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    The 14th volume of Advances in Organic Synthesis presents recent exciting developments in synthetic organic chemistry. The chapters are written by authorities in the field. This volume features contributions focused on “on-water” and “in-water” synthesis strategies for heterocyclic transformations, ionic liquid based polyoxometalates as functionalized organic-inorganic hybrid materials, synthesis and bio-applications of some oxygen and sulphur containing seven membered heterocyclic compounds, applications of nitriles in the synthesis of 5-membered azaheterocycles and the role of carbon-based solid acid catalysts in organic synthesis.




    This book should prove to be a valuable resource source 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 so that they may trigger further research in the quest for new developments in the field.
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      Abstract




      Water is the most precious and essential element for the sustainability of life. It has emerged as a versatile solvent for various chemical transformations in recent times. It is a naturally abundant, cheap, non-toxic, inexhaustible, and non-flammable green solvent that possesses several unique physiochemical properties like hydrogen bonding, stays in a liquid state at a high range of temperatures, high dielectric constant, large surface tension, and heat capacity. These features make water a powerful domain for the eco-friendly and green synthesis of heterocycles via both in-water and on-water methods. Diversified heterocyclic moieties are formed in an aqueous phase through various organic reactions like multi-component reactions (MCRs), pericyclic, Wittig, Michael, Mannich, Aldol, Suzuki, Sonogashira, hydroformylation, and other organo-catalyzed reactions with high atom economy, stereo-selectivity, and sustainability. This article gives a systematic, comprehensive, and authoritative study of a range of reactions in which water is used as a solvent for the synthesis of heterocycles. This article endows an impetus to explore the synthetic and mechanistic aspects of “on” and “in” water reactions and gives insights into the divergence between on-water and in-water synthesis.
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      INTRODUCTION




      Heterocycles are highly ubiquitous molecules in organic chemistry, having gigantic applications in diverse areas like pharmaceutical, industrial, agriculture, and many more [1-3]. They are widely found in nature in nucleic acids, alkaloids, vitamins, proteins, enzymes and, plant pigments, etc. In the past century, several imperative heterocyclic core structures have been designed and synthesized by researchers having broad synthetic utility and medicinal values




      [4, 5]. These heterocyclic transformations occurred in different environmental conditions using various reagents, catalysts, additives, and solvents via different strategies like conventional heating, stirring, MW irradiation, mechanochemical grinding, sonication, and so on [6-8]. Previously, most of the methods included harsh and toxic reaction conditions like high temperature, harmful reagents and solvents, toxic-gases, waste-generation, and tedious-workup, etc. However, in the past decades, after the introduction of 12 principles of green chemistry [9, 10], researchers tend towards the new and innovative eco-benign technologies via reducing the negative impact of organic synthesis on mother-nature. The use of safe and less-toxic solvents is one of the important aspects of green chemistry. In organic chemistry, solvents play an important role either as reaction-media or by participating themselves in the reaction [11, 12]. Various chemical-industries employ most of their energy on solvent-treatment [13], which enforces our attention towards replacing the toxic and hazardous solvents with safe and eco-benign ones. Most of the organic solvents are toxic, carcinogenic, mutagenic, corrosive, have low-flash point, deplete the ozone layer and cause many more adverse effects on human beings and the environment [14, 15]. From this point of view, scientists move towards green solvents like water, supercritical carbon dioxide, ionic-liquids, and bio-solvents [16-18]. Water is a natural solvent with unique chemistry and is involved in various biological processes and synthesizes diversified stereoselective bio-molecules in the living-organisms. Water is a non-flammable, non-toxic, non-pollutant, and inexpensive solvent with special characteristics like viscosity, polarity, H-bonding ability, immiscibility, high heat-capacity that improves the yield and selectivity of products [19]. The variation in the amount of salt, surfactant, and pH value in water is possible and this special feature enhances the probability of various reactions in an aqueous medium. In 1980, Rideout and Breselow disclosed water-mediated Diels-Alder reactions [20]. After a long time, in 2005, Sharpless and co-workers evolved aqueous-mediated cycloaddition reactions in the heterogeneous mixture and they term these reactions as “on-water” reactions [21]. Afterward, a number of studies performed oxidation, pericyclic, Wittig, Michael, Mannich, Aldol, Suzuki, Sonogashira, hydroformylation reactions [22-33], using water as a solvent for sustainable and green synthesis (Fig. 1). Recently, many researchers worked on water-mediated organic synthesis to develop diversified bio-active molecules by following the principle of green chemistry [34-45].
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Fig. (1))


      Green properties of water and its applications in organic synthesis as a solvent.



      Previously, various review articles have been published on this topic, which worked as introductory for readers on water-based synthesis [46-50]. This chapter focuses on recent aqueous-mediated heterocyclic transformations in different environmental conditions using either catalyst-free synthesis or different catalysts like acid, base, metal, nanocatalyst, and so forth, covering the literature from the year 2010 to 2020.


    




    

      



      ON-WATER AND IN-WATER SYNTHESIS




      Various water-based heterocyclic transformations are carried out in different physical and environmental conditions of water named as on-water, in-water, hot-compressed water, near-critical water, subcritical and supercritical water, etc. [51-54]. Among the aforementioned types, “on-water” and “in-water” are the most popular and common terms used in research articles. Sharpless and co-workers introduced the term “on water” and is used when reactants are insoluble in water-phase and make a bi-phasic system, oil-water emulsion without using other organic co-solvent. The rate of reaction accelerates in the oil-water emulsion by hydrophobic effect and H-bonding. Another important term “in-water” is used when the reactants are completely soluble in water (Fig. 2) [21]. However, complete differentiation between both types from naked-eyes is a little difficult because various parameters like physical and kinetic factors affect the reaction mechanism. Therefore authors generally use the terms “synthesis in aqueous conditions”, “water-based” and “water-assisted” synthesis.
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Fig. (2))


      Ideal green reaction conditions.

    




    

      



      WATER-BASED HETEROCYCLIC TRANSFORMATIONS




      

        



        Organocatalyzed Reactions




        Organocatalysis, one of the most significant concerns in the world of synthetic chemistry, is a small organic catalytic system containing C, O, H, N, S, and P atoms. Organocatalysts have several unique characteristics including being inexpensive, easily available, non-toxic, simple preparation, easy handling, stable in air and water, and so on, which make them efficient for the catalysis of numerous reactions [55, 56].




        

          



          Acid-catalyzed Reactions




          Perfluorinated sulfonic acid resin known as Nafion-H has high thermal and chemical inertness, selectivity, and recyclability. It bears both hydrophilic and hydrophobic part that makes it an efficient heterogeneous acid catalyst [57]. Kidwai and companions [58] demonstrated a straightforward and efficient methodology for the synthesis of substituted 2-aminothiazoles by thiourea and phenacyl bromide using PEG: H2O (6:4) solvent and Nafion-H recyclable solid acid catalyst at 50 °C to furnish excellent yields. This synthesis is an eco-friendly approach in terms of mild conditions, high atom-economy, efficiency, and less waste-generation (Scheme 1).
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Scheme (1))


          Nafion-H promoted synthesis of 2-aminothiazoles.



          An ingenious one-pot multi-component and camphor-10-sulfonic acid (CSA) catalyzed synthesis of spiro[indoline/acenaphthylene-3,4’-pyrazolo[3,4-b]pyridine derivatives in excellent yields was reported by Balamurugan and co-workers from the condensation of aminocrotononitrile, phenylhydrazine, acenaphthylene-1,2-dione/isatin with a range of cyclic 1,3-dicarbonyl compounds such as barbituric acid, 2-thioxodihydropyrimidine-4,6 (1H,5H)-dione and cyclohexane-1,3-dione in water-media [59]. In this procedure, two new rings and five new (two C-N, two C-C and, one C-N) bonds were generated in one pot with high yields of products. To extend the area of research, the authors also demonstrated the synthesis of 3-(4-pyrazolyl)oxindoles from isatin, arylhydrazines, and 3-aminocrotonitrile using InCl3 catalyst in an aqueous medium to yield high atom-economy in short reaction time (Scheme 2).
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Scheme (2))


          CSA assisted synthesis of spirocyclic compounds.



          Chasing the curiosity for the synthesis of diversified heterocycles, Rahmati and Khalesi refluxed barbituric acid, isatin and aminoisoxazole in a one-pot using p-TsOH (para-toluenesulfonic acid) and water and procured spiro[indoline-isoxazolo[4`,3`:5,6]pyrido[2,3-d]pyrimidine]triones in moderate to good yields [60]. These synthesized derivatives contain four types of heterocycles viz. isoxazole, pyrimidinone, oxindole, and dihydropyridine that increased their pharmacological significance. The authors also investigated the efficiency of various catalysts like ZrCl4, p-TsOH, Zr(acac)2 and ZrOCl2, etc. and finally, p-TsOH gave best results in mild conditions (Scheme 3).
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Scheme (3))


          Acid catalyzed synthesis of spiro[indoline-isoxazolo[4’,3’:5,6]pyrido[2,3-d] pyrimidine] triones.



          A water-mediated SPC(Sulfonated Porous Carbon) catalyzed C=N and C-S bond formation in benzothiazole has been demonstrated by Shokrolahi and companions using 2-aminothiophenol and different aldehydes in two different conditions viz. conventional heating and MW irradiations [61]. The results of two comparative studies revealed that high yields were obtained in the presence of MWI in a short duration of time as compared to conventional heating. Simple and reliable method, facile workup, wide scope of substrate, excellent yields, inexpensive recyclable catalyst and use of small catalytic amount are additional features of this protocol (Scheme 4).
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Scheme (4))


          SPC catalyzed synthesis of benzothiazole derivatives.



