing indolizine derivatives 227. These were prepared by the reaction between pyridine-2-carbaldehyde 224, aromatic terminal alkynes 225 and secondary amines 226 using a novel catalytic system in methylene chloride (Scheme 63). The products were obtained in excellent yields. The mesoporous ZSM-5 catalyst was found to exhibit high stability and very good reusability. However, chalcones were formed as the major product under solvent-free conditions.
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Scheme 63)


        Copper-Meso-ZSM-5 promoted the synthesis of indolizine derivatives.



        A novel series of trifluoromethylated pyrrolo[1,2-a]quinolines 232via copper-catalyzed one-pot two-step alkynylation/cyclization has been described by Xu and co-workers [75]. In the first step, the reaction was performed between diversely substituted quinolines 228, terminal alkynes 229 and trifluoromethyl substituted internal alkyne 230 to furnish 1,2-dihydroquinoline derivatives 231. The intramolecular cyclization of compound 231 resulted in the formation of target product 232 in moderate to excellent yields (Scheme 64). The reaction exhibited high functional group tolerance. It was observed in the results that strong EWGs (R1 and R2) showed a negative effect on yields. Further, aliphatic terminal alkynes were also found highly unfavourable for the reaction and did not furnish the products. The authors proposed that the first step involves regioselective Michael addition of quinoline to internal alkyne at a more electrophilic centre to afford zwitterionic intermediate. This underwent reaction with CuI activated terminal alkyne and subsequent C–H alkynylation furnished compound 231. Finally, copper-mediated intramolecular cyclization, oxidation and reductive elimination afforded the target product.
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Scheme 64)


        Facile synthesis of trifluoromethylated pyrrolo[1,2-a]quinoline derivatives.



        A facile and efficient strategy for the preparation of highly substituted 4-amino-iminocoumarins 236 has been reported by Yi et al. [76]. The copper-catalyzed multicomponent reaction between 2-hydroxybenzonitriles 233, sulfinyl azides 234 and terminal alkynes 235 furnished the target compounds in moderate to excellent yields (Scheme 65). The reaction exhibited wide substrate scope ranging from aliphatic/aromatic alkynes bearing EDGs to EWGs. The authors have also prepared 4-aminoquinolines from 2-aminobenzonitriles using the same strategy.
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Scheme 65)


        An efficient one-pot protocol for the synthesis of polysubstituted 4-amino-iminocoumarins.



        Chen et al. [77] have investigated copper-catalyzed multicomponent synthesis of indolizine derivatives from quinolinium ylides. The ylides were generated in-situ by the reaction between various quinolines 237, alkenes 238 and diazo compounds 239 in the presence of triphenylphosphine under mild conditions (Scheme 66). The reaction afforded the pyrrolo[1,2-a]quinolines 240 in moderate to excellent yields. The reaction showed high functional group tolerance. Moreover, the authors have investigated other substrates such as isoquinolines and pyridines which resulted in the formation of pyrrolo[2,1-a]isoquinoline and indolizine derivatives respectively in very good yields.




        
[image: ]


Scheme 66)


        Copper mediated multicomponent synthesis of indolizine derivatives.



        Peringer and co-workers [78] have carried out the copper-catalyzed multicomponent synthesis of a new series of fused 1,2,3-triazolo-1,3,6-triazonine derivatives 244 (Scheme 67). This reaction involves the treatment of diversely substituted 2-azidobenzaldehydes 241 and 1,2-diaminobenzenes 242 with terminal alkynes 243 to furnish the products in moderate to excellent yields. The reaction was successful with various electron-rich and electron- deficient 2-azidobenzaldehydes and terminal alkynes. Further, the presence of EDGs on 1,2-diaminobenzenes furnished the products in better yields. No product was obtained with ethyl propiolate and 1-ethynylcyclohexanol. The authors proposed that the reaction involves a tandem azide-alkyne [3+2] cycloaddition and Ullmann (C-N) coupling process.
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Scheme 67)


        One-pot synthesis of fused 1,2,3-triazolo-1,3,6-triazonines.



