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    The 17th 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 multicomponent synthesis of heterocycles by microwave irradiation, stereoselective procedures for the synthesis of olefins, advanced microwave-assisted organic synthetic method in organic chemistry, synthesis of five and six-membered N-heterocycle rings from diaminomaleonitrile, current and future perspectives of peptidomimetics on HIV protease inhibitors, and methods to synthesize benzothiazines and their derivatives.




    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 trigger further research in the quest for new developments in the field.
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      Abstract




      The multicomponent reactions (MCRs) are vital for producing structurally varied molecular objects. Multicomponent reactions (MCRs) contain three or more synthetic stages and are carried out without isolation of any intermediate, thus requiring mild reaction conditions. They are eco-friendly and cost-effective, have a short reaction time, produce higher yields, and require raw materials. The use of microwave irradiation in green organic synthesis sustains some of the aims of “green and sustainable chemistry.” It offers several benefits over the conventional approach in reducing time, reaction rates, selectivity, product yields, etc. Consequently, the preparation of various heterocycles using a one-pot multicomponent method combined with the application of microwave irradiation is one of the best areas amongst synthetic chemistry. The present study illustrates an overview of recent progress on microwave-irradiated, one-pot multicomponent synthesis of heterocycles.
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      INTRODUCTION




      The proper utility of time is undoubtedly applicable for chemical science principally in organic synthetic transformations, as much as in other areas of life [1]. Customarily, to optimize an existing or establish a novel synthetic route for sustainability consideration, product purity, and yield, many time-consuming and trial-error experiments are required [2, 3]. Any evolved method that conserves time would enable chemists to administer new processes and make theories faster, and there will be additional time to promote scientific innovation. Hence this gives rise to the need for the application of microwave chemistry [4]. It serves the potential of being a rapid synthetic technique.




      Nowadays, researchers in both industries and academia face the challenges of developing environmentally benign protocols to design new molecules [5]. Waste prevention, safe solvent, energy efficiency, and atom economy are among the 12 green chemistry principles related to synthetic chemistry [6-8]. The microwave energy utilization is beneficial in terms of depreciated energy needed for reactions, selective heating, and adjustability with green or non-toxic solvents (e.g., water, ethanol, etc.) [9]. The microwave tool gets amalgamated with the above-mentioned green chemistry principles to make it attractive to organic synthesis [10].


    




    

      Microwave Chemistry




      

        Origin




        Previously, the robust interactivity of microwave irradiation by materials was inadvertently uncovered in 1945 by Percy LeBaron Spencer [11]. He noticed a candy bar that melted in his pocket; this happened while working on microwaves' radar application [12]. The first commercial microwave oven was developed at the Raytheon Company in 1952 by Spencer and other co-workers. In the 1960s, microwave irradiation was used as a temperature jumper, but its application in chemistry was reported in the 1970s in the decomposition of ethers, alcohols, and ketones [6]. In 1986, great attention was given to reactions conducted under microwaves after perceiving the accelerated rates in microwave ovens [6-8]. Eventually, the microwave tool has converted into an asset in synthetic chemistry [13]. However, few areas in organic chemistry have not employed microwave technology to improve various chemical reactions [14]. Microwave procedure has also been exploited as an influential tool in other areas of synthetic chemistry, like catalysis [15, 16], green chemistry [17], polymer chemistry [18], combinational and medicinal chemistry [18-20], heterocyclic chemistry [21], nanotechnology [22], material sciences [23], and peptide synthesis [24]. This section discusses the principles of microwave irradiation (microwave effects and dielectric heating), compares it to classical methods, and reviews the merits and limitations of using a microwave tool. Additionally, we have exploited the microwave technology to obtain the desired selectivity and showcase microwave-enhanced organic reactions.


      




      

        Microwave Devices




        Formerly organic syntheses using microwave irradiation reported in the late 1990s were carried out using domestic microwave ovens. A domestic microwave oven uses pulsed irradiation (on-off cycles of the magnetron), in which monitoring and controlling temperature and pressure (safety issues) are quite difficult. Now, the industrial microwave reactors are equipped with a built-in magnetic stirrer as well as temperature monitors (fiber optic probes or IR sensors) and pressure controls. In most cases, temperature and pressure can be operated by software that controls the reactor’s power input. Currently, there are two different design approaches to microwave reactors; multimode (Fig. 1a) and monomode reactors (Fig. 1b). In a multimode microwave (as in household microwave ovens), the microwaves enter the cavity and are reflected by the walls. The microwaves are uniformly distributed throughout a large volume using a mode stirrer. In a monomode reactor, which has a much smaller cavity, the electromagnetic irradiation is focused straight into the reaction vessel. The microwaves are generated as standing waves on account of the geometry and the location of the cavity from the radiation source. Each microwave instrument has its own advantages and drawbacks. The multimode microwave unit can accommodate any size of glassware (sometimes a few at a time), but reaction productivity decreases because the irradiation is spread “all over” the microwave. In the monomode microwave, the irradiation is focused on one small vessel, hence more efficient. Microwave reactions can be carried out in sealed vessels under pressure (sealed vessel mode) or unsealed vessels at atmospheric pressure (open vessel mode). An open vessel reactor often is sealed with a cap to maintain an inert atmosphere. Modern monomode reactors are designed for straightforward monitoring of closed vessel reactions.
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Fig. (1))


        The MWI devices (a) the monomode reactor MW (b) the multimode reactor MW.

      




      

        Microwave Heating Mechanism




        The microwave technique is built on the adequate dielectric heating of matter, based on the material's capability to engross, and translate the microwave power into heat [24-26]. The microwave heating only allows heating, which does not include thermal conduction [27]. The microwave photon has 1.0 x10-5 eV energy and a frequency of 2.45 GHz, which does not suffice to cleave any chemical bonds [28-30]. Like photochemical processes, microwave-assisted chemistry depends on efficient heating of samples via direct absorption of electromagnetic radiation at high energy [31, 32]. The heat generated in the sample on exposure to microwave results from the increase in temperature via dielectric heating caused by two mechanisms such as dipolar polarization mechanism and ionic conduction mechanism (Fig. 2). The sample or reaction mixture’s irradiation under microwave forms dipoles (Fig. 2a) or ions (Fig. 2b) aligned in the electrical field based on sample or reaction mediums’ polarity [33].
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Fig. (2))


        The heating mechanisms under MWI, (a) dipolar polarization, and (b) ionic conduction mechanism.

      




      

        Dipolar Polarization Mechanism




        The oscillating electric field produced by the applied electric field under the MW irradiation renders dipoles to continuously realign themselves [34, 35]. The factors, like orientation and disorientation time scales, compared to the irradiation frequency, dielectric loss, and quantity of heat generated due to molecular friction influence this phenomenon [36-38]. If dipoles' alignment with the electric field consumes more time, it signifies that the field's frequency is more than dipoles' response time. Hence, a longer time is required to change the electric field's direction than the dipoles' response time. In such a case, no heating occurs [39-43]. If rotating molecules have electric dipoles, their orientation occasionally varies due to microwaves' electric field interaction and, the negative and positive ends will change figure.
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Fig. (3))


        The molecules' dipole interacting with the electric field of the radiation in the microwave.