          Azizi et al. suggested squaric acid as an efficient organocatalyst for the synthesis of N-arylpyrroles from the condensation of 2,5-dimethoxytetrahydrofuran with a varied range of aromatic amines and water as a green solvent at 60°C [62]. For the screening of catalytic efficiency, the authors applied different catalysts such as B(OH)3, SiCl, TCA, RuCl3.7H2O, proline, ZnI2, ZrCl4, HClO4, PTSA, CF3SO3H, HBF4, squaric acid, etc., on the model reaction of synthesis of N-arylpyrrole. However, squaric acid proved best in mild conditions. This method developed a library of N-arylpyrrole derivatives in excellent yields without using any long purification process (Scheme 5).
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Scheme (5))


          Synthesis of N-substituted pyrrole derivatives.



          Yesildag et al. demonstrated a novel, simple and one-pot multi-component synthesis of acridine sulphonamides from 4-amino-N-(diaminomethylene)benzene sulfonamide, dimedone and substituted benzaldehyde using sulfuric acid catalyst and water at room temperature to obtain moderate to good yields and screened them for the inhibition of human carbonic anhydrase isoenzyme [63]. Most of the synthesized compounds displayed moderate carbonic anhydrase inhibition (Scheme 6).
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Scheme (6))


          Acid catalyzed synthesis of acridines sulfonamide derivatives.



          Wan and co-authors synthesized a novel glucose-containing Brønsted acid catalyst and employed them for the synthesis of tetrahydrobenzo[a]xanthenes and tetrahydrobenzo[a]acridine derivatives [64]. Condensation of dimedone, different aldehydes, and 2-naphthol/β-naphthylamine in water media and glucose sulfonic acid (GSA) catalyst was performed to acquire xanthene and acridine derivatives in high yields. A simple and one-pot method, low-priced catalyst, high acidity and activity of the catalyst and avoid by-product generation are plus points of this process (Scheme 7).
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Scheme (7))


          GSA assisted synthesis oftetrahydrobenzo[a]xanthens and acridines.



          A library of 2-substituted 1,3-benzazole derivatives like benzimidazoles, benzoxazoles, and benzothiazoles was prepared using Amberlyst-15 as an economical and reusable catalyst using ultrasound in an aqueous medium by Rambabu and co-workers [65]. These heterocycles were prepared from two routes viz. in the first pathway, condensation of o-amino phenol/o-phenylenediamine/o-amino thiophenol took place with aromatic acids and in the other one, cyclocondensation of N-acyl or benzoyl derivatives yielded desired products in moderate to high efficiency.




          Evacetrapib is a synthetic drug that inhibits the CET (cholesteryl ester transfer) protein and increases dense lipoprotein cholesterol. Frederick et al. prepared a new route for Evacetrapib synthesis [66]. Substituted amine and sodium bisulfite adduct underwent hydrogenative reductive amination to combine benzazepine core with cyclohexyl subunit and formed Evacetrapib in multi-steps with high stereo-selectivity. Water played an indispensable role in the present mechanism i.e. it increased the stereo-selectivity and anti:syn ratio via repressed epimerization process. For industrial level applicability, the authors synthesized desired products in more than 1100 kg (Scheme 8).
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Scheme (8))


          Structure of Evacetrapib.



          Montmorillonite K-10 assisted, regioselective one-pot MCR of mannich bases and active methylene compounds in NH4OAc and water to furnish 5,6,7,8-tetrahydroquinolines and 2,3,6-trisubstituted pyridines in high yields was discovered by Hanashalshaha et al. [67] (Scheme 9).
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Scheme (9))


          Montmorillonite K-10 promoted synthesis of 2,3,6-trisubstituted pyridines and 5,6,7,8-tetrahydroquinolines.



          Gopi and Sarveswari developed a facile and new protocol to develop polysubstituted quinolines via Friedlander annulation without the use of any conventional heating, mechanical stirring, microwave irradiation, and any other energy expenditure [68]. The authors simply kept the reaction mixture, aminoarylketones, with a range of diketones in the presence of HCl in H2O media at room temperature for some hours and obtained the products in moderate to high yields. Here, a library of polysubstituted quinoline derivatives was prepared without use of any toxic solvent, energy expenditure and purification process with high-cost efficiency and eco-benign pathways (Scheme 10).
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Scheme (10))


          Polysubstitutedquinolines synthesis from o-aminoarylketon.



          Ali and companions demonstrated Nb2O5 as a heterogeneous reusable catalyst for the preparation of cyclic imides from carboxylic anhydrides with ammonia and different amines in a green solvent, water at 140 °C [69]. This facile and novel procedure has some remarkable features viz. recyclable catalyst, simple isolation, and purification, good yields, etc. (Scheme 11)
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Scheme (11))


          Synthesis of cyclic imides from anhydrides.



          Li et al. displayed a novel pathway for the chemoselective synthesis of substituted pyrazolines by sulfonyl hydrazines and enaminones using water medium and acetic acid promoter through multimolecular domino reactions [70]. This methodology involved inexpensive additives, green solvents, and generated three new bonds, one C=N, and two C-N bonds to produce a range of pyrazoline derivatives in excellent yields via a greener process (Scheme 12).
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Scheme (12))


          Water-acetic-acid mediated synthesis of pyrazoline derivatives.



          A water-mediated ingenious protocol for the synthesis of substituted benzothiazoles via condensation of varied aldehydes and ortho-anilinodisulfides in CO2 and Na2S·9H2O system was demonstrated by Liu et al. [71]. Here CO2·H2O worked as self-neutralizing acid, formed H2CO3 and further ionized to produce H+ ions. This eco-friendly method displayed simplicity, selectivity, good atom-economy, wide applicability, and avoid waste-generation too (Scheme 13).
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Scheme (13))


          Synthesis of 2-substituted benzothiazole derivatives.



          Bardajee et al. discovered a facile pathway for the synthesis of 2-thioxoquinazolinone from potassium thiocyanate, amine and isatoic anhydride in AcOH and water in moderate to excellent yields [72]. The impact of solvent and catalyst was also studied by authors where AcOH and water exhibited the best results and was inexpensive and less toxic as compared to previously reported methods (Scheme 14).
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Scheme (14))


          Synthesis of 2-thioxoquinazolinone using KSCN.



          The synthesis of substituted tetrahydroquinolines and quinazolinones with high efficiency by the reaction of 3,4-dihydropyran and substituted aniline, using a catalytic amount of PPA-SiO2 in water was reported by Ansari and co-workers [73]. The authors also conducted comparative studies using different cyclic ethers like DHF, DHP and catalysts such as BiBr3, InCl3, PPA, PPA-SiO2, and cation exchange resin for understanding the feasibility of reaction. Here, both cis and trans isomers were obtained, yet, in the presence of electron releasing substituents, cis-isomer was found pre-dominantly and the configuration was confirmed by 1H NMR spectra and NOESY studies (Scheme 15).
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Scheme (15))


          PPA-SiO2 catalyzed synthesis of furano and pyranotetrahydroquinolines.



          β-Cyclodextrin monosulphonic acid and water-assisted one-pot multi-component synthesis of acridine derivatives from ammonium chloride, dimedone, and a range of aromatic aldehydes with high yields was established by Madankumar et al. [74]. The present protocol is simple, having a broad range of derivatives, mild conditions, facile workup, and reusability of catalyst up to five consecutive cycles compared to previously reported methods (Scheme 16).
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Scheme (16))


          β-CDmonoulphonic acid promoted synthesis of acridine derivatives.



          Chate and companions enclosed 2-aminoethanesulfonic acid (taurine) as an efficient, green and reusable catalyst for the preparation of a library of 1,2-(dihydroquinazolin-3(4H)isonicotinamides and spirooxindole-dihydroquinazoli nones by the reaction of isatoic anhydride, substituted aniline and anhydride in water medium via one-pot multi-component reaction to afford high yields [75]. The authors also studied the impact of various solvents and catalysts on this model reaction (Scheme 17).
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Scheme (17))


          Synthesis of dihydroquinazolinones derivatives.



          Banerji and group developed an efficient, simple, and rapid method for the synthesis of oxazole by the condensation of benzil with a range of benzylamine using iodine catalyst and K2CO3 base in water to obtain high yields [76]. In order to find the optimal conditions, the authors applied various catalysts (I2, TBAI, TBAB, TBAC, KI, and PIDA), bases (K2CO3, NaHCO3, TEA, DBU and pyridine), solvents (H2O, MeCN, THF, toluene, DMF and EtOH) and oxidants (air, O2, N2 and TBHP) in the reaction and finally, catalyst I2 with K2CO3 base and H2O at 60 °C in air showed good results (Scheme 18).
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Scheme (18))


          Synthesis of polyarylatedoxazoles using iodine.



          L-ascorbic acid catalyzed the formation of substituted quinazoline in high yields via condensation of o-aminobenzamide with a wide range of carbonyl groups (aldehydes and ketones) [77]. The authors studied this reaction in various conditions i.e., different solvents, catalyst loading, and temperature. However, 20 mol% of ascorbic acid in water at 90 °C gave the best results (Scheme 19).
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Scheme (19))


          Synthesis of 2,3-dihydroquinazolin-4(1H)-one derivatives.



