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    This volume of Advances in Organic Synthesis presents recent exciting developments in synthetic organic chemistry. It covers a range of topics including important researches on novel approaches to the construction of complex organic compounds. The chapters are written by authorities in the field. Topics covered in this volume include updates in asymmetric synthesis of natural compounds, ynamide chemistry and its application in organic synthesis, heterocyclic chemistry, application of tin(II) salts in specific organic reactions and the use of (E)-N-methyl-1-(methylthio)-2-nitroethenamine (NMSM) as an ambiphilic synthon in organic synthesis.
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      Abstract




      This chapter reports advances in synthetic methodologies employing chiral auxiliaries for the stereoselective synthesis of biologically active natural molecules. Derivatives of naturally occurring compounds such as amino acids, carbohydrates, and terpenes, chiral auxiliaries have been described as an essential aid for the construction of highly complex molecules. Among these auxiliaries, we highlight those of Evans, Corey, Yamada, Enders, Oppolzer, Kunz, Meyers, and Schöllkopf, whose contributions led to a remarkable progress in asymmetric synthesis in the last decades and continue to bring advances until the present day.
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      INTRODUCTION




      In the last decades, chiral auxiliaries have been widely used in the synthesis of enantiomerically pure compounds [1].




      The growing interest of the scientific community in the asymmetric synthesis of biologically active compounds occurred from the discovery of substances of natural origin, which often have only one of the enantiomers with pronounced pharmacological activities only in their enantiomerically pure form [2, 3].




      A historical and striking incident that served as a lesson for global public health, known as the thalidomide tragedy, occurred in the 1960s when the racemic mixture of thalidomide began to be used to relieve nausea in pregnant women, leading to a large increase in the incidence of fetal malformations. This was later associated with the teratogenic activity of thalidomide’s S-enantiomer, which did not exhibit the desired pharmacological activities exhibited only by the R-enan- tiomer [4, 5].




      This regrettable event was a general call for pharmaceutical industries to adopt new policies, employ a more stringent care in the production of new medicines, and market drugs in their enantiomerically pure forms, when necessary.




      Commonly, enantio- or diastereomerically pure compounds can be produced employing a step of chemical resolution, such as chemical or enzymatic desymmetrization, enzymatic kinetic resolution or racemic modification, or also by means of a synthetic route having as starting material a substrate, reagent, solvent or enantiomerically pure catalyst, characterizing an asymmetric synthesis [2].




      Several methodologies aimed at inducing stereoselectivity in chemical reactions have been developed. In this context, the use of chiral auxiliaries is a powerful and successful tool widely used to obtain intermediates and final products of total synthesis [2].




      Chiral auxiliaries are molecules capable of temporarily binding to the starting compound, thus inducing chirality in one or more steps of a synthetic route [3].




      Most of the available chiral auxiliaries are derived from compounds of natural origin: amino acids, carbohydrates, terpenes, among others [3].




      Some factors influence the choice of the appropriate chiral auxiliary for each reaction and must also be taken into account for the development of new auxiliaries. A good chiral auxiliary must have certain characteristics to be employed in asymmetric synthesis reactions: the addition and removal steps of the auxiliary should be performed easily or under mild conditions and must generate a high chemical yield, the chiral transfer step should occur with high diastereoselectivity, and the auxiliaries should lead to the desired products with excellent enantioselectivity. As they are often costly or non-trivial and used in stoichiometric quantities, it is of great interest that these auxiliaries be reused or recycled [3] at the end of the synthetic route.




      Currently, there is a wide range of efficient chiral auxiliaries frequently used in carbon-carbon bond formation reactions with high stereoselectivity and in the synthesis of compounds of natural origin and compounds with pronounced pharmacological activity. Some examples of common chiral auxiliaries are shown in Fig. (1).
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Fig. (1))


      Selected chiral auxiliaries that have been successfully employed in asymmetric synthesis.



      Corey's chiral auxiliary, named (+)-8-phenylmenthol, and its enantiomer have been classified among the most versatile chiral auxiliaries of asymmetric organic synthesis and have an important historical value, since they were the first of their kind to be added to the arsenal of chiral auxiliaries known today [6].




      Evans’ oxazolidinones are auxiliaries that also deserve to be highlighted [1, 7, 8]. The increasing interest in this class of auxiliaries may be evidenced by the structural variations of this genus (Fig. 2) following the report of the first oxazolidinone by Evans [1].