        A novel series of 2-amino-5,10-dihydro-4H-benzo[g]chromene-3-carbonitrile derivatives 248 have been prepared by Perumal et al. [79] using copper-catalyzed multicomponent strategy. The one-pot reaction was carried out between 2-hydroxy-1,4-naphthoquinone 245, substituted aromatic aldehydes 246 and malonitrile 247 in the presence of PEG using ultrasonic irradiation (Scheme 68). The products were obtained in excellent yields. All the products were evaluated for potential anticancer activity against cervical cancer cell line (HeLa) using doxorubicin as a reference compound. Most of the compounds showed a good activity profile including four compounds with excellent anticancer potency in comparison to reference compound (IC50 - 1.27 μM–4.16 μM; doxorubicin – 21 μM). It was observed in the results that the presence of EDGs at para-position of aromatic aldehyde and bromine at ortho-/para-position exhibited high anti-cancer activity.
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Scheme 68)


        Copper triflate mediated multicomponent synthesis of novel benzo[g]chromenes.



        Shen and co-workers [80] have reported a novel non-noble metal-catalyzed protocol for the controlled synthesis of nitrogenous heterocycles. The copper-catalyzed intramolecular cyclization of azido-diynes 249 results in the formation of pyrrolo[3,4-c]quinolin-1-ones 250 (Scheme 69). The reaction was found to exhibit a wide range of functional group tolerance. The products were obtained in good to excellent yields. Further, alkyl-substituted ynamides were found to be unsuitable for the reaction. In the case of chiral substrates, products were obtained in high yields (67-83%) with excellent enantioselectivity (ee up to 98%). On the other hand, the use of gold catalyst under similar conditions afforded pyrrolo[2,3-b]indole derivatives.
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Scheme 69)


        Controllable access towards pyrrolo[3,4-c]quinolin-1-ones via copper promoted cyclization of azido-diynes.



        A facile approach for the synthesis of a new series of azepino-fused isoindolinone derivatives 253 has been investigated by Saini et al. [81]. The reaction was carried out between N-(2-bromoaryl)benzamides 251 and terminal aromatic alkynes 252 to afford the target products in moderate to excellent yields (Scheme 70). The reaction was feasible with a wide range of N-(2-bromoaryl)benzamide derivatives. Further, no products were obtained with 4-nitrophenylacetylene and 4-pyridylacetylenes. The mechanistic studies revealed that the reaction involves tandem copper-catalyzed Sonogashira coupling followed by intramolecular hydroamination and palladium-catalyzed arylation.
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Scheme 70)


        A facile synthesis of azepino-fused isoindolinones.



        Wang and co-workers [82] have described a copper-catalyzed methodology for the synthesis of indolizine derivatives 257via solvent-free aerobic decarbo-xylation. It involves a reaction between pyridine 254, alkenes 255 and methyl ketones 256 resulting in the formation of target products in moderate to excellent yields (Scheme 71). The reaction was successfully performed with diversely substituted alkenes and methyl ketones. Further, 1,2-unsubstituted, 1,3-disubstituted, 2,3-disubstituted and 1,2,3-trisubstituted indolizines were easily accessed by careful modification of pyridine substrate. In addition to this, the authors have extended the scope of the reaction with various quinolines as well as isoquinolines.
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Scheme 71)


        Solvent-free synthesis of highly functionalized indolizine derivatives.



        A facile and efficient protocol for preparing a series of ferrocene-containing indolizine derivatives 261 has been investigated by Wu et al. [83]. The one-pot multicomponent reaction involves treatment of pyridine-2-carbaldehyde 258 with ferrocene substituted alkyne 259 and secondary amines 260 using copper triflate as a catalyst which furnished the products in moderate to excellent yields (Scheme 72). The reaction was successful with differently substituted ferrocenyl acetylenes. The results showed that pyrrolidine and 2,6-diisopropylpiperidine were found as highly unfavourable amine substrates. In addition to this, aliphatic secondary amines produced the products in lower yields. The authors have also investigated the scope of the reaction with quinoline-2-carbaldehyde to afford the corresponding products in very good yields.
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Scheme 72)


        Copper-catalyzed synthesis of ferrocene-containing indolizine derivatives.



        Aquino and co-workers [84] have carried out the synthesis of novel 1,2,3-triazolo-1,3,6-triazonine derivatives 265via one-pot multi-component reaction between o-phenylenediamine 262, o-azidobenzaldehyde 263 and various aryl chalcogenyl alkynes 264 (Scheme 73). The reaction was catalyzed by copper iodide and resulted in the formation of target products in moderate to very good yields. The reaction tolerated a wide range of substituents on sulphur or selenium-containing aromatic alkynes. Further, alkynes possessing EDGs exhibited better results in comparison to those containing EWGs. In addition to this, no significant effect of a steric factor was observed on the overall yield of the reaction.
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Scheme 73)


        Copper mediated multicomponent synthesis of (arylsulfenyl/selanyl)-alkyl-1,2,3-triazolo-1,3,6-triazonines.