          Tamuli et al. demonstrated the role of naturally occurring itaconic acid in the generation of C-N bond between o-phenylene diamine and substituted acetophenone using water at room temperature and produced respective 1,5-benzodiazepines in high yields [78]. This green and efficient protocol has several advantages like metal-free synthesis, use of a high range of substrates, avoiding long purification, short reaction time, biodegradable and reusable catalyst (Scheme 20).
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Scheme (20))


          Synthesis of 1,5-benzodiazepines derivatives using itaconic acid.



          Very recently, Yang and co-workers disclosed carbon-sulfonic acid catalyzed one-pot domino synthesis of poly-substituted pyrano [4,3-b] quinoline-1,9-(5H) dione from 1,3-cyclohexanedione, aldehydes and 6-methyl-4-(arylamino)-2H-pyran-2-ones in water at 80 °C in high yields [79]. This effective heterogeneous catalyst was reusable up to six consecutive cycles without significant loss in activity. According to the reaction mechanism, the solid acid catalyst activated aldehydes and formed the condensation intermediate, followed by cyclization and produced pyranone derivatives (Scheme 21).
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Scheme (21))


          Synthesis of poly-substituted pyrano[4,3-b]quinoline-1,9-(5H)-dione derivatives.



          Recently, Zhang et al. developed an ingenious, water based route for the synthesis of disubstituted quinolines by arylamines and aldehydes using HOAc catalyst in good yields. However, phenylacetaldehyde gave comparatively low yields [80] (Scheme 22).
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Scheme (22))


          HOAc mediated synthesis of 2,3-disubstituted quinolones.

        




        

          



          Base-catalyzed Reactions




          A weak base, sodium acetate (NaOAc) and water supported cyclization of 2,2’- dihydroxybenzophenone under MW irradiations to synthesize hydroxy xanthones in excellent yields was reported by Zhang et al. [81]. The authors revealed that no significant yield of the desired product was found in the absence of MWI or in the presence of simple heating (Table 1, Entry 1).




          

            Table 1 Various water-based heterocyclic transformations using base-catalyst.




            

              

                

                  	Entry



                  	Reactant



                  	Product



                  	Reaction Conditions [Examples/ (yields %)]



                  	References

                


              



              

                

                  	1



                  	[image: ]



                  	[image: ]



                  	H2O/ NaOAC/ MW


                  [6/(94-99)]




                  	[81]

                




                

                  	2



                  	[image: ]



                  	[image: ]



                  	H2O/ piperidines/


                  70 °C [24/(55-94)]



                  	[82]

                




                

                  	3



                  	[image: ]



                  	[image: ]



                  	H2O/ NaOH or NaHS/


                  90 °C [14/(63-85)]



                  	[83]

                




                

                  	4



                  	[image: ]



                  	[image: ]



                  	H2O/ POPINO/


                  Reflux [63/(87-98)]



                  	[84]

                




                

                  	5



                  	[image: ]



                  	[image: ]



                  	H2O/ Et3N/


                  Reflux [54/(87-95)]



                  	[85]

                




                

                  	6



                  	[image: ]



                  	[image: ]



                  	H2O/ SSC/


                  80 °C [12/(72-86)]



                  	[86]

                




                

                  	7



                  	[image: ]



                  	[image: ]



                  	H2O/ NaOH/


                  100 °C [41/(60-78)]



                  	[87]

                




                

                  	8



                  	[image: ]



                  	[image: ]



                  	H2O/ NaOH/


                  90 °C [28/(91-97)]



                  	[88]

                




                

                  	9



                  	[image: ]



                  	[image: ]



                  	H2O/ K2CO3, Na2CO3/


                  MW


                  [20/(66-98)]



                  	[89]

                




                

                  	10



                  	[image: ]



                  	[image: ]



                  	H2O/ NaOH, EtOH/EtONa/


                  0-60 °C [39/(50-80)]



                  	[90]

                




                

                  	11



                  	[image: ]



                  	[image: ]



                  	H2O/ TMEDA/


                  120 °C [22/(62-89)]



                  	[91]

                




                

                  	12



                  	[image: ]
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                  	H2O/ K2CO3/
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                  [10/(62-92)]



                  	[93]

                


              

            




          




          An ingenious, multi-component, and highly regio-, chemo-, and diastereoselective synthesis of 2-azapyrrolizidine in moderate to high yields from the reaction of malononitrile, hydantoin, and benzaldehydes using piperidine in water was demonstrated by Rajarathinam and co-authors [82]. This diversity-oriented synthesis offered two contiguous stereocenters embedded pyrrolizidine alkaloid and the reaction proceeded via Knoevenagel condensation, Michael addition, and 5-exo-dig cyclization (Table 1, Entry 2).




          Ji and his companions discovered a facile and efficient route to synthesize sultam with novel core structure via intermolecular Michael addition, 8-endo-tet intramolecular epoxide ring-opening and cyclization [83]. Cyclic eight-member sultams were prepared from the cascade reaction of vinyl sulfonamide epoxides with NaOH and NaHS in the water at 90 °C with good product yields (Table 1, Entry 3).




          A library of 2-amino-4H-chromene was prepared from the condensation of malononitrile/ethyl acetoacetate, aldehydes and active methylene compounds in the presence of organocatalyst, potassium phthalimide-N-oxyl (POPINO) and solvent H2O by Dekamin et al. [84]. This one-pot three-component reaction has special features like a clean and simple process, inexpensive starting material, high yields in short reaction time and no need for tedious column-chromatography, etc. (Table 1, Entry 4).




          Das and co-workers discovered a novel “on water” approach for the synthesis of [1, 6]-naphthyridines without the use of any N-heterocyclic moiety as a substrate [85]. The combination of malononitrile, ketones and phenol/thiols in Et3N base produced a range of new functionally rich heterocycles in a single step, which contains six new bonds, three C-C, two C-N and one C-S/C-O. The authors also revealed the impact of water on the rate of acceleration and the pathway of the reaction was confirmed by DFT calculations (Table 1, Entry 5).




          Barbituric acid and 4-hydroxycoumarins are highly potent in numerous biological activities. Eskandari and group developed a combination of pharmacologically active components, barbituric acid and 4-hydroxycoumarin with aldehydes using base catalyst, silica sodium carbonate (SSC) in a green solvent, water and obtained high yields [86]. For the optimization of reaction conditions, the authors employed different catalysts such as MgSO4, AlCl3, FeCl3, In(OTf)3, Na3PO4, SSC in variation with reaction temperature and SSC led to highest yields at 80 °C (Table 1, Entry 6).




          In 2018, Chatterjee and companions demonstrated a base mediated synthesis of 2-aryl quinazolines in green medium, water from α,α,α-trihalotoluene and 2-aminobenzylamines with O2 oxidant at 100 °C [87]. This transformation proceeded through intramolecular cyclization followed by elimination, and finally oxidation via 3,4-dihydroquinazolines intermediacy. Kinetic isotopic effect (KIE) experiment showed the value of relative rate constant (kH/kD) as 6.67, which corroborated the final oxidation step as a rate determining step (RDS). The hidden properties of this method are use of cheap and easily available base, use of green solvent and oxidant and simple purification (Table 1, Entry 7).




          Swarup and coauthors discovered a facile strategy for the synthesis of 3,5-disubstituted 1,2,4-oxadiazole derivatives by amidoximes and dithioesters in NaOH at 90 °C via nucleophilic substitution, dehydration and intramolecular cyclization to produce good yields [88]. After optimization of the feasibility of the reaction, the authors concluded that the reaction proceeded slowly in organic solvents (EtOH, DMSO, DMF, MeCN, MeOH, etc.) and other bases (Na2CO3, K2CO3, TEA, DIPEA and so on) as compared to water medium and NaOH base (Table 1, Entry 8).




          De Souza and co-workers explored a versatile method for the synthesis of N-substituted-2,5-dihydro-1H-pyrroles and N-substituted-1 H-pyrroles from cis-1,4- dichloro-2-butene with aromatic and aliphatic amines using K2CO3 base and Na2SO3 or KI/I2 additives in water under microwave irradiations via oxidative aromatization [89]. This method includes high selectivity, atom-economy, ample scope of amine substituents, and mild reaction conditions (Table 1, Entry 9).




          Filimonov and companions studied the base-mediated reaction of azides with thioamides in water to prepare monocyclic and bicyclic thiadiazole-4- carbimidamides and triazole-4-car bothioamides in moderate to high yields [90]. The simple, reliable, transition-metal free, and efficient protocol has a good approach towards the synthesis of functionalized heterocycles (Table 1, Entry 10).




          A metal-free and base promoted condensation of tosyl hydrazine and β-thiolated enaminones in the aqueous medium to synthesize substituted 1,2,3-triazoles in good yields was explained by Deng et al. [91]. The authors also employed various bases and organic solvents to investigate their efficiency for the designed protocol. According to the plausible mechanism, initially, an anionic intermediate formed via deprotonation of β-thioenaminone in the presence of a base. This intermediate underwent nucleophilic addition with tosyl azide and then Regitz diazo transfer roise to another intermediate, and finally, intramolecular annulation gave desired products (Table 1, Entry 11).




          Very recently, Rankan and group described the synthesis of “on water” regioselective spirooxindole oxazolines from isocyanoacetate and isatin using DABCO base at ambient temperature through [3 + 2] cycloaddition reaction [92]. This methodology has various advantages, i.e., wide-range of functionality, mild conditions, high yields, facile process as compared to previously reported methods (Table 1, Entry 12).