      Next, some of the main chiral auxiliaries will be addressed individually, with their most relevant contributions to the field of asymmetric synthesis, according to our point of view, indicated through examples.


    




    

      EVANS’ OXAZOLIDINONES




      Evans’ chiral auxiliaries represent one of the most widely used auxiliaries in asymmetric total synthesis [3]. The most prominent application of oxazolidinones undoubtedly occur in the reactions of α-alkylation, syn-aldol, 1,4-addition, and intramolecular Diels-Alder cycloaddition reactions [3, 9].




      The use of these chiral auxiliaries is not only restricted to the types of reactions previously mentioned but has also been reported in anti-aldol reactions, Michael additions, additions to C=O and C=N bonds, intra- and intermolecular cycloadditions, among others [9].
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Fig. (2))


      Selected variations of Evans’ chiral N-acyloxazolidinone [1].



      

        Asymmetric Aldol Reactions by Using Evans’ Oxazolidinones




        Asymmetric aldol reactions employing Evans’ chiral auxiliaries represent a sophisticated and powerful tool used in approaches that seek to homologate diastereoselective carbon-carbon bonds in the most diverse substrates [10, 12].




        In addition, a huge advantage that this methodology offers is the possibility of generating two new stereogenic centers, depending on the choice of the aldehyde or ketone and the appropriate enolate [12].




        However, to ensure the desired syn- or anti-selectivity, it is necessary to generate the enolate with the appropriate configuration since the diastereoselectivity of this addition is directly related to the geometry of these enolates in six-membered transition states. For example, the reaction of a (Z)-enolate-metal with the respective aldehyde leads to the syn-aldol product. However, the (E)-enolate- metal with an aldehyde will provide the respective anti-aldol adduct [3, 10, 12]. Generally, (E)-enolates may be formed from sterically hindered dialkylboronic triflates. However, Z-configuration enolates are derived from less hindered boron triflates [12].




        The Zimmerman-Traxler transition state model explains the stereoselectivity of this methodology; the authors proposed that the aldol reaction of metal enolates proceed via a chair-type pericyclic process. In practice, the stereochemistry can be highly dependent of the metal. Only some metals, such as boron, reliably follow the indicated routes. The (Z)- and (E)-enolates provide the syn- and anti-aldol adducts, respectively, by minimizing the 1,3-diaxial interactions between the chiral auxiliary and the alkyl group R2 in each chair-like transition state, as can be seen in Fig. (3) [3, 10].
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Fig. (3))


        Zimmerman-Traxler chair-like transition states involved in Evans’ aldol reactions [10, 11].



        Note: Enantiomeric transition states (not shown) are, by definition, of equal energies. The pericyclic transition states determine the syn- and anti-selectivities.




        Besides boron, other metals can also be used in asymmetric aldol reactions, such as lithium, titanium, and zirconium [11, 12].




        In comparison to boron derivatives, lithium enolates present some disadvantages: they are more basic, the prediction of reaction selectivity is harder, and it is more difficult to control enolate geometry and regiochemistry in reactions with ketones [11, 12].




        Aldol reactions mediated by titanium and zirconium naturally present high syn-selectivity, regardless of their geometry. This is because (Z)-enolate reactions are processed by means of a transition state in a chair-like conformation, whereas (E)-enolates preferentially form transition states in a boat-like conformation [11].




        Due to the high yields and selectivity provided by boron-mediated aldol condensations, this approach became a key step in the synthesis of several complex molecules [11]. Some of its most relevant applications on different stereocontrolled synthetic routes will be presented below, as well as other examples of intramolecular Diels-Alder reactions and diastereoselective alkylations induced by these chiral auxiliaries.
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Scheme 1)


        Retrosynthetic analysis of (−)-cytovaricin [13].



        A study developed for the convergent synthesis of (−)-cytovaricin (Scheme 1), a potent antibiotic, is a striking example of the control of almost all stereocenters in the molecule by employing successive Evans’ aldol reactions [13].




        The preparation of the spiroacetal (1) and polyol glycoside (2) subunits as the precursors of cytovaricin, according to Scheme 1, with all suitably controlled stereocenters, was a major challenge that could have been crowned with the application of a successive sequence of Evans’ aldol reactions [13].