        For the molecule in position 1 (Fig. 3), the electric field pushes the positive end down and the negative up, making the molecule rotates. When it switches to position 5, the radiation also shifts lengthwise to its subsequent cycle. During the state mentioned above, the interaction force still lets the molecule rotates quickly. If molecular rotation and microwave frequencies become equal, the molecule is pushed to higher rotational energy owing to the electric field and molecular dipole interaction [44, 45]. Therefore, this excess energy of the polar molecules originates heat [42-47].




        The majority of molecules rotate at 2.45 GHz frequency in liquid as a reaction medium [48]. On such frequency, the rotation of molecules causes a delay in the electric field oscillations while generating resistive heating in the reaction medium [49]. This amount of microwave energy causes dissipation to the sample as degenerated heat is defined as dielectric loss [48-50]. Two factors, such as dielectric constant (ɛ') and dielectric loss (ɛ”), describe the dielectric properties of a substance. The aforementioned dielectric properties explain the electric field's polarisation capability and represent the electromagnetic radiation’s productivity, which converts to heat [47-52].




        The proportion of the dielectric loss (ɛ') and dielectric constant (ɛ”) indicates the dielectric loss tangent (tan δ = ɛ'/ ɛ”) and dissipation factor (δ). The loss tangent factor contributes to the substance's ability to translate the electromagnetic energy to heat at a specific temperature and frequency [53, 54]. The reaction medium with a high tan δ value will interact more with microwaves and generate rapid heating [55]. Thus, reaction mediums with large dielectric constant such as dimethylformamide, methanol, and water are heated quickly under microwave irradiation while solvents with less dielectric constant like benzene, hexane fail to couple with the microwave irradiation; hence no heat will generate [56].


      




      

        Ionic Conduction Mechanism




        In the ionic conduction mechanism, the ions present in the solution move under the electrical field's influence. Under the influence of microwave irradiation, the charged particles oscillate back and forth during collisions with neighbouring molecules [57]. The collision rate changes the kinetic energy into heat that provides the outflow of energy. For example, suppose two samples containing tap water and distilled water are heated for an equal time under similar microwave irradiation parameters; the former acquires a higher final temperature. It is noteworthy concerning heat generation capacity that the ionic conduction mechanism serves as a strong heating mechanism than dipole polarisation [51-57].


      




      

        Microwave Effects




        The swift reactions witnessed for microwave irradiation are considered driven by the contribution of reaction-medium effects, specific microwave effects, superheating, and thermal effects.


      




      

        Reaction-medium Effects




        The effects produced due to the nature of the reaction medium cannot be neglected. The medium or solvent effect is one of the primary properties to be conceded in microwave-induced reactions [58]. The reaction media or reactants polarity differences can generate different results for the reaction achieved under microwave irradiation [59]. If polar aprotic or protic solvents are employed, for instance, ethanol, water, dimethylformamide, etc., they interact with the microwave irradiations. Consequently, more heat is transferred from polar molecules to the reaction mixture and is accompanied by microwave specific effects [60]. Non-polar solvents, on the other hand, show no direct interaction with the microwave irradiation; hence no heat gets generated. It implies, characteristically microwaves tend to interact solely with polar reactants/reagents and cause quick, intense heating [2, 58-60].


      




      

        Specific Microwave Effects




        The enhancement in reactivity and selectivity of reactions observed under microwave irradiation is supposed to be associated with specific microwave effects [61]. These effects can be explained based on the Arrhenius equation:




        

          

            	

              k = Ae –ΔG*/RT,


            

          


        




        and such effects emanate from the variations in each term of the equation [62]. When the pre-exponential factor (A'), which signifies the possibility of molecular effects, increases, the collision productivity could be improved by the shared alignment of polar molecules associated with the reactant mixture. As this component differs with atoms' vibration frequency, it can be hypothesized that the microwave generated field can alter this factor [63]. The decrease in activation energy ΔG* contributes towards the microwave effect in a significant way. The accelerated imidisation reactions illustrate the same. While considering the contribution of entropy ΔS* and enthalpy ΔH* to the activation energy in equation ΔG* = ΔH* - TΔS*, it is anticipated that the magnitude of –TΔS* term would rise in MW enhanced reactions [64].


      




      

        Thermal Effects




        Thermal effects stem from the many features of microwave dielectric heating. Microwave heating exercises some molecules (solids or liquids) ability to convert electromagnetic energy to heat [65]. Energy transmission happens due to dielectric losses and the magnitude of heating depends on the molecules' dielectric properties [65].




        The thermal effects in microwave-assisted organic synthesis result from reversed heat transfer [63-66]. The selective absorption of the microwave irradiation by the molecules is responsible for inverted heat transfer [67]. Thermal effect is perceived to occur due to the molecular dipoles' friction as they realign to the microwaves' reversing electric field [63]. In microwaves, the superheating effect is observed for reactions in organic solvents, where solvents get superheated beyond their boiling points by 13-26°C under atmospheric pressure with in-situ stirring [68]. The in-situ stirrings in microwave-assisted organic reactions play a vital role, and under such stirring, particularly at 150-200°C, uniform microwave irradiation is achievable [68]. The above effects can be manipulated effectively to enhance the yields, selectivity, and/or conduct reactions that are otherwise not feasible under conventional conditions.


      




      

        Microwave Versus Classical Heating




        The heat generated from the microwave energy can enhance the selectivity and the desired product yield [69]. The microwave-assisted organic synthesis can display order of magnitude improvement in the rate of the chemical reaction contrasted to classical synthesis [41]. The microwave tool exclusively allows thermal non-conductive heating, as opposed to conventional methods. Microwave heating differs from conventional heating [70]. In a microwave, there is volumetric heating of the reaction medium, or reactants directly and so encounter more heat than the reaction vessel, i.e., in-situ heat generation [71]. Whereas in conventional heating, the heat gets conveyed to the sample from the surface or surroundings due to conduction and convention processes (Fig. 4).
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Fig. (4))


        Cross-sectional view of superficial conventional heating versus volumetric microwave heating of reactants in a vessel.



        There is a homogeneity of heat and rapid heating with microwave irradiation compared to classical heat sources. The temperature profile confirms the heat distribution pattern under microwave irradiation and traditional heating. Under microwave exposure, the entire volume undergoes concurrent temperature rise. But in an oil bath, the surface of the vessel is heated prior to the reaction contents [72].




        Accordingly, microwave heating depends upon the reactants or reaction medium's polarity properties and their ability to captivate the microwave electromagnetic energy and convert it into heat [59]. On the other hand, the classical method only relies on the external heating source. Hence, these lead to differing reaction outcomes concerning product selectivity, yields, and reaction rate. Table 1 lists the parameters which lead to differences in reaction outputs for these methods.