        A regioselective and diastereoselective protocol for synthesizing borylated 1-benzo[b]azepines has been investigated by Li et al. [85]. The reaction involves the copper-catalyzed transformation of various o-imino substituted (E/Z)-dienyl arenes 266 into target products in moderate to excellent yields (Scheme 74). The reaction has resulted in the exclusive formation of 2,3-cis-substituted 1-benzo[b]azepine derivatives 267. The presence of EDGs at the ortho-/para- position of the aromatic ring (R1) of the substrate diminished the yields of the reaction. Further, unstable borylated 1-benzo[b]azepines 267 (R2 = Chex and vinyl) were oxidized using sodium perborate and isolated as their corresponding isolable alcohols.
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Scheme 74)


        Diastereoselective and regioselective synthesis of borylated 1-benzo[b]azepines.



        Sharghi et al. [86] have described the synthesis and evaluation of a versatile and efficient nanocatalyst for accessing hybrid heterocyclic compounds. The heterogenous nanocatalyst i.e. benzimidazole-Salen copper complex on silica (BS-Cu(II)@SiO2) was utilized in the reaction between benzyl bromide 268, p-propargyloxy benzaldehyde 269 and sodium azide 270 to afford triazole derivatives 271. These intermediate hetercocyclic adducts were further condensed with o-phenylenediamine and transformed into target triazole-benzimidazole hybrids 272 (Scheme 75). The authors had also synthesized triazole-benzimidazole hybrids from epoxides/boronic acid substrate using the BS-Cu(II)@SiO2 nanocatalyst. The nanocatalyst showed excellent reusability with any noticeable loss of activity (up to seven cycles).
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Scheme 75)


        BS-Cu(II)@SiO2 mediated one-pot synthesis of triazole-benzimidazole hybrids.



        Veerabagu and co-workers [87] have reported the synthesis of a new series of 13H-dibenzo [1, 4]diazonine derivatives 275via copper-aluminosilicate (CuO/Al-KIT-6) promoted Ullmann cross-coupling reaction (Scheme 76). The reaction between o-bromocinnamaldehyde 273 and differently substituted o-phenylenediamines 274 furnished the target products in good to excellent yields. The catalyst was effectively reused for up to five cycles.
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Scheme 76)


        CuO/Al-KIT-6 promoted the synthesis of dibenzodiazonine derivatives via Ullmann cross-coupling reaction.



        A novel series of heterocycle fused naphthoquinone derivatives have been prepared via copper-catalyzed intramolecular C-O and C-C coupling reactions [88]. The reaction involves conversion of substituted 2-((2-hydroxyethyl)amino)- naphthalene-1,4-diones 276 into 3,4-dihydro-2H-naphtho[2,3-b] [1, 4]oxazine-5,10-diones 277 in moderate to very good yields (Scheme 77). The reaction exhibited high functional group tolerance. The presence of secondary and tertiary alcoholic group produced better yields in comparison to the primary alcoholic group. Under similar conditions, 2-(3-((3-iodo-1,4-dioxo-1,4-dihydronaphthalen-2yl)amino)propyl)malonates were transformed into 2,3,4,5-tetrahydro-1H-naphtho[2,3-b]azepine-6,11-diones in good yields. The authors have also investigated the anticancer activity of new products and some of them exhibited promising results.
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Scheme 77)


        Facile synthesis of 3,4-dihydro-2H-naphtho[2,3-b] [1, 4]oxazine-5,10-dione derivatives via copper-catalyzed intramolecular C-O coupling reaction.



        Zhang and co-workers [89] have reported the synthesis of indolizine derivatives 281via copper-catalyzed three-component reaction. The reaction was performed between diversely substituted pyridines 278, various acetophenones 279 and chalcone 280 under solvent-free conditions (Scheme 78). The products were obtained in moderate to excellent yields. It was observed in the results that electron-deficient acetophenones showed better results as compared to electron-rich acetophenones. The authors had also successfully carried out the reaction with differently substituted chalcone derivatives.
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Scheme 78)


        One-pot copper-catalyzed preparation of indolizine derivatives under solvent-free conditions.