        

          Preparation of the Spiroketal Subunit (1)




          The preparation of intermediates 6 and 10 (Scheme 2) allowed the synthesis of the spiroketal nucleus (1). The preparation of 5 was carried out by the addition of the boronic enolate derived from 3 to 3-[p-methoxybenzyl)oxy]propanal (4), producing the corresponding crystalline imide 5 in 87% yield as a single diastereoisomer. The transamidation sequence of 5, followed by protection of the hydroxyl group, led to the Weinreb amide 6 in 91% yield [13].
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Scheme 2)


          Synthesis of the spiroketal subunit (1).



          On the other hand, the stereogenic centers in fragment 9 were created by another aldol addition reaction, from the boronic enolate derived from the imide 7 precursor with 2-trans-pentenal (8), producing the syn-Evans’ aldol adduct 9 in 92% yield. A sequence of steps and homologation of two carbon units produced hydrazone 10 (Scheme 2). Next, the enolate alkylation reaction of hydrazone 10 with the Weinreb amide 6 produced the fragment 11, which in turn gave rise to the important spiroketal 12. Finally, an aldol reaction of the chiral enolate 13 and the aldehyde 12 produced the desired spiroketal (1) [13].


        




        

          Preparation of the Polyol Glycoside Subunit (2)




          The preparation of polyol glycoside (2) started from an asymmetric aldol condensation between the boronic enolate derived from imide 14 and aldehyde 15, producing, as a single diastereoisomer, the anti-aldol adduct 16 (Scheme 3).
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Scheme 3)


          Preparation of the polyol glycoside subunit (2) [13].



          Thus, a sequence of transamidation, oxidation with DMP, and diastereoselective reduction with L-selectride provided the precursor 17. Glycosylation between alcohol 17 and acetoxy glycoside (18) and anomerization of the α-glycoside (19α) provided β-glycoside (19β). Finally, a short sequence of steps produced the polyol glycoside subunit (2) [13].


        




        

          Synthesis of (−)-Cytovaricin




          Finally, the Julia-Lythgoe olefination reaction by treatment of sulfone 2 with LDA at −78 oC followed by the addition of spiroketal (1) resulted in the convergent coupling of these precursors, which after the macrolactonization reaction and controlled deprotection of all groups produced the elegant asymmetric synthesis of macrolide (−)-cytovaricin (Scheme 4) [13].
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Scheme 4)


          Synthesis of (−)-cytovaricin.



          The application of aldol reactions has also been recently highlighted by the synthesis of the natural product FR-182877, a potent and selective inhibitor of carboxylesterase-1 [14] (Scheme 5). All stereochemical relationships of the target molecule were obtained from controlled aldol reactions by using Evans’ oxazolidinones. Similar to the synthesis of cytovaricin [13], asymmetric aldol reactions were the key steps in the construction of FR-182877 key fragments 22 and 24, which were then joined via a Suzuki coupling, producing precursor 25, followed by macrolactonization and oxidation to provide 26. Finally, the subsequent Diels-Alder and hetero transannular Diels-Alder reactions and controlled deprotection culminated in the total synthesis of the hexacyclic FR-182877 [15].
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Scheme 5)


          Synthesis of FR-182877 [15].
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Scheme 6)


          Taxol C-ring synthesis [16].



          Another remarkable application of this methodology was demonstrated by the preparation of a taxol C-ring [16], which has a complex and highly functionalized structure [17] and potent antitumor activity. However, it has limited natural availability and is therefore considered a target compound for total synthesis. The taxol C-ring can be obtained enantiomerically pure by using two successive asymmetric aldol Evans’ reactions to create the two stereocenters at the C5 and C7 carbons in the first synthetic step (Scheme 6). A dibutylenolborinate of 27 was treated with α-bromoacrolein to afford syn-aldol 29 as a single diastereoisomer in 77% yield (2 steps). Removal of the chiral auxiliary and oxidation yielded aldehyde 30. The latter was treated with the enolborinate derived from 7, providing aldol 31, which, after removal of the auxiliary, produced carboxylic acid 32 (Scheme 6).




          An extraordinary application of Evans’ oxazolidinones in the control of stereocenters was demonstrated by the asymmetric intramolecular Diels-Alder reaction in the synthesis of (+)-lepicidin A, a macrolide that exhibited potent insecticidal activity, particularly against Lepidoptera larvae[18] (Scheme 7).
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Scheme 7)


          Synthesis of (+)-lepicidin A [18].