        

          Table 1 Comparison of Microwave and Conventional Heating.




          

            

              

                	Microwave Heating



                	Conventional Heating

              


            



            

              

                	Selective



                	Non-selective

              




              

                	Fast



                	Slow

              




              

                	Energetic coupling



                	Conventional/conduction

              




              

                	Depends on material properties



                	Depends less

              




              

                	Coupling occurs at molecular level



                	Superficial heating

              


            

          




        


      




      

        Advantages and Disadvantages of the Microwave Heating




        The application of the microwave tool in organic synthesis has gained expanding interest due to substantial benefits [73]. The MW assisted organic synthesis is influenced by various parameters like relative dielectric constant, specific mass, bulk density, heat conductivity, thermal capacity, and material humidity of substrates, reagents and catalysts. Most significantly, microwaves reduce the reaction time from hours (hr) to minutes (min) and improve the reaction yields [56]. Bettered reproducibility, selective heating, and diminished side reactions are other significant advantages of microwave application in organic synthesis [74]. Microwave-assisted synthesis is a green chemistry tool wherein environmentally benign modifications can be designed under solvent-free conditions offering higher yield and minimal waste [74-76]. The desired regioselectivity, chemoselectivity, or stereoselectivity is feasible utilizing microwave irradiation [74-76], thus stands as a powerful organic synthesis tool.




        Although microwave tool manifests significant benefits, there are certain limitations to their application in organic chemistry. In the microwave reactor, one cannot perform reactions that demand a dry nitrogen atmosphere [76]. Moreover, there may be a decomposition of the desired product or generation of the thermodynamically stable product(s) instead of the kinetically favoured ones when the reaction medium in a sealed vessel is superheated [77].


      




      

        Microwave-Assisted Organic Synthesis




        To achieve the desired product, one can modify various reaction conditions and materials like temperature, time, functional group protection, catalyst, solvent, etc [78]. The microwave technique in synthetic organic chemistry comes with the merits of selective heating and control of regioselectivity, stereoselectivity, or chemoselectivity. The published literature reports reveal the way microwave heating help achieve targeted molecules [77-79], in various types of organic reactions including named reactions such as Suzuki coupling, Heck, Michael addition and Wittig reactions. For example, regioselectively annulated pyridines comprise an essential framework of bioactive compounds that find application in anticancer therapy. Shekarrao et. al. [80] revealed a three-component copper-catalyzed, ligand-free, synthesis of diverse annular pyridines with benzonitrile as subordinate product via the reaction of β-halovinyl or arylaldehydes, terminal alkyne (aryl/alkyl) and t-butylamine/benzamidine in dimethylformamide solvent under microwave radiation Scheme. (1).
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Scheme. (1))


        Synthesis of 3-substituted isoquinolines and substituted pyridines via MCRs.



        MW approach is useful for organic chemists involved in green synthesis as it helps producing different targets from several substrates in a single step reaction, thereby evading the long reaction time and step by step synthesis accompanied by numerous separations and/or purification procedures [81]. A facile and an efficient synthesis of quinoline derivatives was accomplished with montmorillonite K-10 catalyst under MWI conditions Scheme (2). The multicomponent, one-pot reaction of various aldehydes, substituted anilines, and aromatic terminal alkynes produced quinoline analogues through the generation of an intermediate imine, that reacts with phenylacetylene followed by intramolecular cyclization, aromatization by oxidation. The time of reaction was considerably lessened with microwave approach [82].
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Scheme. (2))


        Microwave-aided synthesis of substituted quinolines.



        A green, single-pot multicomponent assembly of poly substituted imidazole analogues by using chitosan as catalyst was reported Scheme.(3). The catalyst is highly stable in acidic and basic conditions, hence allows pre-treatment, thus provides better catalytic features. This system successfully converted a broad range of aldehydes and amines to subsequent tri- or tetra-substituted imidazoles in attractive yields [83]. The catalyst was realized recyclable for five sequential cycles. Microwave heating, though, enhanced the product yield but led to no change in reaction times.
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Scheme. (3))


        A green synthesis of functionalized imidazoles.



        Mg/Al hydrotalcite solid catalyst was used for the single-pot multicomponent reaction of amines with various substituted aldehydes, malononitrile, and α-naphthol to obtain 2-aminochromenes analogues via condensation followed by cyclization Scheme.(4). The catalyst was effortlessly separable reusable up to seven times [84]. Using microwave irradiation, the reaction progressed quickly, and product yield was higher than conventional heating.
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Scheme. (4))


        A multicomponent synthesis of novel pyrans via MWI.



        Graphene oxide (GO) owns exciting properties like higher mechanical strength and decent physical/chemical stability, making it attractive in the form of catalyst support [85]. Additionally, the many oxygen-comprising functional units in it allows its easy functionalization. A novel and efficient preparation of 3,6-di-(pyridine-3-yl)-1H-pyrazolo-[3,4-b]-pyridine-5-carbonitriles was employed by GO loaded sulfonic acid as a catalyst in a deep eutectic solvent under MWI condition Scheme (5). Similarly, preparation of 1-phenyl-3-(pyridin-3-yl)-1H-pyrazol-5-amine analogues by the reaction of various substituted benzaldehydes, and 3-oxo-3-(pyridin-3-yl)-propanenitrile towards formation of products [86]. The catalyst was magnetically separated owing to the magnetic component incorporated in the same and reused for up to eight consecutive cycles.
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Scheme. (5))


        Synthesis of 3,6-di(pyridine-3-yl)-1H-pyrazolo[3,4-b]-pyridine-5-carbonitriles.



        The nanocrystalline MgAl2O4 catalyzed this multicomponent synthesis of 2,4,6-triarylpyridines Scheme (6) [87] much better than the common catalysts like NaOEt or K2CO3. The microwave-aided, single-pot synthesis was done in brief reaction time under solvent-free settings from different acetophenones, aryl aldehydes, and ammonium acetate. The reaction involved aldol condensation and Michael reaction with subsequent cyclization followed by oxidation. The MgAl2O4 catalyst was recyclable and efficient even after five runs.
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Scheme. (6))


        Synthesis of 2,4,6-triarylpyridines under nano MgAl2O4 catalyst.



        An alternative novel and efficient porous polymeric network-based solid acid catalyst was utilized by the preparation of polyhydroquinoline analogues through one-pot, classic Hantzsch-cyclization reaction under microwave-irradiation condition Scheme.(7) [88]. The solid acid catalyst resulted from triphenylamine with α,α-dibromo-p-xylene through Friedel-Crafts reaction to form PPN support with subsequent sulfonation. The PPN based catalyst was found recyclable with just a slight activity drop after 5 runs.
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Scheme. (7))


        Synthesis of polyhydroquinoline analogues under MWI conditions.