          Recently, Hou et al. reported a facile and efficient strategy for the synthesis of 4-methylene-2-thiazolidinethiones in a one-pot process through in situ generation of dithiocarbamate from the reaction of primary amine, CS2 and 2,3-dibromopropene in K2CO3 base and water via condensation, S-allylation and cyclization process [93]. They noted the effect of different bases (Et3N, NaOH, KOH, K3PO4, and K2CO3) in various solvents (THF, CH3CN, DMF, EtOH, H2O) but, use of K2CO3 base and H2O showed best results at ambient temperature (Table 1, Entry 13)


        




        

          



          Other Organocatalysis Reaction




          Fused pyrano-quinolinone and chromenone derivatives have gained much attention because of their diverse biological activity. Therefore, Ghandi and co-workers developed a facile, one-pot multi-component method for the synthesis of substituted pentacyclic-fused pyrano [3, 2] chromenone or quinolinone benzosultone from the reaction of aldehyde, styrene sulfonyl chloride with coumarin and quinolinone derivatives using water as a green solvent in different reaction conditions [94]. According to the reaction mechanism, the desired product was generated via o-sulfonylation, Knoevenagel condensation, and hetero Diels-Alder reaction that confirmed this cascade reaction and cis-trans formation. The salient features of this process are clean and simple method, high efficiency, good atom-economy, diversified product, and molecular complexity, etc. (Scheme 23).
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Scheme (23))


          Synthesis of pentacyclic-fused pyrano [3, 2,c]chromenone or quinolinone benzosultone derivatives.



          Graphite oxide was found to display high efficiency in Hantzsch one-pot three component synthesis of 1,4-dihydropyridines and was reported by Mirza-Aghayan and coauthors from the reaction of methyl 3-aminocrotonate and aldehydes in water media and furnished products in moderate to good yields [95]. Reasonable catalyst, mild conditions, facile workup, and simple pathways are plus points of the present methodology (Scheme 24).
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Scheme (24))


          Synthesis of 1,4-dihydropyridinesusing GO.



          Vitamin B1 (VB1) possesses micronutrients that help in various body functions of human beings and are also used for catalysis in organic transformations. In 2015, Işık et al. discovered water-based one-pot multi-component synthesis of substituted acridinediones using aldehydes, dimedone and amines as substrates in the presence of non-hazardous VB1 catalyst [96]. The authors also checked the efficiency of other catalysts like amberlyst-15, p-dodecylbenzenesulfonic acid, and 5-(2-hydroxyethyl)-4-methyl-3-phenylthiazol-3-ium chloride etc., as compar-ed to VB1, though none of these could demonstrate better efficiency for the synthesis of acridinedione. A straightforward and efficient method, high yield, effortless purification, low-cost and eco-friendly catalyst are additional advantages of this protocol.




          Dekamin and co-authors explored phthalimide-N-oxyl salts as organocatalysts for MCR of ethyl acetoacetate, vanillin, and hydroxylamine hydrochloride in water to prepare (Z)-3-methyl-4-(arylmethylene)-isoxazole-5(4H)-one derivative at room temperature [97]. Cheap catalyst, clean-reaction, high range of substrate, and high yields make this protocol greener and environment-friendly (Scheme 25).
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Scheme (25))


          Structure of phthalimide-N-oxyl salts.



          A microwave-assisted one-pot three-component condensation of N-bromosuc cinimide, 2-amino pyridines, and acetophenones in PEG-400: water (1:2) with high yields at 300W and 80–85 °C was reported by Wagare et al. [98]. The authors revealed that the presence of an electron-withdrawing group (EWG) on starting materials increased the rate of reaction and yield of products. According to the investigation of the reaction mechanism, N-bromosuccinimide released bromine cation and this cation attached to acetophenone and formed α-bromoacetophenones. Then it underwent coupling reactions with 2-aminopyridine, and finally, cyclization furnished the desired products. This convenient and economical protocol avert the usage of lachrymatric α-haloketones, toxic reagents, and decreased reaction time as compared to previously reported methods (Scheme 26).
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Scheme (26))


          One-pot synthesis of imidazo[1,2-a]pyridine under MWI.



          Kalita and companions discovered an efficient, facile, and water-based one-pot MCR of 5-aminopyrazole, isatin, and 2,6-diaminopyrimidin- 4-one/6-aminouracil using para-toluene sulfonic acid monohydrate (PTSA.H2O) catalyst to obtain spiro (indoline-3,4’-pyrazolo[4’,3’:5,6] pyrido[2,3-d]pyrimidines) with high throughput in short reaction time [99]. All the synthesized derivatives were characterized by 1H, 13C NMR spectra, and crystal structure data. This eco-benign and mild methodology eliminated the use of a long chromatographic process, and increased substrate scope using versatile and cheap catalyst (Scheme 27).
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Scheme (27))


          p-TSA mediated synthesis of spiro (indoline-3,4’-pyrazolo[4’,3’:5,6] pyrido[2,3-d] pyrimidines).



          L-proline has been applied as an organocatalyst in various organic transformations like Aldol reaction, Michael addition reaction, Mannich reaction, etc., owing to their dual action as catalyst and ligand. Bhattacharjee et al. explained the efficiency of L-proline catalyst for the synthesis of xanthenes and chromeno [2,3-d]pyrimidine-trione derivatives in the water at ambient temperature from the reaction of aromatic aldehydes, cyclic 1,3-dione, and barbituric acid [100]. Natural, economical, and water-soluble catalyst, facile purification, good yields, and high enantioselectivity make this process eco-friendly. The authors also explained geometric parameters and molecular orbital diagram of some selected derivatives via time-dependent DFT calculations.




          Cyclodextrins (CD) are cyclic oligosaccharides having α-1,4-glycosidic bonds between the outer hydrophilic surface and central hydrophobic hole, so they easily connect with any hydrophobic molecule in water solvent like host-guest phenomenon of enzymes. Therefore, Floresta and companions reported γ-CD catalyzed stereoselective synthesis of isoxazolidine derivatives using a range of cinnamates and styrenes in the water at 100 °C via 1,3-dipolar cycloaddition [101]. Here, the catalyst is highly efficient, displayed excellent diastereomeric excess (>95%) and recyclability. The structure of synthesized derivatives was screened using 1H, 13C NMR, and cis/trans configuration revealed from 1D NOESY spectra (Scheme 28).
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Scheme (28))


          Synthesis of isoxazolidine derivatives.



          Reddy and coauthors employed β-cyclodextrin supramolecules for the catalytic synthesis of pyrimido[4,5-b]quinoline-diones from barbituric acid, aniline and substituted aldehydes in water and afforded moderate to good yields via guest-host complexion approach [102]. The mechanism displayed that, firstly, β-CD-aldehyde complex was formed, which was further combined with barbituric acid and produced enone. Then, Michael addition between enone and aniline took place and finally, cyclization furnished the desired product (Scheme 29). In addition, Tayade and group used β-CD and water for the synthesis of thioamide derivatives through one-pot MCR reaction of cyclic secondary amines, sulfur, and substituted aldehydes and obtained high yields [103]. β-CD was easily recovered and reusable in further reactions without significant loss of activity (Scheme 29).
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Scheme (29))


          Synthesis of heterocyclic derivatives using β-CD.



          Ce4+ mediated catalyst-free synthesis of 1-tetralones from cyclobutanol in water-acetonitrile solvent within 30 sec at 0 °C was reported by Fang et al. via oxidative ring-opening and cyclization reaction [104]. This facile and ingenious process gave good yields in short reaction time and was also applicable in gram-scale synthesis. These final products were found to easily undergo various transformations. The reaction proceeded through a free-radical intermediate, which was generated via a single electron transfer (SET) process controlled by CAN (Ce(NH4)2(NO3)6) (Scheme 30).
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Scheme (30))


          CAN-promoted synthesis of 1-tetalones.



          Dandia and coauthors reported an inventive protocol for the synthesis of quinazolinones through the combined effect of water (solvent) and NaCl (salting-out agent) via “ambiphilic dual activation” and “kosmotropes perturbation” which increased the space for reaction and brought reactants close together [105]. The regioselective C-N bond was generated from the reaction of benzyl alcohols and aminobenzamides using NaCl, H2O, and TBHP under MWI, to obtain high yields and also precluded the use of metal, base, and organic solvents. The authors also displayed that the presence of an electron-donating group and ortho substitution decreased the yields that were controlled by H-bonding and steric effect. The credit of the presented protocol includes simple procedure, mild conditions, and high functional group tolerance.




          A domino one-pot three-component synthesis of substituted chromeno[4,3-b]quinoline using guanidine hydrochloride organocatalyst and water as a green solvent by the condensation of dimedone, 4-aminocoumarin, and benzaldehyde has been demonstrated by Olyaei and co-workers [106]. This eco-benign synthesis provided high yields using efficient catalysts through a simple procedure and circumventing a long chromatographic process. According to the investigation of plausible mechanism, initially, aldehydes and dimedone displayed Knoevenagel condensation to form Michael acceptors and further showed Michael's reaction with 4-aminocoumarin. Finally, cyclization and dehydration provided the desired product.


        


      




      

        



        Metal Catalyzed Reactions




        Habibi and co-authors employed ZnCl2 for the regiospecific synthesis of arylaminotetrazole from sodium azide and arylcyanamides in a water medium to furnish good yields [107]. Electrical and steric factors play a crucial role in product formation. When the aryl ring of arylcyanamides was substituted with ERG, then the aryl substituent carrying nitrogen got involved in the cyclization step and formed 1-aryl-5-amino-1H-tetrazoles (A), but when EWG was present, then terminal unsubstituted nitrogen underwent cyclization process and formed 5-arylamino-1H-tetrazoles (B). The position of the halogen group at ortho position and para position favored the formation of (B) and (A), respectively, from the consequence of intramolecular hydrogen bonding at o-position. Ingenious process, good atom-economy, green-solvent, simple purification are favorable points of this methodology (Scheme 31).
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Scheme (31))


        Synthesis of arylaminotetrazoles.