          Treatment of the advanced intermediate 33 with five equivalents of the Lewis acid (CH3)2AlCl provided the Diels-Alder adduct 34 with high diastereoselectivity (10:1) in 71% yield. Removal of the chiral auxiliary and regioselective desilylation and oxidation generated 35, which after an intramolecular aldol reaction by treatment of the latter with NaHMDS, produced the fused lateral tricyclic ring 36 with excellent diastereoselectivity (12:1). A sequence of glycosylation reactions and a careful deprotection concluded the total synthesis of (+)-lepicidin A.




          Evans’ oxazolidinones have also been widely used in diastereoselective alkylation reactions of enolates [3, 19]. An application of this methodology has been employed in the synthesis of the laulimalide C1-C16 fragment, a compound isolated from marine sponges that is highly cytotoxic against KB cells. The alkylation reaction between the enolate of acylamide 37 (C3-C11 fragment) and allyl iodide 38 can be observed in Scheme 8, providing intermediate 39 with the expected new stereogenic center duly controlled on C11, which, in turn, gave rise to the valuable precursor fragment 40 (C1-C16). A sequence of further reactions shows the incorporation of fragment 40 into the total synthesis of laulimalide [19].
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Scheme 8)


          Synthesis of the C1-C16 fragment (40) of laulimalide [19].



          Methodologies using these auxiliaries have also been useful for the synthesis of natural alkaloids with asymmetric quaternary carbons in their structures. The total syntheses of (−)-eburnamonine and (+)-epi-eburnamonine, for example, were developed from the stereoselective preparation of the key intermediate 44, by means of an α-alkylation reaction with the allyl bromide of oxazolidinone derivative 41 [20] (Scheme 9).
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Scheme 9)


          Synthesis of 44, precursor of (−)-eburnamonine and (+)-epi-eburnamonine [20].



          Similarly, compounds such as helibisabolonol A and B, isolated from the extract of dried leaves of Helianthus annuus L., popularly known as sunflower, have structures that instigate the interest in the development of routes for their asymmetric total synthesis due to their pronounced biological activities. Helibisabolonol A, for example, exhibits high allelopathic growth inhibitory activity of etiolated wheat coleoptiles. In this context, the use of a chiral auxiliary becomes a powerful tool for the construction of stereogenic centers in these structures. A recently reported total synthesis had as a key step a diastereoselective alkylation reaction of the Michael acceptor 47 with magnesium dimethylcuprate, providing adduct 48 with a single stereocenter controlled by the Evans’ chiral inducer. Finally, a few additional steps provided helibisabolonol A with an overall yield of 33% [21] (Scheme 10).
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Scheme 10)


          Synthesis of helibisabolonol A [21].

        


      


    




    

      COREY’S CHIRAL AUXILIARY: (+)-8-PHENYLMENTHOL




      As previously mentioned, Corey first introduced the use of chiral auxiliaries in 1975, when he developed a methodology for obtaining a chiral intermediate in the synthesis of prostaglandins (PGs). The first chiral auxiliary developed by this researcher was (+)-8-phenylmenthol (50), but its enantiomer (51) (Fig. 4) can also be used for this purpose, and both auxiliaries became useful tools for the differentiation of prochiral faces. Their attributes qualify them to compose the list of the most versatile chiral auxiliaries for asymmetric organic synthesis [22].
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Fig. (4))


      Chemical structures of Corey’s chiral auxiliaries (+)- and (−)-8-phenylmenthol.



      One of the first applications of Corey's chiral auxiliary in asymmetric synthesis occurred in the chemical production of prostaglandins (PGs), natural products biosynthesized from arachidonic acid, a polyunsaturated fatty acid containing 20 carbon atoms. PGs act as important chemical messengers that regulate many physiological activities, such as blood circulation, digestion, and reproduction. These molecules were first detected in the human semen, produced by the prostate, hence the name prostaglandins [21]. Currently, PGs have shown a new therapeutic potential due to their antineoplastic and sleep-inducing activities [23, 24], explaining why these compounds continue to arouse great interest in the scientific community, reflected by the large number of syntheses reported for these compounds [23, 24]. Corey and Ensley synthesized prostaglandin PGF2α [6], as depicted in Scheme 11 [25-27].