        Kumar and co-workers [48] have reported the synthesis of novel copper nanoparticles supported on Cu-AlPO5 catalytic system for accessing indolizine derivatives 285 (Scheme 79). The optimized one-pot reaction between pyridine-2-carbaldehyde 282, piperidine 283 and aromatic alkyne 284 furnished the product in excellent yield along with complete selectivity. The catalyst can be used for up to 5 cycles with no significant loss of activity.
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Scheme 79)


        Cu-AlPO5 catalyzed one-pot synthesis of indolizine derivatives.



        Gan et al. [90] have investigated a copper-catalyzed multicomponent strategy for the preparation of C3-sulfenylated imidazo[1,2-a]pyridine derivatives 289. The strategy involves the reaction between various imidazo[1,2-a]]pyridines 286, carbon disulfide 287 and diversely substituted o-haloanilines 288 that resulted in the formation of products in good to excellent yields (Scheme 80). It was observed in the results that o-iodoanilines exhibited better yields in comparison to o-bromo/chloroanilines. Further, the presence of EWGs on o-haloanilines found to be more favourable for the reaction.
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Scheme 80)


        Multicomponent strategy for accessing C3-sulfenylated imidazo[1,2-a]pyridine derivatives.



        An asymmetric copper-diphosphate catalyzed protocol for the synthesis of 4-aminotetrahydro quinolines 293 has been described by Gelis et al. [91]. The reaction was performed between diversely substituted nitrones 290 and enecarbamate 291 in the presence of a chiral catalyst which afforded the products from moderate to good yields (Scheme 81). The reaction was found to exhibit high diastereoselectivity and enantioselectivity (ee up to 99%). The results also showed that ortho-substituted nitrones (R2) were not found suitable for the reaction due to steric factors. On the other hand, the presence of EWGs and weak EDGs afforded the products better yields.




        
[image: ]


Scheme 81)


        Asymmetric copper-catalyzed protocol for the synthesis of 4-aminotetrahydro quinolines.



        Larin and co-workers [92] have reported the synthesis of 5-acyl-1,4,5-trisubstituted 1,2,3-triazoles 296 using intramolecular copper-catalyzed azide-alkyne/acylation domino reaction (Scheme 82). The reaction involves the treatment of alkyne substituted carbamic chloride 294 with benzyl azide 295 in the presence of CuI/2,2’-bipyridine under mild conditions. The target products were obtained in moderate to excellent yields. The reaction was found to be highly regioselective and showed high functional group tolerance. It was also observed that reaction is highly sensitive towards electronic effects as EWGs at meta- and para- position (R1) significantly reduced the yield. Further, bulky substituents (R2) were also found to be unsuitable for the reaction. In addition to this, the presence of ortho-substituted and bulky groups on benzyl azide produced fewer yields.
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Scheme 82)


        Efficient synthesis of 5-acyl-1,4,5-trisubstituted 1,2,3-triazole derivatives.



        Popik et al. [93] have carried out diastereoselective synthesis of β-lactams via intramolecular Kinugasa reaction. The carbohydrate (diacetone-D-glucose and diethyl L-tartrate) derived chiral alkynylaldehyde substrates 297, 299 were first transformed into alkynyl nitrones (in-situ) followed by copper-catalyzed intramolecular 1,3-dipolar cycloaddition to afford β-lactam fused condensed heterocyclic adduct 298, 300 in moderate yields (Scheme 83). This reaction results in the exclusive formation of a single product with excellent stereoselectivity. In addition to this, all the products obtained have four-membered β-lactam ring with trans- configuration. The experiments also showed that the formation of seven or eight-membered rings along with β-lactam ring favours the formation of products. It was also concluded that in the absence of copper catalyst, 1,3-dipolar cycloaddition furnished isoxazoline fused heterocycles.
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Scheme 83)


        Diastereoselective synthesis of fused-β-lactams via intramolecular Kinugasa reaction.



