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    CHAPTER 1




    INTRODUCTION




    1.1 INTRODUCTION




    Sustainable chemistry has gained relevance in recent years, not only in industry but also in chemical synthesis. This has been reflected by the number of papers published in the last decade (2013-2022), which have increased continuously and steadily, from 1447 papers in 2013 to more than 3500 in 2022, with a total accumulated of 23890 papers (Figure 1.1).
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    Figure 1.1-Numbers of papers published on Green Chemistry between 2013-2022 according to the Web of Science.




    This new conception of chemistry draws a guide to develop products and processes in a responsible, conscious and environmentally-friendly way, following the foundations of the “green chemistry” formulated by Anastas and Werner in the late 90’s1. These principles promote the development of new methodologies in chemical processes through the efficient use of energy, minimizing waste by reducing the use of hazardous chemical compounds and by encouraging the use of non-toxic or “green” substrates and solvents (Figure 1.2).




    

      [image: F:\Green Chemistry.tif]

    




    Figure 1.2-Principles of Green Chemistry.




    Solvents largely define the sustainability of a chemical synthesis and have a great influence on the cost and safety of the process; hence the use of green solvents obtained from biomass and its derivatives become important in chemical production2. There are various methods to determine the environmental impact of a specific solvent or solvent mixture and estimate the amounts of its emissions. The first method, the environmental, health and safety (EHS) evaluation method3, is a detection method with the objective of identifying the potential risks of chemical products. The second method, the solvent life cycle (LCA) evaluation method4, can be used for a more detailed evaluation of emissions to the environment from production to final disposal. These techniques, together with other computational analysis models5,6, made it possible to prepare the GSK’s Sustainable Solvent Guide7, which includes a wide variety of solvents, their properties and its impact on the environment. Some of the most used green solvents in modern chemistry are alcohols (ethanol, 2-propanol,), esters (ethyl acetate, isopropyl acetate), carbonates (dimethyl carbonate, diethyl carbonate), among others7.




    At present, the use of green solvents has been of great interest in the development of more sustainable synthetic strategies than the existing strategies. In this context, organocatalysis and multicomponent reactions occupy a special place in modern organic synthesis.




    1.2 ORGANOCATALYSIS




    Since 2000, the field of organocatalysis has developed at a very rapid pace, and is being explored by many researchers around the world. According to MacMillan8, organocatalysts are small organic molecules that are used as catalysts in chemical synthesis. This new methodology has been implemented very quickly due to the advantages offered by organocatalysts: low cost, they are not toxic and stable in atmospheric conditions and in the majority of solvents, making experimental operations simpler.




    The interaction of organocatalysts with the substrate is called the “activation mode”. The activation modes can be covalent and non-covalent9 (Figure 1.3). In the covalent activation mode, the formation of a covalent bond occurs between the substrate and the organocatalyst within the reaction medium. Examples of these organocatalysts are aminocatalysts10 and carbenes11. However, in the non-covalent activation mode, interactions between the substrate and the organocatalyst can occur through hydrogen bonds or the formation of ion pairs. In this case, some examples of organocatalysts are thioureas and phosphoric acids12, as well as chiral bases such as cinchonas alkaloids and phase transfer catalysts13.
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    Figure 1.3-General classification of the activation mode in organocatalysis.




    Within the repertoire of existing organocatalysts in the literature, chiral secondary amines have acquired considerable interest due to their use in the functionalization of carbonyl compounds, especially in β-positions of α,β-unsaturated aldehydes14. The enantioselective insertion of various nucleophilic species constitutes a very versatile way to form new C-C and C-heteroatom bonds (Scheme 1.1).
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    Scheme 1.1- β-functionalization of α,β-unsaturated aldehydes.
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    Scheme 1.2-Proposed mechanism for β-functionalization of α,β-unsaturated aldehydes.




    The catalytic cycle begins with the condensation of the catalyst (chiral secondary amine) and the α,β-unsaturated aldehyde forming as an intermediate, a conjugated iminium ion, that is the reactive species in the β-functionalization. Attacking a nucleophile to the β-carbon atom of the iminium ion leads to the formation of a β-functionalized enamine, which is in tautomeric equilibrium with the corresponding iminium ion. Finally, the hydrolysis of the iminium ion releases the functionalized β-product and the organocatalyst, which can catalyze a new reaction cycle15 (Scheme 1.2).




    The structure and reactivity of the iminium ion have been extensively studied through various theoretical and experimental methods16. The results show an energetic favor for the trans-trans iminium ion as a single molecule and in the transition state as compared to cis-trans iminium ion (Scheme 1.3). This conformation leads to a Re-face attack of the nucleophile while the Si-face approach is unfavorable because of steric repulsion. The control of the configuration of both double bonds and the direction of the nucleophilic attack (mainly because the steric hindrance of the catalyst protects the Si-face), constitute determining aspects in the enantioselectivity of the reaction15.
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    Scheme 1.3-Intermediaries in the β-functionalization of α,β-unsaturated aldehydes.