      Synthesis of prostaglandin PGF2α starts with the preparation of intermediate 52 (Scheme 11). The Diels-Alder reaction, employing AlCl3 as the catalyst and the achiral diene 54, resulted in the formation of the endo adduct 55 in 89% yield and diastereoselectivity of 97:3. The endo-selective cycloaddition occurs from the unlocked face of the s-trans acrylate Lewis acid complex [26]. A favorable π-stacking interaction was proposed to increase the stereoselectivity of this process. However, acrylate derivatives employing menthol as the chiral auxiliary provided low selectivity, ca. 40%. The phenyl group is positioned in the complex to allow an attractive interaction between the cationic acrylate group and the benzene ring, which is paired with the electron-deficient carbonyl carbon atom of the only ortho carbon of the phenyl substituent. This position allows the phenyl group to block the Si face of α-acryloyl-olefin, which favors the formation of 55, as the diene is forced to approach the front face, that is, the Re face of Cα [26]. Removal of the chiral auxiliary by oxidative cleavage of 55 gave bicyclo [2.2.1] heptenone (56). The latter was transformed into iodolactone 57, the key intermediate for the synthesis of the prostaglandins family, with 100% enantiomeric excess after recrystallization. Finally, a successive sequence of reactional steps from 57 completed the total synthesis of PGF2α.
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Scheme 11)


      Corey’s prostaglandin PGF2α synthetic route [6, 25-27].



      Another interesting approach employing Corey’s chiral auxiliary (51) is exemplified in the synthesis of ent-daphniyunnine D, an alkaloid of the Daphniphyllum class that is cytotoxic against L1210 murine lymphoma and KB human squamous cell carcinoma cell lines, exhibiting IC50 values between 0.1 and 10 μg mL-1. Scheme 12 illustrates the synthetic route reported by Kang et al. [28] for the synthesis of this alkaloid.
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Scheme 12)


      Synthetic route of ent-daphniyunnine D [28, 29].



      The synthesis of ent-daphniyunnine D has as a key step the combination of two enantiomerically pure fragments, 60 and 62, derived from cycloheptanone (58) and D-mannitol (61), respectively. The chiral induction of amino alcohol 60 was made possible by the use of the Corey chiral auxiliary, (−)-8-phenylmenthol (51), which was introduced into adduct 59. The enantiomeric purity of 62 is derived exclusively from D-mannitol, a natural carbohydrate found in several vegetables.




      The coupling between 60 and 62, by treatment with EDCI [1-ethyl-3-(3-dimethylaminopropyl)carbodiimide] and DMAP followed by tosylation of the primary alcohol, desilylation by the use of TBAF with simultaneous elimination of the tosylate group and hydrogenation in presence of Pd-C gave the corresponding epimeric amide 63. Cyclization of 63 (formation of the B and C rings) through a tandem acylimide/Mannich reaction gave diastereoisomers 64a and 64b in 32% and 36% yield, respectively. The total synthesis of ent-daphniy- unnine D was completed after a series of chemical manipulations from 64b.




      Another interesting contribution made by Corey was the use of (+)-menthol as a chiral auxiliary. This can be evidenced by the synthesis of (−)-bilobalide [30], a rare polycyclic lactone produced by the Ginkgo biloba plant [31]. The key step in the synthesis of this compound is an asymmetric Diels-Alder reaction between the menthol derivative 65 and butadiene to provide diester 66 according to Scheme 13. The stereospecific interconversion sequence provided intermediate bicyclo 67, which has a properly controlled stereochemistry at carbons 5 and 6. Stereoselective reduction and ozonolysis yielded 68 as an epimeric mixture of 10:1. From this intermediate, the synthesis of (−)-bilobalide was completed after a few additional steps.
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Scheme 13)


      Synthetic route of (−)–bilobalide [30].

    




    

      ENDERS’ CHIRAL AUXILIARIES




      The use of chiral auxiliaries derived from (S)-proline in asymmetric alkylation reactions, via the formation of enamines, was first reported by Yamada in 1969 [32a, b]. The use of (S)-1-amino-2-methoxymethylpyrrolidine (SAMP) as a chiral auxiliary for the formation of hydrazones was introduced by Enders and Eichenauer in 1976 [33]. In that same year, Corey and Enders [34] also reported the use of (R)-1-amino-2-methoxymethylpyrrolidine (RAMP) in asymmetric alkylation reactions. However, it was Enders and his research group that popularized the use of SAMP and RAMP as chiral auxiliaries (Fig. 5) by means of asymmetric synthesis of natural products with complex structures [32b, 35].




      SAMP and RAMP were synthesized from the amino acids (S)-proline and (R)-glutamic acid, respectively [32b].
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Fig. (5))


      Chemical structures of (S)-proline and Enders’ SAMP and RAMP chiral auxiliaries.