        A facile and efficient synthesis of a new series of 1,4-benzodiazepine-5-one derivatives 302via one-pot copper-catalyzed intramolecular cyclization has been described by Chen and co-workers [94]. The reaction involves the transformation of o-nitrobenzoic acid N-allyl amides 301 using molybdenyl acetylacetonate and copper trifluoromethane sulfonate as catalysts in the presence of triphenylphosphine (Scheme 84). The products were obtained in moderate to excellent yields. The reaction exhibited high functional group tolerance. The mechanistic study revealed that process underwent via tandem annulations which involved the initial reduction of the nitro group by MoO2(acac)2–PPh3 followed by the formation of nitrene intermediate and further transformation into cyclohexanic intermediate using Cu(CF3SO3)2 catalyst. Finally, the removal of allyl hydrogen, double bond rearrangement and intramolecular cyclization resulted in the formation of final product.
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Scheme 84)


        Synthesis of 1,4-benzodiazepine-5-one derivatives via one-pot copper-catalyzed rearrangement reaction.
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R = H, 5-OMe, 6-Me, 6-OMe, 6-NO,

R? = Ph, 4-OMePh, 4-MePh, 3-MePh, 2-OMePh, 4-NO,Ph, 4-NO,Ph, 3-NO,Ph, 4-CIPh,
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(32-88%)
R! = R? = Ph, 4-MePh, 4-CFPh, 4-CIPh, 3-MePh, 3-CFPh, 3-COOE(Ph
R® = Bu, -CH,CH;CH,CN, -C(CH);0H, ~CH,CH;CH;NH(BOC), -CH,CH,CHZN(BOC),
~CH,0H, -CH, THP, -CH,GH,0H, -CH,CH,0TBS, -CH,CH,CH,0H, 3-pyridyl
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OEBPS/Images/9789815039269-C1-S56.jpg
R
\©\ Cul (0.1 eq), DMF ON )
LR R
NH O RN Vs

0, (air), 100 °C, 4-6 h

RIONORS R
d
201 202
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RZ= Ph, 4-FPh, 3-CIPh, 4-OMePh, 4-MePh
R? = Ph, 4-'BuPh, 2-thieny!





OEBPS/Images/9789815039269-C1-S13.jpg
Rl 2
1 N R
R R? CuCl,CHCl, N7\ __
2+ LWy
‘ ‘ 12h, rt 4
i R
49 50 51

Yield - 85-98%

R = Ph, Bn, Cy, 4-OMePh, 4-CIPh, 4-MePh, 3-MePh, 2-MePh, 3,5-(Me),Ph
RZ= Ph, SMe, COMe, COOMe, COOEt
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Yield - 38-93%
R = Ph, 4-MePh, 2-CIPh, 4-CIPh, 4-NO,Ph, 2,5-(OMe),Ph. 3,4,5-(OMe);Ph
R? = Ph, 4-CIPh, 2,5-(Me),Ph
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Yield - 58-85%
R' = H, 4-OMePh, 4-MePh, 4-FPh, 4-NO,Ph, 3-BrPh, 4-BrPh, 2-thienyl, 2-Naph
R? = -CH,COOEt, Ph, Bn, 2-CIPh, 2-CIBn, 3-BrBn, 4-CIBn, 4-OMeBn, 4-FBn, 2-BrBn
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Yield - 24-73%
R'=Bn, PMB, 4-FBn, 4-CIBn, -CH,Bn, -CH,CH,0Me, "Pent
R? = Pr, Bu, ‘Bu, Bn, -CHy(CH,),CH=CH,
R? = Ph, 4-MePh, 4-EtPh, 4-PentylPh, 4-BuPh, 3-MePh, 4-OMePh,
4-FPh, 3-CIPh, 4-CF3Ph, -CH,Cy, 3-thienyl
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Yield - 75-96%
R' = Ph, 2-BrPh, 4-OMePh, 4-MePh, 4-CIPh, 2,4-(Cl),Ph, 2-furyl
R? = Ph, Bn, 2-BrBn, -CH,COOEt
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R? = Cbz, Fmoc, -C=0(SBn)
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(54-83%)
R' = Ph, 2-MePh, 4-MePh, 4-OMePh, 2,4-(OMe);Ph, 4-FPh, 2-CIPh, 4-CIPh,
4-BrPh, 1-Naph, 2-Naph. 2-furyl, 2-thienyl. 3-thienyl. 2-pyridyl
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R' = Me, Cy, Ph, 4-CF3Ph, 4-MePh, 4-FPh, 4-OBnPh, 2-pyridyl, 3-pyridyl
R2 = Ph, 4-COOMePh, 4-CIPh, 4-OMePh, 2-CIPh, 2-OMePh, 3-CF4Ph, 4-CNPh, 4-FPh
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Ph, 4-CIPh, 4-BrPh, 2-CIPh, 2,44{Cl),Ph, 3:NO,Ph, 4-OMePh, 3-OMePh, 3-OHPh, 4-MePh
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R?=Me, Et, Ph
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