        A new ruthenium-based system was found as an efficient catalyst in water for the synthesis of N-heterocycles. [RuCl2(p-cymene)]2 was synthesized by Ackermann and group and was utilized for C-H/N-O bond generation from the reaction of alkynes and N-methoxybenzamide in the presence of KO2CMes additives and furnished isoquinolones in moderate to good yields [108]. The kinetic isotope effect (KIE) revealed that carboxylate-assisted ruthenation was the rate-limiting step (Scheme 32). After successful application of [RuCl2(p-cymene)]2 as an efficient, robust, and chemoselective catalyst, Ackermann and Lygin employed them for N-substituted indole synthesis via oxidative C-H/N-H bond functionalization of anilines with alkynes in the presence of PF6 additives and water solvent [109] (Scheme 32).
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Scheme (32))


        Ruthenium-catalyzed synthesis of isoquinolone and indoles.



        Das et al. discovered an ingenious, facile and indium catalyzed synthesis of N-substituted pyrroles in high yields from 2,5-dimethoxytetrahydrofuran and nitro compounds in HCl at room temperature via Paal–Knorr reaction [110].




        Verma et al. discovered a newer, efficient, and regioselective on-water approach for the synthesis of isoquinolines and naphthyridines fused with oxazine from the reaction of amines and ortho-alkynylaldehyde using silver-catalyst at 80 °C in moderate to good yields. Here, the reaction proceeded via intermolecular imine formation followed by the intramolecular nucleophilic attack and proton transfer and finally produced 6-endo-dig cyclized fused heterocyclic products [111] (Scheme 33).
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Scheme (33))


        Silver-catalyzed synthesis of oxazine/benoxazine fused isoquinolines and naphthyridines.



        Cocaa and co-workers reported microwave assisted BiCl3 catalyzed [2 + 3] cycloaddition reaction of various nitriles with sodium azide in isopropanol/water (3:1) to synthesize 5-substituted-1H-tetrazoles in moderate to good yields [112].




        Linsenmeier and Braje introduced a facile pathway for the synthesis of dihydroquinolinone derivatives at ambient temperature from 1,4-addition of α,β-unsaturated esters with 2-aminoboronic acid in [RhOH(COD)]2, K2CO3, and TPGS-750-M surfactant. Additionally, the authors also investigated the reaction of substituted boronic acids and α,β-unsaturated esters to evaluate the scope of reaction [113] (Scheme 34).
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Scheme (34))


        Synthesis of dihydroquinolinones.



        Muthusamy and Ramkumar explained diastereoselective ‘on-water’ Rh2(OAc)4 catalyzed synthesis of spiroindolo-oxiranes and –dioxolanes from the reaction of diazo amides and various aromatic aldehydes at ambient temperature. Here, the product formation was dependent on the substitution pattern of aldehydes, i.e., in the presence of EWG, carbonyl ylide was formed and ERG’s presence commenced dipolar cycloaddition reactions [114] (Scheme 35).
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Scheme (35))


        Rhodium(II)catalyzed synthesis of spiroindolo-oxiranes and –dioxolanes.



        CuI/polystyrene-supported pyrrole-2-carbohydrazide(PSP) catalyzed water-assisted cyclization of 2-alkynylaniline derivatives using TBAB (tetrabutylammonium bromide) was disclosed by Song and companions to form indoles with high atom-economy. This heterogeneous catalyst was easily recovered and reusable up to several cycles [115].




        Pal and co-workers reported a simple, one step Au(III)-catalyzed regio- and stereoselective synthesis of benzofurooxazolo pyridines and pyridoindoles fused with oxazolo moiety from the reaction of (S) and (R)-phenylglycinol with o-alkynyl aldehydes in water at 80 °C via selective C −N bond generation at more electrophilic alkynyl carbon [116]. This methodology allowed a vast range of functionality to produce fused heterocyclic system with 6-endo-dig regioselectivity (Scheme 36).
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Scheme (36))


        Regio- and stereoselective synthesis of oxazolofused pyridoindoles and benzofurooxazolo pyridines.



        Water-mediated C−H amination/annulation of substituted isoxazoles and indoles using [Cp*RhCl2]2/AgSbF6 catalytic system with NaOAc additive at 100 °C to prepare a wide range of indoloquinoline derivatives with good atom-economy was demonstrated by Shi and Wang [117] (Scheme 37).
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Scheme (37))


        Rh(III) catalyzed synthesis of indoloquinoline derivatives.



        Wang et al. designed a domino Heck–Sonogashira reaction between substituted methacrylamide and N-propargylaniline using Pd(PPh3)4 catalyst, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) base and N2 in water to synthesize 3-(4-aminobut-2-ynyl)oxindole derivatives in excellent yields [118]. These synthesized analogs worked as precursors for the synthesis of a bio-active drug, which was applied as a neurokinin receptor antagonist and 5-HT7 receptor antagonist (Scheme 38).
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Scheme (38))


        Synthesis of 3-(4-aminobut-2ynyl)oxindole derivatives.



        Jadhav et al. reported a one-pot MCR of 2-amino pyridine, aromatic carbonyl compounds, and succinamide in AgI, I2, and water-PEG-400 solvent system under MWI to develop 2-phenylimidazo[1,2-a] quinoline and 2-phenylimidazo[1,2-a]pyridine in excellent yields [119]. Keivanloo and group introduced water-assisted one-pot MCR of propargyl alcohol, 3-substituted-2-chloroquinoxalines, and secondary amines in K2CO3, sodium dodecyl sulfate (SDS) and Pd(PPh3)2Cl2-CuI catalyst to prepare 1,4-disubstituted pyrrolo[1,2-a] quinoxalines via Sonogashira coupling/isomerization/intramolecular cyclization/base-induced aromatization [120]. Kumar and companions displayed water-based azidolysis of 1-methylspiro[indoline-3,2′-oxiran]-2-one with NaN3 and further azide-alkyne cycloaddition with phenylacetylene using CuI catalyst to form 3-hydroxy-1-alkyl-3-[(4-aryl/alkyl-1H-1,2,3-triazol-1-yl)methyl]indolin-2-ones with high regio-selectivity. Authors envisioned that water decreased the energy barrier and tend the reactant towards forwarding reaction via H-bonding [121] (Scheme 39).
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Scheme (39))


        Copper-catalyzed azide-alkyne cycloaddition reaction.



        Hybrid conjugates play an important role in diverse areas like synthetic, pharmaceutical, and industrial, etc., due to their combined and synergistic effects. From this point of view, Wadhwa and the group developed an eco-benign and novel route for the synthesis of thiadiazoloquinazolinone-coumarin hybrids using water as a green medium [122]. One pot-MCR of 1,3-dicarbonyls, 2-oxo-2H-chromene-3-carbaldehyde and 5-aryl-1,3,4-thiadiazol-2-amines in the presence of Bi(NO3)3.5H2O in aqueous media under MWI to afford good yields of hybrid heterocycles via Knoevenagel condensation, Michael addition and intramolecular cyclization. Wu and companions discovered an efficient regioselective rhodium-catalyzed synthesis of isoindolin-1-ones from N-methoxybenzamide, 2-alkynylic acetates, and NaOAc base using HOAc in water solvent at 55 °C temperature [123]. After isolation of intermediate, control experiment, and KIE studies, the authors described the plausible reaction mechanism and found that the reaction proceeded via C−H activation, allene formation, cyclization, and protonation (Scheme 40).
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Scheme (40))


        Rhodium-catalyzed synthesis of isoindolin-1-ones.



        Banerjee and co-workers designed and synthesized CuCl2 supported graphitic polymeric C3N4 (Cu@g-C3N4) and utilized them in on-water regioselective [2+3] cycloaddition of sodium azide and substituted nitroolefins/alkynes to produce NH-1,2,3-triazoles in excellent yields [124]. Cu@g-C3N4 worked as an efficient and robust catalyst with wide functional group applicability and recyclability up to ten cycles without considerable loss of catalytic activity.




        A library of substituted quinazolinones was prepared from the catalytic condensation of various benzaldehydes and o-bromobenzonitrile in the presence of CuCl2 catalyst, Cs2CO3 base, and L-proline in an aqueous medium by Liu et al. [125]. The authors also explored the versatility of this methodology by variation in the starting material like o-aminobenzamide, o-bromobenzamide, and o-aminobenzonitrile. Dihydroquinazolinones were also synthesized via the protection of N2. Liu et al. demonstrated a facile route for the synthesis of succinimide using unsupported nanoporous nickel material (NiNPore) in water from succinic anhydride and NH3·H2O with high efficiency [126]. Additionally, glutaric anhydride (GA) was also converted into glutarimide with a 71% yield using this procedure. Here, the NiNPore catalyst has good catalytic activity with reusability up to three runs.




        Bakherad and co-workers disclosed a novel and efficient route for the preparation of 1-aryl-4-(2-phenylethynyl) [1, 2, 4]triazolo[4,3-a]-quinoxalines in good yields via sonogashira coupling [127]. 2,3-dichloroquinoxaline, phenylacetylene, bromine, hydrazine hydrate, and different aldehydes were refluxed in the presence of K2CO3, Pd/C catalyst, and water at 70 °C to furnish the desired products.