      




      

        Multicomponent Reactions (MCRs)




        Heterocyclic chemistry investigators are concerned about the inadequacy of the traditional multistage approach typically followed in the preparation of different composite having desired properties. The disadvantages of these multistage preparation approaches contain more number synthetic processes, complex handling, time-consuming, harsh reaction conditions, low product yields, tough separation, utilization of toxic solvents/reagents, formation of byproducts, and primarily problem with purification in every individual reaction step [89, 90]. Therefore, organic research emphasizes potent, greener, and viable to evade the hazardous effect on humans and the environment. Scientists worldwide have been working hard to contribute to the overall improvement of chemistry research through green chemistry [91]. Hence, the study led to the recognition, use of an ancient synthesis method, which has been around for 150 years [92]. This recently exploited synthesis method is known as the multicomponent reactions (MCRs) method, which has found application in green organic synthesis. It is the process where three or more starting materials react together in one reaction vessel to produce one single pure product in high yields [93, 94]. This process is also referred to as the one-pot (one reaction vessel) multicomponent reaction because it enables all the reactants, catalysts, and reagents to be added simultaneously, thus allowing them to react uniquely but under the same conditions [95]. In MCRs, a single final product is obtained with all the atoms of the reactants trapped in it, allowing the formation of two or more new bonds in one operation [96]. Therefore, MCRs are convergent and suitable to generate highly complex molecules following a high atom economy [97-99]. Thus gained much interest since the emergence of green chemistry as it builds products with diverse functional groups, thereby allowing access to several libraries of complex organic compounds [100-104]. Furthermore, MCRs are efficient in reducing multiple steps and waste produced in a chemical process as the only known byproduct of these reactions is water [105], and the starting material used are commercially available or are easy to prepare.




        The single-step, microwave-assisted, homogeneous catalyzed coupling of aromatic aldehydes, thiosemicarbazide and acetophenones yielded 4,5-dihydro-1H-pyrazole-1-carbothioamide derivatives. The reaction was performed by the 40% of tetrabutylammonium hydroxide as catalyst in the presence of green solvent as water and mild reaction conditions Scheme.(8). Besides, this protocol has some of the significant features of green chemistry, like evading the use of toxic solvents, harsh reaction conditions and elegant catalysts in conjugation with the elimination of needless reaction steps [106].
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Scheme. (8))


        Synthesis of 4,5-dihydro-1H-pyrazole-1-carbothioamides via one-pot, MCR approach.



        A facile and efficient novel silica-supported copper(II) chloride heterogeneous catalyst was developed for preparation of dihydro-pyrimidinone analogues via one-pot, three-component protocol [107]. The reaction combination of ethyl acetoacetate, several aryl aldehydes, and urea formed the target molecules via Biginelli reaction Scheme (9). The reaction was fruitful both under microwave technique carried in acetonitrile and traditional heating in diphenic acid as additive. While under microwave conditions the rate of reaction was swifter but in terms of yields obtained conventional heating performed better.
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Scheme. (9))


        Microwave irradiated synthesis of 3,4-dihydropyrimidin-2(1H)-ones via MCR.



        A similar strategy was implemented for the preparation of dihydropyrimidinone analogues employing NiO as efficient and eco-friendly catalyst [108]. Nickel oxide showed better efficiency than different common catalysts. Additionally, NiO was found performing better with respect to yields and reaction time (< 8 min) following heating under microwaves Scheme (10). Conventional method furnished the target compounds in somewhat less yields while demanded prolonged time of reaction (1-1.5 hrs).




        
[image: ]


Scheme. (10))


        Synthesis of 3,4-dihydropyrimidin-2(1H)-ones.



        Safari et al. employed TiO2 supported on MWCNT as catalyst for the given reaction (Scheme (11)) [109]. Higher product yields were afforded in rapid reaction time with microwave irradiation under solvent-free conditions. The catalyst was recyclable up to five cycles with no significant activity loss.
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Scheme. (11))


        Synthesis of 3,4-dihydropyrimidin-2-(1H)-ones accelerated under MWI.



        Synthesis of azabicyclo[2.2.2]-octan-5-one derivatives, a potential anti Alzheimer's agent, was accomplished by a multicomponent, heteropolyacid-catalyzed, reaction Scheme.(12) under microwave heating [110]. Diverse acid catalysts when examined for this reaction, silico-tungstic acid exhibited the best performance, giving moderate to good yields.
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Scheme. (12))


        Synthesis of azabicyclo[2.2.2]octan-5-ones under green conditions.



        A four-component, microwave-assisted condensation of benzil, benzaldehydes, ammonium acetate, and primary amines produced 1,2,4,5-tetrasubstituted imidazoles. HY zeolite or silica gel were employed as catalysts Scheme.(13) [111]. High yields of the target compounds were produced in less time (6 minutes) under solvent-free conditions than the conventional method. Raghuvanshi et al. materialized the multicomponent cyclo condensation reaction towards the synthesis of tetrasubstituted imidazoles with FeCl3/K-10 catalyst. (Scheme 13b) [112]. The products were obtained in higher yields in just 3 to 4 min of microwave heating in solvent-free environment.
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Scheme. (13a & 13b))


        A four-component, microwave-assisted 1,2,4,5-tetrasubstituted imidazole derivatives via one-pot MWI reaction.



        A novel imidazole annulated pyridine, pyrimidine and pyrazine, analogues were synthesized via K-10-catalyzed, microwave-aided multicomponent procedure Scheme.(14) [113]. The solvent-free condensation of aldehydes with isonitriles, and aryl amines provided the target molecules within minutes up to 88% yields.
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Scheme. (14))


        Microwave-accelerated three-component synthesis of imidazo-[1,2-a] annulated pyridines, pyrazines and pyrimidines.



        Felicia et al. designed a chemoselective and regio-selective formation of biologically active formamidines from the 5-amino-3-anilinopyrazole-4-carbonitrile scaffold [114]. The one-pot, multicomponent reaction of morpholine, 5-amino-3-(phenylamino)-pyrazole4-carbonitrile, and triethylortho-formate in MeOH as solvent at reflux condition under microwave treatment to afforded 5-[(morpholinomethylene)amino]-3-(phenylamino)-1H-pyrazole-4-car- bonitrile derivatives in excellent yields while the conventional route yielded only trace amount of product Scheme.(15). Similarly, N-pyrazolyl formamidines were prepared using cyclic amines, like piperidine, pyrrolidine and 4-methylpiperazine, instead of morpholine.
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Scheme. (15))


        Synthesis of N-pyrazolyl formamidines.



        Synthesis of imidazole motif was set up to identify novel IDO1 inhibitors [M2]. The multicomponent reaction of various benzaldehydes, benzamide, and imidazole to formed imidazole-1-yl)alkyl-amide derivatives in the initial investigation Scheme.(16) [115]. Only 50% of the product yielded when refluxed for 48 hours, while good yields were noticed under microwave within 1 hour. Substituent analysis shows that selection of substituted benzaldehyde and benzamide affords moderate to good product yields. Substituents' electronic effects brought slight variation in the product yield. Halogens aided the improvement of IDO1 inhibition, and fluorine substituted analogues exhibited maximum yield.