      In addition, several other compounds derived from SAMP and RAMP were developed: SADP, SAEP, SAPP, and RAMBO (Fig. 6). However, they are rarely employed in asymmetric alkylation reactions [32b, 35].
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Fig. (6))


      Chemical structures of chiral auxiliaries SADP, SAEP, SAPP, and RAMBO [32b, 35].



      
[image: ]


Fig. (7))


      Chemical structures of the possible azaenolates formed in the asymmetric alkylation reaction [36].



      The mechanism of the asymmetric alkylation reaction involves the formation of a hydrazone intermediate, called azaenolate [36]. This is formed after the coordination of lithium to hydrazone nitrogen, followed by the abstraction of the proton by the base. The azaenolate may exist in different conformations and configurations. Fig. (7) shows the representation of the possible intermediates, considering the use of SAMP as an inducer of chirality. Of all intermediates, the formation of azaenolate A is the most favored due to less steric repulsion between the olefin groups, chiral auxiliary, and lithium ligands.




      Therefore, when using SAMP as a chiral auxiliary, the addition of the alkyl halide to the azaenolate occurs through the lower face of the olefin, as shown in Fig. (8), since the upper face is sterically hindered by the presence of the auxiliary [37, 38].
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Fig. (8))


      Transition state in the addition of the alkyl group to the azaenolate intermediate in the asymmetric alkylation reaction of Enders [32b, 37].



      An attractive feature of the SAMP/RAMP methodology is the well-defined predictability of the stereochemistry since the appropriate enantiomer of the chiral auxiliary can be chosen according to the stereochemical requirements of the desired product [36].




      An example of the use of this methodology is found in the total synthesis of the natural product swinholide A, a polyketide metabolite that has a complex structure and was first isolated by Carmely and Kashman [39] in 1985 from the marine sponge Theonella swinhoei. Initially, its structure was improperly characterized as a 22-membered monomeric macrolide. However, in 1990, Kitagawa et al. [40] elucidated the dimeric nature of swinholide A, making appropriate corrections for preliminary structural elucidation, as well as the complete determination of its stereochemistry using mass spectroscopy and crystallographic studies of X-rays [41].




      Thus, the molecular structure of swinholide A is composed of a C2-symmetrical dimeric dilactonic skeleton of 44 members, two conjugated diene systems, two trisubstituted pyran systems and two disubstituted dihydropyran systems. In addition, 30 stereogenic centers are present in the architecture of swinholide A [42].




      Swinholide A exhibited potent cytotoxic activity against a variety of human cells. For example, it exhibits IC50 values of 0.03 μg mL-1 for L1210 cells and 0.04 μg mL-1 for KB cells. In addition, this macrolide has antifungal activity [41].




      Its symmetrical and highly oxygenated structure is a striking feature, and appears to be essential for its biological activities [41].




      Limited natural production and potential usefulness in anticancer studies, combined with the structural complexity of this unique class of marine macrolides, have recently inspired synthetic efforts directed at swinholids.




      In this context, Richter et al. [43] reported the first total synthesis of swinholide A in 1994. For this approach, the great contribution of Enders’ chiral auxiliary (SAMP) for the control of stereocenters in the macrolide, from a stereospecific alkylation between iodide 69 and chiral inducer 70 to produce the important intermediate 71, should be highlighted (Scheme 14). Ozonolysis of 71 produced ketone 72. The aldol condensation reaction between this resulting ketone and aldehyde 73 allowed the expansion of the carbon chain to produce the syn-aldol adduct 74 with all stereocenters duly controlled. Further manipulations, such as reductions, chemoselective protections, and macrolactonizations of the advanced intermediates from 74 enabled the full synthesis of swinholide A.




      Another important contribution of the use of Enders’ chiral auxiliaries can be seen in the total synthesis of (−)-callystatin A, a δ-lactone, isolated in 1977 by Kobayashi et al. [44] from the marine sponge Callyspongia truncata. This lactone is a potent cytotoxic polyketide. Its structure was initially elucidated by physicochemical methods and subsequently had its absolute configuration confirmed by the same authors through total synthesis [35, 45]. The fact that this compound is obtained only in small amounts from natural sources (1.0 mg from 10 kg of the marine sponge), and that its structure is related to that of several antitumor antibiotics, makes the synthesis of this lactone an interesting option for synthetic organic chemists.
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Scheme 14)


      Synthesis of swinholide A [42, 43].