        After this success, in 2018, a range of phthalazine-1,4-dione linked with 1,2,3-triazole was synthesized by Bakherad et al. and screened for in vitro antibacterial activity against P. aeruginosa, B. subtilis, and M. luteus and their in-silico molecular docking study was also revealed for their bio-activity [128]. The azide-alkyne cycloaddition reaction of aromatic azides with mono and di-substituted 2,3-dihydro-phthalazine-1,4-dione using Cu(OAc)2 catalyst, sodium ascorbate, and metformine additives in an aqueous medium at 80 °C displayed excellent yields. In vitro study results exhibited that some of the compounds showed good potency for antibacterial activity against the standard drug, tetracycline, and the bio-activity of molecules was also influenced with substitution pattern of different functional groups.




        Bakherad and groups demonstrated that PdCl2(PPh3)2 could be utilized for the synthesis of antibacterial heterocycles, 3-aryl-substituted 6-chloroimidazo[2, 1-a]phthalazines in water [129]. 1-chloro-4-propargylaminophthalazine and aryl iodides/bromides were refluxed in the presence of PdCl2(PPh3)2/CuI catalyst, sodium lauryl sulfate surfactant, and K2CO3 base in a water solvent to obtain high yields of products. The in vitro anti-microbial study against bacterial strains B. subtilis and M. luteus (gram +ve) and P. aeruginosa (gram -ve) results revealed that most of the compounds displayed promising activity as compared to reference drug penicillin in liquid dilution method (Scheme 41).
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Scheme (41))


        Synthesis of substituted 6-chloroimidazo[2, 1-a]phthalazines.



        Copper-catalyzed and water-mediated one-pot MCR of 3-(2-halophenyl)-3-oxopropane, aq. NH3 and different aldehydes in the presence of additive L-proline and base K2CO3, to develop a library of 4-quinolone derivatives in moderate to good yields, was developed by Gore et al. [130]. After various control experiments, the authors concluded that the formation of desirable products was completed via aldol condensation and intramolecular Michael addition. The authors also demonstrated the synthetic utility of synthesized products via the formation of BQCA drugs and oxolinic acid. Ir(III)-catalyzed C −H bond functionalization via annulation of diazoketones and salicylaldehydes in water was explained by Debbarma and co-workers to produce substituted chromones. This synthesis was also explored through decarboxylation using tert-butyl diazoester [131] (Scheme 42).
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Scheme (42))


        Cp*Ir(III)-catalyzed synthesis of chromones.



        Yuan et al. discovered a facile and high yielded on-water palladium-catalyzed synthesis of substituted 4-arylquinazolines from the condensation of benzonitriles and arylboronic acids using bpy(2,2’-bipyridine) ligands and TfOH additive [132]. For further exploration, the authors derivatized some of the synthesized compounds, which were found highly selective PI3Kδ inhibitors against inflammatory diseases previously. According to possible reaction mechanism, initially, arylboronic acid and palladium catalyst formed arylpalladium species, which displayed carbopalladation of a cyano group and imine protonation and generated a palladium ketamine complex, followed by intramolecular nucleophilic addition and finally aromatization gave 4-arylquinazolines (Scheme 43).
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Scheme (43))


        Synthesis of 4-arylquinazolines.

      




      

        



        Nanocatalyst Supported Reactions




        Alonso and group prepared activated carbon-supported copper nanoparticles (CuNPs/C) and utilized them for water-based Huisgen 1,3-dipolar cycloaddition of alkynes with organic halide/diazonium salt/epoxide/aniline/alkenes as precursors of sodium azide at elevated temperature and furnished 1,2,3-triazoles in high yields [133]. Versatility on substrate selection, heterogeneous reusable catalyst, excellent yields without tedious work-up expressed the eco-friendliness and sustainability of the present method.




        Agarose-supported Cu nanoparticles also displayed similar results for the synthesis of 1,2,3-triazoles and were reported by Gholinejad et al. [134]. In this method, a wide scope of substrates with excellent yields demonstrated the generality of the reaction and the catalyst was also reusable up to five consecutive cycles without significant loss of activity. Similarly, Ghosh and companions also prepared unique Amberlite resin formate immobilized Cu2O nanoparticle (Cu2O@ARF) and applied it as a robust catalyst for the synthesis of 1,2,3-triazoles using SDS as a phase transfer catalyst in water media at room temperature [135]. Simultaneously, Mogaddam and companions discovered a new magnetic nano-composite MNPs@8-AQ.CuCl2 for the catalysis of the above-mentioned protocol with SLS (sodium lauryl sulfosuccinate) and sodium ascorbate in water medium at room temperature [136]. This catalyst was highly efficient because of the production of high yields in shorter reaction time and high recyclability compared to the previous method. From the success of previous work, in 2019, Gholinejad and group introduced a new acid-activated clinochlore supported copper nanoparticles (AA-Clin@Cu) as an eco-friendly catalyst for the synthesis of 1,2,3-triazoles under mild conditions [137]. This catalyst was highly efficient, reusable, gave excellent yields, and supported a wide range of substituents for the product formation. In continuation of previous water-mediated 1,2,3-triazoles synthesis, Alonso and group explored their research using substituted epoxides/alkynes and CuNPs/C catalyst to prepare β-hydroxy-1,2,3-triazoles with high atom-economy [138]. Regio- and stereochemistry of the products were evaluated from X-ray crystallographic analyzes and NMR spectra (Scheme 44).




        Copper oxide nanocatalyst was employed by Ahmadi et al. in a one-pot three- component synthesis of 4-amino-5-pyrimidine carbonitriles in aqueous conditions from N-unsubstituted amidines, aldehydes, and malononitrile at room temperature [139]. Using water solvent, the yields of the product was significantly higher as compared to other organic solvents viz. CH2Cl2, THF, EtOH, MeCN, and so on. The remarkable features of this protocol are a facile method, easy accessibility, inexpensive, eco-benign, excellent yields in short reaction time, simple purification and recoverable catalyst etc.
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Scheme (44))


        Various nano-particle catalyzed synthesis of substituted 1,2,3-triazoles.



        High biological and pharmaceutical activities of pyrimido[4,5-b]quinolines derivatives inspired Edjlali and group to develop an eco-friendly “in water” synthetic approach [140]. For this purpose, cellulose supported Fe3O4 nano-particles were used as a heterogeneous reusable catalyst in one-pot multi-component reaction of 6-amino-1,3-dimethyluracil and dimedone with a range of aldehydes and furnished high yields of pyrimido[4,5-b]quinolines in water-media.




        An efficient, inexpensive and reusable catalyst ZnO nanoparticle promoted the synthesis of a library of dihydropyrimidinones/thiones from ethyl acetoacetate, urea/thiourea, and various aldehydes in high yields and was displayed by Hassanpoura and co-authors [141]. This heterogeneous catalyst was reusable up to three runs and the product was formed in a short reaction time without using the long-workup process. Sharma et al. discovered a novel NiFe2O4 catalyzed water-mediated one-pot three-component synthesis of pyrimidine-thiazole and screened them for the anticancer activity against different cancer cell lines MCF-7, HeLa, and A375 using erlotinib, as standard drug and also studied their interaction with different proteins via in silico molecular docking studies [142]. The reaction between various aldehydes, thiosemicarbazide, and N-(3-(2-bromo-2-(2-chloro pyrimidin-4-yl)acetyl)-2-fluorophenyl)-2,6-difluorobenzenesulfonamide, afforded regio-selective multi-functionalized pyrimidine-thiazole derivatives. The bio-activity of molecules was also validated from the results of in-silico studies and ADME analysis.




        Rostami and Shiri developed Fe3O4@SiO2-OSO3H magnetic nanocomposites, well-characterized from FT-IR, VSM, SEM, EDX, and XRD spectral analysis and their catalytic efficiency were also evaluated for the synthesis of pyrrolo [1,2-a]pyrazines. One-pot multi-component condensation of β-nitrostyrene, dialkylacetylenedicarboxylates and ethylenediamine in water using 0.06 gm of the catalyst was used to afford a high yield of products [143]. The catalyst was simply recovered from the external magnet and reused up to five consecutive cycles without significant loss in catalytic activity (Scheme 45).




        Gohain et al. discovered the “on-water” assisted synthetic route for 2,2-bis (indoly-3-yl)indoline-3-ones using two nanocomposites Au/Pd-rGO and Au–Pd-rGO and also compared their catalytic efficiency [144]. 3C-functionalized oxindoles were prepared from N–H protection-free indole using both catalysts in water and oxone at ambient temperature via oxidative homo trimerization and furnished good yields. Au–Pd-rGO produced high yields taking more time compared to Au/Pd-rGO. The key step of the reaction was in situ generation of isatin, which was more electrophilic and easily showed nucleophilic reaction with indole moiety (Scheme 46).
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Scheme (45))


        Synthesis of pyrolo[1,2-a]pyrazines using nano-catalyst.
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Scheme (46))


        Synthesis of 2,2-bis(indol-3-yl)indolin-3-ones.



        Very recently, Hemmat and companions reported the viability of CoFe2O4@SiO2@Co(III) salen complex as a heterogeneous catalyst for the preparation of quinoline derivatives in water via a coupling reaction of 2- aminobenzophenone and varied carbonyl compounds to furnish high yields with chemoselectivity [145]. This protocol has unique characteristics viz. novel catalysis, facile process, simple workup, easy catalyst recovery from the magnet and displayed insignificant loss in catalytic activity after five runs.




        Basavegowda and co-workers prepared Fe3O4-multiwalled carbon nanotubes (Fe3O4−MWCNTs) from the root extract of Astragalus membranaceus and applied it as a robust, eco-friendly and magnetically recyclable catalyst for water-mediated condensation of cinnamaldehyde, ketone and ammonium acetate at room temperature to synthesize poly-functionalized pyridines in high yields [146] (Scheme 47).
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Scheme (47))


        Synthesis of polyfunctionalizedpyridines derivatives.