    1.2.1 MICHAEL’S REACTION IN ORGANOCATALYSIS




    The synthesis of optically active compounds from the formation of new bonds (C-C and C-heteroatom) together with the creation of stereogenic centers in an enantioselective manner continues to be a very attractive research area for synthetic chemists. In this context, the addition of organocatalyzed Michael’s reaction via iminium ion has become a very useful tool for obtaining a variety of chiral compounds, including natural products or molecular fragments of its central structure17. An example of these structures is the dihydropyran heterocyclic ring (DHP), found in numerous naturally-occurring products and biologically active compounds of pharmacological interest18-22.




    In 2008, Franke et al23 reported Michael’s addition of 1,3 cyclopentadione to α,β-unsaturated aldehydes followed by acetylation to form a family of 3,4 dihydropyrans with yields of 59-95% and high enantioselectivity (88-96% ee). This reaction proceeds under slightly acidic conditions and in the presence of a secondary amine as a catalyst (Scheme 1.4).
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    Scheme 1.4-Synthesis of 3,4 functionalized dihydropyrans.
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    Scheme 1.5-Proposed mechanism for the synthesis of 3,4 functionalized dihydropyrans.




    As shown in Scheme 1.5, the α,β-unsaturated aldehyde 1 is transformed by the reaction between catalyst 4a and nucleophile 2 in the Michael’s adduct 6. The stereocenter formed in the catalytic cycle is controlled by a Re-face attack of the nucleophile on the β-carbon atom of the iminium ion 5, because the Si-face is protected by the C-2 carbon atom substituent on the pyrrolidine ring of the catalyst. After the formation of the stereocenter, the catalyst is released by cyclization to result in hemiacetal 7, which is easily acetylated to provide the desired product 3.




    In 2014, Niu et al24 described Michael’s asymmetric addition of α-cyanoketones to α,β-unsaturated aldehydes using L-diphenylprolinol trimethylsilyl ether as catalyst. The reaction is carried out in the presence of 3,5-dinitrobenzoic acid (3,5 DNBA), obtaining a variety of 3,4 chiral dihydropyrans with yields of 78-91% and high enantioselectivity (up to 98% ee) (Scheme 1.6).




    

      [image: ]

    




    Scheme 1.6-Synthesis of 3,4 chiral dihydropyrans.




    The mechanism begins with the reaction of catalyst 4b with the α,β-unsaturated aldehyde 2 to form the iminium ion A. The nucleophilic attack of intermediate B (obtained from α-cyanoketone 1 in acidic medium) to the iminium ion A generates, in situ, another intermediate C, which will then undergo hydrolysis to give intermediate D. The stereocenter formed in the catalytic cycle is controlled by a nucleophilic Re-facial attack in the plane of the iminium ion because the substituent of C-2 carbon atom in the pyrrolidine ring of the catalyst protects the Si-face from the attack, this, being frequent when TMS-protected proline derivatives are used as organocatalysts25-28. Subsequently, the catalyst is released by cyclization and intermediate D, after the enolization and intramolecular addition steps, finally generates the desired product 3 (Scheme 1.7).
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    Scheme 1.7-Proposed mechanism for the synthesis of 3,4 chiral dihydropyrans.




    Michael’s organocatalytic reaction is of great importance in obtaining biologically active compounds with various therapeutic properties and high structural diversity such as: (S)-Rolipram, a phosphodiesterase inhibitor29, (S)-Baclofen, a potent gamma-aminobutyric acid (GABA) receptor agonist30 and (-)-Paroxetine, an antidepressive drug31 (Figure 1.4). However, the use of more environmentally-friendly solvents could be a very novel alternative to develop the organocatalytic process from a more sustainable perspective32.
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    Figure 1.4-Examples of biologically active compounds obtained through organocatalyzed Michael’s reactions.




    1.3 MULTICOMPONENT REACTIONS




    Multicomponent reactions (MCRs) constitute one of the most attractive transformations in synthetic organic chemistry. These are defined as reactions in which three or more reagents, in a one-pot manner, react by means of several sequential stages forming a product that contains essentially all the atoms of the starting materials33. MCRs are generally characterized as condensation reactions with high atomic economy, which occur under mild conditions, sustainable solvents and without the need to use an inert atmosphere, generating products with greater diversity and molecular complexity34.




    MCRs have great advantages compared to traditional multi-step syntheses (Figure 1.5). In MCRs, a molecule is assembled in a single chemical step by mixing the corresponding starting materials unlike the traditional synthetic efforts, which involves multiple sequential steps. In this way, high levels of atomic efficiency and lower generation of waste can be achieved and time and energy are saved, avoiding the isolation and purification of synthetic intermediaries that require a lot of time35.
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    Figure 1.5-Comparison between multi-step synthesis and multicomponent reaction (MCR).




    MCRs provide quick and easy access to various compounds with applications in different areas of chemistry as shown in Figure 1.6.
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