      The asymmetric synthesis reported by Enders et al. [45] of (−)-callystatin A and its analog 20-epi-calistatin A employs the stereoselective alkylation reaction using SAMP/RAMP as chiral auxiliaries, an important step in this synthetic route (Scheme 15).
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Scheme 15)


      Total synthesis of (−)-callystatin A [35, 45].



      In this synthetic approach, chiral intermediates 76a and 76b were obtained at high diastereoisomeric excesses after the asymmetric alkylation reaction of the O-protected RAMP derivatives (75a and 75b) with iodomethane and LDA. The removal of the chiral auxiliary via ozonolysis provided aldehydes 77a and 77b with high optical purity, which were the precursors of the advanced (C7-C12) 78 fragment. Successive lateral chain expansion reactions from 78, and finally, the lactonization step, allowed the total synthesis of (−)-callystatin A, with an 18% overall yield. The synthetic approach described here was comparable to or better than the previously reported route [45].




      Another example of the use of SAMP and RAMP can be found in the synthesis of the macrolide (+)-aspicilin, an 18-membered cyclic ester isolated by Hesse in 1900 from the lichens Aspicilia gibbosa and Aspicilia caesiocineria of southwestern Germany. Although it was discovered at the end of the 19th century, only in 1973 its basic structure was proven by Huneck, Shreiber, and Steglichw, and its absolute configuration determined in 1985 by Quinkert et al. through the use of NMR spectroscopy techniques and X-ray analysis [46, 47].




      Although no biological activity has been reported for (+)-aspicilin since its structure was elucidated, it has attracted much attention from synthetic chemists due to the presence of an 18-membered macrocyclic ring containing three contiguous chiral centers. This macrolactone is applied in a wide spectrum of studies for synthetic methodological innovations [47, 48], as can be demonstrated by the large amounts of total syntheses reported [49].




      Enders et al. [46] reported in 1995 the highly convergent asymmetric synthesis of (+)-aspicilin with high stereoisomeric purity (≥ 91% yield and ≥ 96% ee) in 19 steps, employing the chiral auxiliaries SAMP and RAMP to obtain the desired stereospecific alkylating intermediates (S)-82 and (R,R,S)-84, respectively, after removal of the chiral auxiliaries via ozonolysis (Scheme 16).




      Successive reduction, deprotection, and macrolactonization reactions made the preparation of (+)-aspicilin from 84 possible.


    




    

      CHIRAL AUXILIARIES OF YAMADA




      Chiral amino acids are widely used as organocatalysts since the products originated from their reactions have high stereoselectivity, they can be obtained from a large number of natural sources, and have the possibility of being synthesized with a low cost [50]. This section will present some amino acids used as chiral auxiliaries, with emphasis on the L-proline derivatives proposed by Yamada [32a] (Fig. 9).




      An interesting application of Yamada’s chiral auxiliaries can be seen in the synthesis of the optically active 4,4-dissubstituted 2-cyclohexenone 90, developed through an intramolecular Robinson annulation reaction, through the keto-aldehyde intermediate 89, based on the pre-formed chiral enamine 87 (Scheme 17) [51].
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Scheme 16)


      Synthesis of (+)-aspicilin [46].
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Fig. (9))


      Yamada’s chiral auxiliaries derived from L-proline [32a].
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Scheme 17)


      Synthesis of 90 through enamine derived from proline 87 [51].



      Following their same line of research, Yamada and Otani applied the intramolecular Robinson annulation employing the chiral auxiliary developed by them, in the synthesis of (+)-mesembrine [52] (Scheme 18). The levorotatory isomer, (−)-mesembrine, obtained from natural sources [53], is an alkaloid present in the South African medicinal plant Sceletium tortuosum (kanna) [54] and was first isolated in 1957 by Bodenfort et al. [55]. The natural alkaloid was shown to be active as a serotonin reuptake inhibitor (Ki = 1.4 nM), and more recently has also been found to behave as a weak inhibitor of the enzyme phosphodiesterase 4 (PDE4) (Ki = 7,800 nM) [56]. As such, mesembrine may contribute to the antidepressant effects of kanna.
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Scheme 18)


      Synthesis of (+)-mesembrine [52].