        Arabpoor et al. immobilized Gly-Pro-Glu (tripeptide) on silica-encapsulated γ-Fe2O3 magnetic nanoparticles and employed them for one-pot three component synthesis of tri-substituted 1,3-thiazole using thiobenzamides, cyclic-1,3-dicarbonyls and arylglyoxals as starting materials and water as a green solvent [147]. Excellent yields, less reaction time, convenient workup, mild conditions, effortless recovery, and ten times reusability of catalyst validates the catalytic activity and efficiency of magnetic nanocatalyst (Scheme 48).




        
[image: ]


Scheme (48))


        Synthesis of trisubstituted 1,3-thiazole derivatives.

      




      

        



        Catalyst-free Reactions




        Singal and coauthors introduced an efficient and facile water-mediated synthesis of 3,4-dihydropyrimidinones in various conditions viz. heating, ultrasound, and MWI from the reaction of urea, β-dicarbonyl compounds and a range of aldehydes to afford excellent yields [148]. Here, water played a significant role via hydrogen bonding and increased the rate of reaction. The authors compared the effect of various conditions on the rate of reaction and yields and found that MWI displayed the highest yields within two minutes, whereas ultrasound and conventional heating took more time and gave comparatively low yields.




        Wide studies have been carried out over many years in the field of thioamides. An approach toward this area was developed by Boeini and group from thiobenzamides and N,N’-dibromophenytoin in water via oxidative cyclization without the use of any catalyst and toxic reagents to obtain excellent yields of 3,5-diaryl-1,2,4-thiadiazoles within 5-10 minutes and without bromination at aromatic ring [149] (Scheme 49).
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Scheme (49))


        Synthesis of 3,5-diaryl-1,2,4-thiadiazoles.



        Panda and Jain reported a facile and eco-benign synthesis for developing a range of 2-aryl benzimidazoles from the reaction of various aldehydes and o-phenylenediamines in water with high atom economy [150]. Panda et al. introduced an on-water-based synthesis of spiro-indoles from 1H-indol-2,3-dione, various range of aromatic amines and thioglycolic acid at room temperature under MW irradiation via generation of Schiff base, which was confirmed by 1H and 13C NMR spectral analysis [151]. The additional advantages of this method are the synthesis of new compounds, excellent yields in mild conditions, avoid the use of toxic reagents, removal of waste generation, and side-product formation.




        Azizi and group developed a new and rapid one-pot three-component ultrasound-assisted synthesis of dithiocarbamates in water in moderate to high yields from primary/secondary amines, unsaturated carbonyl compounds, or alkyl halides with carbon disulfide. This method has an economical and eco-benign approach because of its low-cost, high selectivity, use of ultrasound irradiations, catalyst-free, toxic reagent free synthesis [152]. Pramanik and co-authors demonstrated an “on-water” synthesis of Hantzsch dihydropyridines from readily available ammonium acetate, aldehydes, and ethyl acetoacetate in good yields with high purity along with circumventing the use of organic solvents and harsh reagents and conditions [153].




        Water mediated condensation of primary amine and substituted 1,8-naphthalic anhydride under MW irradiation to prepare substituted 1,8-naphthalimide derivatives in good yields with short reaction time via simple workup was reported by Zhang et al. [154] (Scheme 50).
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Scheme (50))


        Synthesis of N-and N-,4-substituted 1,8-napthalimides.



        For the first time, in 2013, Chandramohan and co-workers developed a novel, organic-solvent and catalyst-free synthesis of imidazo[1,2-a]pyridines from intramolecular hydroamination [155]. In water medium, substituted N-(prop-2-yn-1-yl)pyridin-2-amines got transformed in corresponding imidazo[1,2-a]pyridines in argon environment via 5-exo-dig cyclization and 1,3-prototropic shift. Despite this, the use of thiazole substrate did not give positive results and was decomposed during the reaction (Scheme 51).
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Scheme (51))


        Synthesis of imidazo[1,2-a]pyridines.



        In 1981, Breslow and companions explained the Diels−Alder cycloaddition reaction of cyclopentadiene and dienophiles in the presence of water and also evaluated endo: exo ratios of products [156]. After that, Butler et al. studied the Huisgen cycloaddition reaction of phthalazinium-2-dicyanomethanide with various electron-poor and electron rich dipolarophiles like substituted styrene, vinyl ketones and alkyl acrylates in both “in water” and “on-water” conditions [157]. Here, the authors displayed the switching and the border of “in water” and “on-water” reaction in reference to Huisgen cycloaddition and revealed that this phenomenon was controlled by solubility, H-bonding and hydrophobic character of reaction mixture. When hydrophobic characters are reduced, the reaction moved from “in-water” to “on-water” and sometimes got reversed. Generally, “in-water” reaction gave a high endo/exo ratio as compared to “on-water” and displayed endo-effect. The stereochemistry of isomers was demonstrated from NMR, NOE difference spectra (NOEDS), DEPT, and COSY (Scheme 52).
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Scheme (52))


        Water-based Huisgen cycloaddition reactions.



        Yang et al. demonstrated a novel and simple catalyst-free strategy for the synthesis of a library of 1,4- dihydropyridines from the stirring of sealed vessels, charged with nitrogen and filled with aldehydes and β-keto esters, ammonium salts (NH4)2CO3 and water steam at 70-75 °C to produce excellent yields via Hantzsch reaction [158]. Using different ammonium salts, the authors revealed the importance of buffered pH of the medium. Operation simplicity, cost-efficient, facile workup, high reusability of the solvent system are remarkable features of this protocol. Akbaslar and companions introduced an eco-friendly, catalyst-free, water-mediated Paal Knorr pyrrole synthesis using hexa-2,5-dione and a primary amine, and achieved excellent yields of N-substituted 2,5-dimethyl pyrrole [159]. Through variations in the substrate, the authors found that aliphatic amines gave more yields as compared to aromatic amines.




        Ma et al. presented a one-pot three-component cascade reaction to develop a range of fused polycyclic 1,4-dihydropyridine compounds using 1,3-cyclohexanedione, heterocyclic ketene aminals, and salicylaldehyde as substrates with water as a green solvent and found moderate to good yields [160]. According to reaction mechanism initially, Knoevenagel condensation between 1,3-cyclohexanedione and salicylaldehyde took place and formed an intermediate, which reacted with ketene aminals via aza-ene reaction followed by fast imine-enamine tautomerization, which resulted in the formation of a new intermediate. Furthermore, the intermediate displayed N-cyclization, and finally, dehydration furnished the desired product (Scheme 53).
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Scheme (53))


        Synthesis of polycyclic 1,4-dihydropyridine derivatives.



        A library of 3-arylsulfinylindoles was prepared under ambient conditions from substituted indoles and arylsulfinic acid in water via electrophilic sulfenylation in good to excellent yields by Miao and companions [161]. According to the investigation, it was found that the reaction proceeded via sulfinyl cation. Facile process, mild conditions, high functionality, avert the use of toxic additives and solvents are plus points of the present protocol. Shen and co-authors reported an efficient water-mediated one-pot three-component synthesis of isoindolin-1-imine by the reaction of active methylene compounds, amine and 2-cyanobenzaldehyde at room temperature with high atom economy [162]. Here, 5,5- dimethylcyclohexane-1,3-dione, Meldrum’s acid, 1,3-cyclohexanedione and 1,3-dimethylbarbituric acid were used as active methylene compounds, which displayed the versatility of this method and excellent yields were obtained using a simple purification process (Scheme 54).
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Scheme (54))


        Synthesis of isoindole-1-imine derivatives.



        Bozdoğan et al. demonstrated a facile and economical synthesis of n-alkyl and n-aryl succinimides from the stirring of succinic acid and primary amines in the water at 100 °C [163]. The authors also studied the effect of different solvents on the rate of reaction; hence water proved best under model conditions. The superior characteristics of the present method are simple process, catalyst-free, ample substrate scope, eco-friendly, excellent yields, and effortless work-up as compared to previous researches.




        Zhu and companions demonstrated an efficient “in water” synthesis of quinazolinones by anthranilamides and 1,1-dichloro-2-nitroethene at 80 °C [164]. According to the investigation of the reaction mechanism, anthranilamides displayed double nucleophilic substitution reaction to 1,1-dichloro-2-nitroethene with the removal of HCl and further isomerized to produce the desired final product. High functionalities, good yields, and simple purification are additional merits of this methodology.




        Singla et al. reported an eco-friendly MW-assisted synthesis of substituted thiazolidin-4-ones by the reaction of dimethylacetylenedicarboxylate (DMAD) and diverse thiosemicarbazone in water to produce adequate to good yields [165]. The authors also proceeded with this synthesis in thermal heating and found low yields in high reaction time as compared to MW process.




        The synthesis of 4-phenyl-4H-pyrans, spirochromenes, and dihydropyrano[3,2-c]chromenes in good yields from the reaction of malononitrile, aromatic aldehydes and 4-hydroxy coumarin/cyclic 1,3-dione in PEG-600:H2O solvent system was explained by Survase and companions [166]. The authors studied the impact of different solvents like toluene, DMF, EtOH, ethylene glycol, glycerol, PEG-600:H2O etc., on the rate of reaction and yields, however, PEG-600:H2O displayed the best results. This one-pot MCR has simplicity, clean reaction, recyclability of reaction media, and produced the products in moderate to excellent yields (Scheme 55).
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Scheme (55))


        Synthesis of 4H-pyran derivatives under catalyst-free conditions.