        
[image: ]


Scheme. (16))


        A novel synthesis of imidazole derivatives via microwave-assisted one-pot multicomponent reaction.



        In 2014, Angelo and co-workers presented Yonemitsu-type trimolecular condensation. This reaction provided indole condensing with 1,3-dicarbonyls and aldehydes. As reported previously by the group, the first step involves the combination of acetoacetate or dimethyl malonate with isobutanal under microwave, which generated good yields of alkylidene malonate/acetoacetate on using piperidine (15 mol%). The second step, acetoacetate/alkylidene malonate reacted with indole via conjugated addition reaction in the presence of Yb(OTf)3 and Sc(OTf)3 catalysts. Lowering the reaction temperature helped elevate the products’ diastereomeric ratio from 51:49 to 75:25. The optimized condition when employed to different aromatic/aliphatic aldehydes, or substituted indoles provided analogous yields of product Scheme.(17) [116]. The research highlights were the successful synthesis of coumarin derivatives, which possess high biological demand, from salicylaldehyde.
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Scheme. (17))


        Microwave assisted approach for the Yonemitsu-type trimolecular condensation.

      




      

        Heterocyclic Compounds




        Heterocyclic compounds by far are a major classical division of organic chemistry. Heterocyclic molecules play a significant role in the metabolism of all active cells. Heterocyclic molecules are a robust framework of the medicinal sciences and generate a substantial part of the current academic and scientific research that is happening through the universe [117]. An investigation on heterocyclic chemistry is the best auspicious and abundantly substantial area. In addition, several alkaloids derived from heterocyclic molecules are used as drugs [118]. Five and six-member heterocycles contain at least one heteroatom in the core fused with another heterocyclic ring in several cases [119]. Thus, medicinal and agricultural industries have prepared rapid and significant progress towards discovering and developing suitable heterocyclic compounds for the benefit of mankind. One striking structural feature inherent to heterocycles, which continues to be exploited, is their ability to manifest substituents around a core scaffold. A brief study of large numbered active scaffolds exhibits that nitrogen, oxygen, and sulfur-based heterocyclic frameworks are the most predominant in medicinal and biological related molecules [120]. The chemistry of nitrogen, oxygen, and sulfur-containing heterocycles has undergone remarkable advances in the last couple of decades, ever since their initial use in agriculture commenced nearly a century ago [121]. So far, simple heterocycles or fused heterocycles have gained much attention in biological and pharmaceutical chemistry due to their remarkable physiological activities (anti-fungal, anti-bacterial, antimicrobial, anthelmintic, antioxidant, antiviral, anticonvulsant, anti-inflammatory, anti-cancer, anti-malarial, analgesic, antipyretic, and herbicidal activities, etc.) [118, 121-125]. Aiming towards improving various heterocyclic derivatives under green conditions, herein we compile and deliberate newly published research investigations relating to five, six and fused heterocyclic molecules via one-pot, multicomponent reaction under microwave irradiation conditions.


      




      

        Five – Membered Heterocycles


      




      

        Five-Membered Heterocyclic Compounds with Single Heteroatoms




        Functionalized pyrrole derivatives were produced by the MCR approach involving condensation and intramolecular cyclization. The one-pot reaction of active methylene compounds, amines, nitroalkanes, and aldehydes that resulted in a new C-C and C-N formation within short reaction time (1 hr) in the presence of catalyst via MWI Scheme.(18) [126]. The catalyst (PS-PTSA) was optimized as the most effective and reusable catalyst in acquiring a satisfactory yield of tetra-substituted-pyrroles from different aldehydes, β-ketoesters, amines, and nitromethane.
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Scheme. (18))


        Synthesis of functionalized pyrrole derivatives via MCR.



        Applying a multicomponent microwave-assisted Heck isomerization–Fischer indolization (alkylation), 3-Arylmethylindoles were synthesized [127]. This protocol included two stages. Initially, allyl alcohols and aryl halides which provided carbonyl compounds (propionaldehydes or 3-arylpropanones) with subsequent condensation with aryl hydrazines yielding aromatic hydrazones via a Heck reaction. Secondly the above aryl hydrazone moiety undergoes Fischer indolization to yielding 3-arylmethylindoles via [3, 3]-sigmatropic rearrangement Scheme.(19).
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Scheme. (19))


        Syntheses of 3-arylmethylindoles by microwave-assisted.



        Paolo and research group built a multicomponent protocol for benzofuran-2-carboxamides. Starting with 2'-hydroxyacetophenones, benzonitriles, aldehydes, and amines, they prepared many substituted furans like 3-aminobenzofurans, 3-alkylbenzofurans. The one-pot, multicomponent reaction of anilines, α-chloroacetyl chloride and 2'-hydroxyacetophenone taken in anhydrous DMF solvent using Cs2CO3 under MWI, a base catalyst for 5 minutes at 0°C was the optimized reaction condition Scheme.(20) [128]. The change in product yield was further attributed to the electronic effects of different substituents on substrates.
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Scheme. (20))


        A microwave irradiated multicomponent protocol for the synthesis of benzofuran-2-carboxamides.

      




      

        Five-Membered Heterocyclic Compounds with Two or More Heteroatoms




        In 2015, Sonia et al. described a microwave-aided cascade process [129]. for production of 2-(imidazolin-4-yl)-phosphonates via combination of unsubstituted or substituted isocyanomethyl phosphonate, ketones with amines using silver as catalyst Scheme.(21). The use of acetone in place of methanol favoured the reaction as acetone served as a solvent and reagent as well. The biological activity of these new azaheterocyclic phosphonates was credited to tetrahedral structure of phosphonyl group, that plays a key role in enzymatic peptide hydrolysis. The scope evaluation for ketone and amine components showed that most of the reactions were diastereoselectively directed. Moreover, there was a drop in the reaction time from conventional 5 hr to 10 min in microwave approach.
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Scheme. (21))


        One-pot multicomponent synthesis of (2-imidazolin-4-yl)-phosphonates by MWI.



        A swift, one-pot, microwave assisted novel synthesis of thiazol-2-imines coupled with their antifungal evaluation was described by Saba et al. The compounds were prepared by the Hantzsch thiazole approach and isolated quickly in 10-15 minutes [130]. The first step involves the reaction of 2-bromoacetophenone, phenyl isothiocyanate, and arylamine in ethyl alcohol. The screening of solvents proved polar protic solvents more yielding compared to aprotic ones Scheme.(22). The reaction, when conventionally performed at 150οC for nearly 2 hrs, gave 65% product yield. The reactions of different heterocyclic and arylamines with 2-bromoacetophenone and arylisothiocyanate indicated correlation of yield with the substituent's nature and position. In amine counterparts, larger yields obtained with electron-donating groups at p-positions, while electron-withdrawing groups reduced the yields.
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Scheme. (22))


        Synthesis of novel thiazol-2-imines via MWI.



        A one-pot, multicomponent reaction of phenyl isocyanates, phenylhydrazines, and aromatic aldehydes for the synthesis of trisubstituted-1,2,4-triazole-3-one analogs was stated by Mohammadi and his research group Scheme.(23). Model reaction involving microwave irradiation of arylhydrazines, arylisocyanates and benzaldehydes was optimized to afford 82-92% yield. In contrast, the reaction under conventional heating yielded 10% product in 1 hour [131].
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Scheme. (23))


        Microwave assisted one-pot multicomponent synthesis of 1,2,4-triary1-2-4-dihydro-3H-1,2,4-triazol-3-one.



        A novel synthesis of NH-1,2,3-triazoloimine analogues was found by the rapid, catalyst-free conditions [132]. The model reaction of trimethylsilylazide, 3-trimethylsilyl-2-propynal, and 2-aminoethanol to provide the target molecule 1,2,3-triazol-5-methylidene-aminol under microwave heating at 100oC in 10 minutes in the absence of any solvent. Scheme.(24). Further, 1,3-thiazolan-4-1,2,3-triazole derivatives were obtained in remarkable yields via condensation of propynals, 2-aminoethanethiol and trimethylsilylazide.
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Scheme. (24))


        Microwave assisted solvent and catalyst-free three-component synthesis of NH-1,2,3-triazoloimines.

      




      

        Six-membered Heterocycles


      




      

        Six-membered Heterocyclic Compounds with Mono Heteroatom




        In 2016, an efficient, multicomponent, solvent-free procedure towards synthesising 2-pyridones was established by Kibou et. al. [133]. This protocol involves the microwave-assisted reaction of enaminone, ethyl cyanacetate and various primary amines to form 2-pyridone analogues and of enaminone, propanedinitrile, and various primary amines to give 2-aminopyridines Scheme.(25). This protocol aided solid products of high purity in significantly less time.
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Scheme. (25))


        A facile synthesis of functionalized 2-pyridones and 2-aminopyridines via a MWI.



        An eco-friendly protocol towards synthesis of 3,5-dispiro substituted piperidines was reported. This synthesis was achieved by a combination of 2-thiobarbituric acid, methanal, and aromatic amines using p-TSA catalyst and DMSO as solvent [134]. The conventional method provided nearly 75% yield in 5 h, while microwave approach resulted in above 90% yield in 4 min Scheme.(26).
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Scheme. (26))


        Synthesis of 3,5-Dispiro substituted piperidine derivatives via MWI.



        Abdelhamid and co-workers designated one-pot, four-component preparation of cyanopyridine analogues by the condensation of malononitrile, acetophenones and various aromatic aldehydes using sodium alkoxide or NH4OAc Scheme.(27) [135]. Although higher yields were obtained in both microwave and traditional approaches, the MW-assisted reaction required just 1-5 minutes for completion of reaction contrary to 3-9 hours conventional heating. Besides this, the protocol's significant advantage is attaining high purity products just by simple filtration.
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Scheme. (27))


        Synthesis of cyanopyridine derivatives via MCR.



        A facile, catalyst-free synthesis of 1,4-dihydropyridines was recently disclosed via the 4-component reaction of aldehyde, malononitrile, dimethylacety lenedicarboxy late and substituted anilines under microwave irradiation. Scheme.(28) [136]. A MW irradiation of 150 W and ethanol as solvent were optimzed as favorable conditions for this reaction. It was further clear that the substituents had no effect on the reaction yield.
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Scheme. (28))


        Catalyst-free one-pot synthesis of 1,4-dihydropyridines via MWI conditions.



        Khumalo and co-workers reported one-pot, catalyst-free, multicomponent reaction of ethyl cyanoacetate, acetoacetanilide, substituted aldehydes, and ammonium acetate under microwave irradiation in ethanol solvent system which gave excellent yields (>90%) of tetrahydropyridine-3- carboxamides [137]. The same reaction by conventional approach gave 63% product after 4 hours Scheme.(29). Optimization results with differently functionalized aldehydes indicated that the nature and position of substituents doesn't influence the yield.
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Scheme. (29))


        Synthesis of tetrahydropyridine-3-carboxamides via one-pot reaction.



        Bhuyan et al. designed a strategy for 3-(pyranyl)- and 3-(dihydropyridinyl)-indoles from the reaction of ethyl acetoacetate, 3-cyanoacetyl indole and various aromatic aldehydes using 5 mol% of InCl3/NH4OAc as catalyst via condensation [138] Scheme.(30). Out of different catalysts employed for this reaction, InCl3, an acidic catalyst, proved the most effective affording 75% yield. The conventional method gave ˂20% product yield, while the microwave approach significantly afforded excellent yields. Different aliphatic aldehydes were less reactive towards this reaction. Further, it was reasoned that aryl aldehydes with electron-withdrawing substituents produced lesser yields, whereas electron-donating ones gave increased yields.
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Scheme. (30))


        Microwave-assisted novel synthesis of poly functionalized 3-(pyranyl)-and 3-(dihydropyri- dinyl) indole derivatives.



        Elwahy and co-researchers described a rapid, simple approach for the preparation of bis(4-chromene-3-carbonitrile) analogues in the presence of chitosan as catalyst under MWI condition [139]. The condensation involved combination of dimedone, malononitrile, and 2,2′-(ethane-1,2-diylbis(oxy))-dibenzaldehydes with 10 mol% chitosan as catalyst Scheme.(31).
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Scheme. (31))


        Microwave-assisted novel synthesis of bis(4H-chromene-3-carbonitrile) derivatives.



        Luisa and co-workers developed a new route towards 4H-pyrans synthesis via Knoevenagel condensation with subsequent Michael addition of aldehyde, malononitrile, and β-dicarbonyl compound [140] Scheme.(32). When catalyzed by decaniobate ([Nb10O28]6-), the synthesis was found more efficient than the frequently utilized basic catalysts such as morpholine, piperidine, dibutylamine and metal alkoxides.
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Scheme. (32))


        Synthesis of 4H-pyrans by microwave irradiation.

      




      

        Six-membered Heterocycles with Two Heteroatoms




        A novel preparation of the quinazolin-4(3H)-imines Scheme.(33) was designed by the reaction of triethyl orthoformate, 2-aminobenzonitrile, different substituted anilines and using NH4Cl as optimum catalyst in 15 minutes via MWI [141]. The product yields were unaffected with the electronic effects of groups over the anilines. Further, the inclusion of fluorine, known as the biopotential component, was the striking feature of this work. Among various amines examined, primary alkylamines did not yield the desired products.
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Scheme. (33))


        Microwave mediated sustainable synthesis of quinazolin-4(3H)-imine derivatives.