        Further, Survase et al. reported a facile one-pot water-based synthesis of two different moieties, first, pyrano[2,3-c]pyrazole by aldehydes, malononitrile, ethyl acetoacetate and hydrazine hydrate and another, pyrimido[1,2-a]benzimidazole synthesized from the reaction aldehydes, malononitrile and benzimidazole in PEG-400:water solvent system to obtain high yields [167]. The solvent system was easily recovered and reused after three runs, and the products obtained were purified using easy crystallization techniques without the use of column chromatography.




        Hajra and co-authors displayed on-water regio- and stereospecific synthesis of unsymmetrical bisindoles via ring-opening reaction of spiro aziridineoxindoles and indoles with excellent yields and high enantioselectivity [168]. Here, the authors gave detailed information of the molecular mechanism and H-bonding of different solvents, which activated the substrate in the reaction medium and accelerated the rate of reaction. Other solvents did not give promising results for the enantiopure synthesis of bisindoles (Scheme 56).
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Scheme (56))


        Synthesis of unsymmetrical 3,3’-bisindoles with high enantioselectivity.



        A novel, catalyst-free, and green-solvent mediated pseudo-six component one-pot synthesis of diversified pyrimidines from barbituric acid, aldehydes and anilines with various functionalities via simple stirring at room temperature was developed by Brahmachari et al. [169]. In this protocol, the authors prepared fifty derivatives of pyrimidines and generated six new bonds, i.e., four C-C bonds and two C-N bonds including σ and π-bonds. For the validation of the reaction mechanism, intermediate enamine and chalcone were isolated and characterized. Simple procedure, low-cost substrate, high yields, gram-scale synthesis, simple purification, low E-factor, and high atom-economy made this protocol green and eco-friendly.




        Recently, indeno-fused furan core has gained much interest owing to their immense bio-applications in various diseases. Considering their potential in diverse areas, Khoeiniha and co-authors disclosed the synthetic route for furo[2,3-d]pyrimidines and 4H-indeno[1,2-b]furan-4-ones from the reaction of phenylglyoxal monohydrate, 1,3-indandione/barbituric acid and 2-aminopyridines using water and obtained the products in high yields [170]. According to the investigation of probable mechanism, initially, aldol condensation of 1,3-indandione, phenylglyoxal monohydrate produced an intermediate which underwent Michael addition and provided another intermediate followed by intramolecular cyclization and finally, dehydration furnished desired product. This simple procedure produced high yields in a short span of time, avoiding long and tiresome purification methods (Scheme 57).
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Scheme (57))


        Synthesis of 4H-indeno[1,2-b]furan-4-one and furo[2,3-d]pyrimidine derivatives.



        Zeng and companions demonstrated “on-water” one-pot four-component synthesis of pyrazolo [3,4-b] pyridinones and screened their activity against the influenza virus (H5N1 pseudovirus) [171]. The condensation of substituted benzoyl acetonitriles, various benzaldehydes, hydrazine hydrate/1-phenyl hydrazine, 5,5-dimethylcyclohexane-1,3-dione/Meldrum acid using PEG-2000/ H2O as a reaction medium took place to furnish the products in moderate to high yields. The presence of EWG on benzaldehydes and benzoyl acetonitriles increased the yield of products and hydrazine hydrate also gave better results compared to phenylhydrazine. Here, the authors displayed the importance of the PEG/H2O system in mechanistic ways i.e. at high temperature, water could be ionized and generated more H+ ions which penetrated between two immiscible layers and PEG helped them via increasing the number of collisions in the reaction. The superior characteristics of this methodology are the novel process, formation of five new bonds and two new rings, reaction-medium was recyclable and reusable up to five times, etc.




        Mohammadi and Shaterian introduced visible light assisted one-pot multi-component synthesis of chromeno [4,3,2-de] [1, 6]naphthyridines by malono-nitrile, 2’-dihydroxyacetophenones with a range of aldehydes in water to obtain excellent yields [172]. Other organic solvents like EtOH, DCM, THF, CH3CN, CH2Cl2 did not give satisfactory yields compared to H2O. The reaction proceeded via photochemical activation of malononitrile-benzaldehyde conjugate, radical generation, tautomerization, and intramolecular cyclization. Facile and economical process, effortless work-up, cost-effectiveness, greener conditions and good purity made this protocol sustainable and eco-benign (Scheme 58).
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Scheme (58))


        Synthesis of chromeno [4,3,2-de] [1, 6]naphthyridine derivatives.



        The synthesis of disubstituted 5-aminopyrimidines in high yields by the reaction of vinyl azides and urea/thiourea using water and microwave irradiation was presented by Dehbi and group [173]. Clean and simple procedure, inexpensive, high conversion, good functional group tolerance, avoids the use of column-chromatography, and less reaction time are the advantages of this method. Jagadale and coworkers developed a novel and simple protocol for the synthesis of piperidinols from Mannich base and primary amine using water and also screened them for anthelmintic activity against Indian earthworm Pheretima posthuma [174]. The in-vitro studies showed that most of the synthesized compounds showed high anthelmintic activity against reference drug albendazole (Scheme 59).
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Scheme (59))


        Synthesis of piperidinols.



        A reliable, ingenious one-pot MW assisted synthesis of benzo[d]imidazo[2,1-b] thiazoles from the reaction of NBS (N-bromosuccinimide), 5(biphenyl-4-yl)-1, 3,4-thiadiazol-2-amine and a range of ketones in the presence of PEG-400 and water at 80–85 °C with high atom-economy was demonstrated by Wagare et al. [175]. PEG-400 and water behaved as high efficient solvents in contrast to other organic solvents (Scheme 60).
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Scheme (60))


        Synthesis of substituted imidazo[2,1-b] [1, 3, 4]thiadiazole.



        Saini and co-authors reported a catalyst-free and base-supported one-pot multi-component synthesis of benzothiazolylidene-benzamides by acrylates, aroylisothiocyanates, and ortho-iodoanilines in a water reaction medium with good yields and high regioselectivity [176]. Here, the mechanism showed that initially, urea intermediate was formed, then intramolecular nucleophilic reaction occurred with iodobenzene, and finally, SNAr reaction led to the formation of products. To increase the scope of the present methodology, benzo[d]thiazolyl was produced using benzoyl isothiocyanate and 2-iodoaniline via initial amidation and further aromatic nucleophilic substitution at ambient conditions (Scheme 61).
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Scheme (61))


        Synthesis of benzothiazolylidene derivatives.



        In 2019, Ghadiri and coauthors reported one-pot three-component reaction of substituted barbituric acid, N-alkyl-1-(methylthio)-2-nitroethenamine and isatin in water to produce spiro[indoline-3,5′-pyrano[2,3-d]pyrimidine] in good yields via a combination of Knoevenagel condensation, Michael addition, and o-cyclization process [177].




        Vesamicol, its analogs, and β-blockers have high biological potential and have attracted active researchers towards this area. Therefore, Agarwal and group developed a convenient, eco-friendly chemo-selective protocol for the synthesis of Vesamicol analogs from different epoxides viz. cyclohexene oxide/1,4-dihydro-2,3-epoxynaphthalene/styrene oxide/1,2-epoxy-3-phenoxypropane with 4-phenyl piperidine in the water at room temperature in excellent yields [178]. Here, water worked as a key component that displayed dual behavior, as a catalyst and a solvent. This approach eluded the use of toxic reagents and catalysts, removed chemical waste generation with high selectivity of products, 100% atom economy and also applied gram scale synthesis, which made this approach green and sustainable.




        Wang and companions reported a simple, metal-free, and water-mediated P-S coupling reaction of N-(aryl/alkylthio)succinimide with H-phosphonate esters/ diarylphosphines and H-phosphine oxides at 40 °C in excellent yields [179]. This reaction was also carried out in the presence of varied catalysts like CuI, Cu(OAc)2, Ni(COD)2 with different bases, t-BuOK, Na, K2CO3, Cs2CO3, K3PO4, Et3N, etc. and considerable yields were not obtained in the presence of catalyst and base. The reaction mechanism most likely involved free radical reactions and nucleophilic substitution. Moreover, this method has wide functional group tolerance, catalyst-free green synthesis and capable for gram-scale synthesis (Scheme 62).
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Scheme (62))


        Synthesis of thiophoshinates, thiophosphates, and thiophosphinites.



        Disadee and companions investigated a water-mediated, one-pot, catalyst-free cascade annulation of 2-pyrenes for producing a chiral center bearing bicyclic 2- pyridines [180]. This process involved the combination of various transformations such as N-Boc deprotection, cyclic enamine generation, isomerization, esterification, and lactamization to produce peptidomimetic core comprised bicyclic 2-pyridines. After applying diverse substituents, two different conditions were revealed and the authors found some selectivity in decarboxylation and esterification reaction profile. Here, α-carbon of the amino acid displayed retention of chirality. This method removed the use of acidic, basic and metallic reagents, and special arrangements as compared to previous methods (Scheme 63).
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Scheme (63))


        Synthesis of bicyclic 2-pyridones with retention of chirality.



        Recently, Isomura et al. discovered Chennat-type synthesis of 4-aryl-1,4-dihydropyridine-3,5-dicarboxylic acid dimethyl esters in water medium from the reaction of aldehydes, amine, and methyl propiolate and furnished the products in moderate to good yields [181]. The mechanistic study displayed the role of hydrogen-bonding network, which increased the rate of –OH elimination to obtain intermediate, which provided the final product.
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