        Yuan and co-researchers in 2014 designed a solvent-free, heteropoly-anion-based IL-catalyzed Biginelli reaction using microwave irradiation [142]. They optimized 3 mol % of [PyPS]3PW12O40 catalyst sufficient to yield dihydropyrimidinones by a one-pot condensation of benzaldehyde, urea, and ethyl acetoacetate in appreciable yields Scheme.(34). A broad range of aldehydes were reacted with 1,3-dicarbonyl compounds and urea or thiourea as well following optimization to afford good product yields. The product yields indicate that heterocyclic and aliphatic aldehydes were better performing, opposing their typical reduced reactivity towards the Biginelli reaction.
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Scheme. (34))


        Green synthesis of Dihydropyrimidinones via MWI.



        Benzoxazinones and benzthioxazinones synthesis using silica-coated magnetic nanocatalyst under solvent-free MWI conditions from aldehydes, β-naphthol, and thiourea/urea was described in Salunkhe et al. Herein, the reaction was completed quickly, and the nanocatalyst employed was easily removed by means of an external magnet Scheme.(35) [143].
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Scheme. (35))


        Microwave-assisted synthesis of benzoxazinone and benzthioxazinones.



        Diversely functionalized oxaphosphaphenanthrenes/chromenes were synthesized from phosphorus-based nucleophilic reagent by multicomponent approach under catalyst-free conditions [144]. Trimethyl or triphenyl and/or triethyl-phosphites were employed as trivalent phosphorus nucleophiles in the synthesis. Dialkyl acetylenedicarboxylate, 3-bromo-2- naphthol, and triethyl phosphite was used as a model reaction for optimization. Further reactions employing different substituents furnished significant yields of 3-bromo-4H-1-oxaphosphaphenanthrene-3,4-di-carboxylate analogues Scheme.(36).
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Scheme. (36))


        Synthesis of 3-bromo-4H-1-oxaphosphaphenanthrene-3,4-dicarboxylates.

      




      

        Fused Heterocycles




        Heterocycles are recognized for their high therapeutic and biological activity. In 2015, Zhang et al. described an efficient preparation of imidazo-[1,2-a]-pyridine analogues from the reaction of 3-phenylproynal, pyridin-2-amine, and alcohol with tosylic acid as catalyst using multi-component approach Scheme.(37) [145]. Different substituted alcohols and pyridin-2- amines when experimented indicated that functional groups like halogens or methyl underwent the reaction effectively affording good product yields. The microwave approach reduced the reaction time to 15 minutes compared to 8 h of conventional heating.
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Scheme. (37))


        Microwave-assisted synthesis of imidazo-[1,2-a]-pyridines via MCR.



        Arshad and co-workers developed an eco-friendly technique for biologically active fused imidazo heterocyclic compounds from Groebke–Bienayme–Blackburn reaction [146]. The reaction was compatible under mild Lewis acid or water, and the best catalyst was Yb(OTf)3 as evident from optimization studies. The initial reaction involved imidazo[1,2-a] pyridine derived synthesis via microwave heating of 2-aminopyridine, p-methoxybenzaldehyde, and tert-butylisocyanide with 2.5 mol% catalyst Scheme.(38). The substrate scope study indicated that this approach is unaffected by the electronic nature or position of the groups. Furthermore, under microwave heating, complete conversion of phenyl isonitrile to the product was also observed.
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Scheme. (38))


        Microwave irradiated synthesis of Fused–imidazo heterocycles.



        A novel preparation of 7-amino-1,2,4-triazolo-[4,3-a]-pyrimidine-6-carbonitrile analogues via microwave approach was found by Vitthal and co-workers in rapid reaction time with excellent yields [147]. The multicomponent reaction of 4-amino-2-(hydroxy/mercapto)-pyrimidine-5-carbonitrile, hydrazine, and aryl aldehyde on 5-7 min exposure to microwave irradiation in ethyl alcohol afforded the required target molecule Scheme.(39). Additionally, QSAR studies of synthesized molecules explained their promising bioactivities, and one of the derivatives showed notable anticonvulsant activity.
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Scheme. (39))


        Synthesis of 7-amino-3-(substituted phenyl)-5-(substituted phenyl)- [1, 2, 4]-triazolo-[4,3-a]-pyrimidine-6-carbonitrile analogues.



        Mohammad et al. pioneered the one-pot, microwave irradiated multicomponent reaction of indane-1,3-dione, 5-aminopyrazole and isatin derivatives towards spiropyrazolopyridines Scheme.(40) [148]. Solvent screening concluded that neat conditions was most suitable for the reaction. Conventional heating gave 75% product yield in 2 hours, while microwave-assisted strategy enhanced the yield with a simultaneous reduction in time of completion to 2-4 min. Good yields of racemized products relating bis isatins and mono isatins were obtained, as witnessed from substrate-scope studies.
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Scheme. (40))


        Microwave assisted synthesis of spiro heterocyclic systems.



        Vyacheslav and group summarized a novel one-pot synthesis of 5-substituted-6-acetyl-2-amino-5,8-dihydro-7-methylpyrido[2,3-d]-4(3H)-one analogues by multicomponent reaction of acetylacetone, 2,6-diaminopyrimido-2,4-(1H,3H)-dione and aromatic aldehydes under microwave irradiation Scheme.(41) [149]. Optimization study exhibited that heating of the reagents in hot water mentioned above in the ratio (1:1:2) under MWI is the most appropriate condition for this approach.
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Scheme. (41))


        Synthesis of 5-substituted-6-acetyl-2-amino-5,8-dihydro- 7-methy lpyrido [2,3-d]-4(3H)-ones.



        Komykhov and his research group described [150] the novel synthesis of azole-fused pyrimidine analogues via one-pot, multicomponent reaction of formaldehyde, 3-amino-1,2,4-triazole with various 1,3-dicarbonyl compounds in the presence of hot water as green solvent under catalyst-free condition via microwave irradiation Scheme.(42). This MWI protocol's benefits include reduced reaction time and no by-product formation. Compared to the conventional method, a 35% yield escalation was additionally observed via the microwave approach.
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Scheme. (42))


        Microwave-irradiated one-pot synthesis of azole-fused pyrimidine analogues.



        An effective protocol towards spiro[indoline-3,5'-pyrido[2,3-d]-pyrimidine] analogues from the one-pot, multicomponent reaction of malononitrile, isatins, and 2,6-diaminopyrimidin-4-one or 6-aminopyrimidine-2,4-dione was developed by Jing and team. The protocol benefits include short reaction times (10 minutes), superior yields (upto 90%)and easy isolation of products Scheme.(43) [151].
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Scheme. (43))


        An efficient approach for the synthesis of spiro[indoline-3,5'-pyrido[2,3-d]-pyrimidine] derivatives.



        A green, catalyst-free, multicomponent preparation of pyrazolo- [3,4b]-quinolines in excellent yields was developed in 2019 [152]. This approach involves reaction of 5-amino-3- methyl-1-phenylpyrazole, dimedone and aryl aldehyde in ethanol:water (1:1) solvent system to afford the aspired pyrazolo-[3,4-b]-quinolines Scheme.(44) in ≤10 minutes reaction time at room temperature via MWI condition. An escalation in product yield by 10% was witnessed in microwave technique contrasted to 88% yield realized by 1.5 hours conventional heating. The reaction progressed effectively regardless of the nature or position of groups on aromatic aldehydes, and aliphatic aldehydes did not furnish the expected yields of product.
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Scheme. (44))


        Synthesis of pyrazolo-[3, 4-b]-quinolines under neat conditions.



        Mohsen et al. compared conventional vs. microwave techniques in synthesizing spirooxindoles using a porous, magnetic nanocatalyst [153] from isatins, active methylene compounds, and 1,3-dicarbonyls using 1 mol% Fe3O4/SiO2-imid-PMAn catalyst Scheme.(45). The studies revealed excellent reaction yield improvement, including a decline in reaction time (10 h to 10-20 min) under microwave heating contrasted to the traditional heating mode. Several substrates reacted readily involving this approach and furnished with excellent target yields.
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Scheme. (45))


        A green one-pot three-component synthesis of spirooxindoles under MW irradiation.



        An arylglyoxal based, catalyst-free microwave approach was used towards synthesizing fused pyrans [154]. This method includes the generation of substituted pyrans tagged naphthoquinones, pyrones, quinolones and coumarins. Low yields (60%) of quinolone fused pyran scaffolds were obtained by the reaction of 4-hydroxy-1-methyl-2(1H)-quinolone phenylglyoxal, monohydrate, and malononitrile taken in molar ratios (1:1:1) under 12 hours refluxing in ethanol solvent. Conversely, microwave technique cut the completion time to 10 min and gave 90% yield Scheme.(46). Substrate studies show that the electronic nature of different groups on phenylglyoxal monohydrate do not influence the yield. The research group successfully extended this protocol towards synthesizing naphthoquinone/coumarin-fused-pyran analogues using 2-hydroxy-1,4-naphthoquinone, malononitrile, phenylglyoxal monohydrate, and alternatively using different cyclic 1,3-dicarbonyls.
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Scheme. (46))


        Catalyst-free microwave-assisted synthesis of fused pyrans.



        A novel and efficient spiro-benzimidazo-quinazolinone analogs were synthesized from the reaction of acenaphthoquinone/isatin, 2-aminobenzimidazole, and dimedone under MWI conditions Scheme.(47) [155]. Differently substituted acenaphthoquinones and isatins were employed to study the reaction scope, and they provided target compound in appreciable yields. A probable reaction mechanism for this transformation was also proposed.
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Scheme. (47))


        Microwave irradiated, one-pot synthesis of spiro-benzimidazoquinazolinones.



        A novel, facile preparation of quinoxaline and/or pyrido-[2,3-b]-pyrazine derivatives from the reaction of acetophenone, succinamide, and aromatic amines was reported in the presence of silver-catalyst in aqueous ethanol solvent media under in-situ, MWI conditions Scheme.(48) [156].
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Scheme. (48))


        One-pot multicomponent microwave-assisted green synthesis of 7-bromo-3-(4-ethylphenyl) pyrido[2,3-b]-pyrazines.



        A swift and novel synthesis of thiazolo-[3,2-a]-pyrimidin-7-amine derivatives and unsubstituted analogs along with antimicrobial activity was proposed in 2019 [157]. The synthesis was achieved by Biginelli-type reaction using SiO2-ZnBr2 catalyst and DIPEA as solvent. Microwave irradiated heating of 2-(4-nitrophenyl)-acetonitrile, substituted-thiazol-2-amines, and aromatic aldehydes generated the anticipated target molecules with excellent yields (89–96%) in rapid reaction time Scheme.(49). Few synthesized compounds exhibited antimicrobic and fungicidal activity comparable to standard drugs.
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Scheme. (49))


        Synthesis of 5-aryl-2-ethyl-6-(4-nitrophenyl)-5H-thiazolo-[3,2-a]-pyrimidin-7-amines.



        Aza-/deazaisosteres-adenine based bioactive molecules are of increasing importance in medicinal chemistry. A novel approach towards the formation of highly pure 4-aminoimidazo-[1,2- a] [1, 3, 5]triazine analogues, which are 5-aza-7-deaza-isosteres of adenine from easily obtainable starting materials was developed by Felicia et al. [158] Scheme. (50). Optimization results inferred that the reaction of 2-amino-4-phenyl-imidazole, tri-ethylorthoformate and cyanamide in ratios (1:2.5:2.5) at 150°C under microwave in ethyl acetate for 20 minutes gave the desired products in appreciable yields even for differently substituted substrates.
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Scheme. (50))


        A novel synthesis of 4-aminoimidazo-[1,2-a] [1, 3, 5]triazines under green conditions.



        A parallel one-pot, microwave-irradiated, multicomponent combination of cyanamide, 5-aminopyrazole-4-carboxylate and triethyl orthoformate to obtain the 4-aminopyrazolo-[1,5-a] [1, 3, 5]-triazine-8-carboxylates under catalyst-free condition was stated by the same research group [159] Scheme.(51). The sequential conventional strategy provided a trans-esterification product apart from the targeted one, unlike the sole desired product in high yields via the former approach. Different alkylamino, arylamino, and arylalkylamino substituents were also rightly endured upon the pyrazole moiety.
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Scheme. (51))


        Green synthesis of 4-aminopyrazolo-[1,5-a] [1, 3, 5]triazine-8-carboxylates under MWI conditions.



        Aminotriazine annulation of triethyl orthoformate, 5-aminopyrazole-4-carbonitriles and cyanamide towards 5-aminopyrazole-4-carbonitriles via multicomponent strategy was achieved by Felicia and co-researchers Scheme.(52) [160]. This chemoselective and regioselective approach initially furnished a product mixture but later yielded the desired product in a major amount. In the substrate scope evaluation, both electron-withdrawing groups and/or electron-donating groups on the arylamino underwent a reaction in the same way with comparable yields.
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Scheme. (52))


        One pot, multi-component synthesis of aminotriazine scaffolds.



        A similar report with a slight variation of the former procedure was described by the same researchers in the next year [161]. In addition to the earlier reactants triethyl orthoformate, cyanamide, and 3-amino-substituted-5-aminopyrazole-4-carbonitrile were manipulated to organize new 7-aminosubstituted-pyrazolo-[1,5-a] [1, 3, 5]-triazine-8-carbonitrile derivatives Scheme.(53). The product tolerance towards different substitution patterns was examined. Triazine ring-annulation carried in a sequential way approved the probable mechanism involved in the generation of the anticipated target molecules (4-amino-7-benzylaminopyrazolo-[1,5-a] [1, 3, 5]-triazine-8-carbonitrile analogues) to a greater extent.
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Scheme. (53))


        Synthesis of novel 7-aminosubstituted pyrazolo[1,5-a] [1, 3, 5]triazine-8-carbonitriles.
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