      Synthesis of (+)-mesembrine (Scheme 18) involved the preparation of the key amino aldehyde 91 following the Yamada protocol [52], which when coupled with chiral auxiliary 92 produced enamine 93. The stereoselective alkylation sequence of 93 with Michael acceptor 88 and treatment with aqueous acetic acid provided cyclohexenone 94 in 38% (3 steps). Finally, the transformation from 94 to (+)-mesembrine in 70% yield was easily accomplished by treatment with a 10% ethanolic HCl solution.




      In turn, the synthesis of (S)-α-damascone [57] (Scheme 19), an important cyclic terpenoid used in the perfume industry as it exudes a characteristic smell of fresh roses, is another magnificent example of the virtues of the chiral auxiliary of Yamada, which enabled the enantiomerically pure preparation of this terpenoid.
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Scheme 19)


      Synthesis of (S)-α-damascone [57].



      The synthesis of the (S)-α-damascone (Scheme 19) is performed from the chiral enamine of Yamada (95) through an acid-catalyzed mimetic cyclization reaction, providing α-cyclocitral 96, resulting in (S)-α-damascone.


    




    

      OPPOLZER’S CHIRAL AUXILIARY




      Among the chiral tools used in organic synthesis, the Oppolzer’s auxiliary (Fig. 10), also known as bornanesultam or camphorsultam, is also noteworthy. It was developed by Wolfgang Oppolzer, and in his honor, takes its name from the long-serving camphor molecule, a fascinatingly versatile starting material for the enantiomerically pure synthesis of natural products [58].
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Fig. (10))


      Oppolzer’s chiral auxiliary.



      This auxiliary is commercially available as (1R)-(+)-2,10-camphorsultam and its (1S)-(−)-2,10-camphorsultam enantiomer. As an inducer of chirality, it has been shown to be very versatile, as it is used in Michael reactions [59], Claisen rearrangements [60], cycloaddition reactions [61], etc.




      An interesting example of the use of this chiral auxiliary is observed in the synthesis of (5S)-dihydroyashabushiketol [62] (Scheme 20), a secondary metabolite isolated from Alnus firma Sieb., in 1970 [63], which exhibited inhibitory activity against the enzyme 5α-reductase as well as antiemetic activity in hepatic and prostate cancer.
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Scheme 20)


      Synthesis of (5S)-dihydroyashabushiketol [62].



      The key 1,3-dipolar cycloadduct 99 was obtained from the N-acryloylsultam 97, (in 81% yield after recrystallization with i-PrOH, 99% de) by treatment with the oxime 98 under conditions of nitrile oxide formation (NCS, KHCO3) (Scheme 20). Reduction of 99 with L-selectride yielded alcohol 100. Finally, the various further transformations from 100 allowed the preparation of (5S)-dihydroyashabushiketol.




      Another interesting application of the Oppolzer chiral auxiliary can be observed in the total synthesis of (−)-pulo'upone, an uncommon pyridine derivative substituted at C-2 by a bicyclic C16 polyketide-alkadienone, isolated in a small amount (6.5 mg) from 1.17 g of residue of 59 freeze-dried caphalaspidean mollusks Philinopsis speciosa [64] (Scheme 21).




      The pure (E,E,E)-trienoylsultam (101) was prepared according to the protocol described by Oppolzer et al. [64]. The crucial step of intramolecular Diels-Alder cyclization was done under mild conditions by treatment of triene 101 with the Lewis acid (CH3)2AlCl, CH2Cl2 at −20 °C to afford the endo-cycloaddition product 102 in 71% yield and with ca. 100% de, after recrystallization with hexane/EtOAc (9:1) (Scheme 21). The expected absolute configuration of 102 was unambiguously established as (6'R,9'S,13'R,14'R) by X-ray analysis. The desilylation sequence of 102 and the LiH treatment of the resulting primary alcohol provided lactone 103 in 89% yield and the chiral sultam (90% recovered). In the remaining task, successive manipulations of lactone 103 allowed the homologation of the side chain, together with the pyridine ring to produce (−)-pulo’upone.
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Scheme 21)


      Synthesis of (−)-pulo’upone [64].



      Another excellent application of Oppolzer’s chiral auxiliary can be seen in the synthesis of the alkaloid manzacidin B [65] (Scheme 22). This bromopyrrole alkaloid, isolated from the sponge Hymeniacidon sp. by Kobayashi et al. in 1991 [66], belongs to a new class of natural products that have promising pharmacological activities, being considered α-adrenoceptor blockers, antagonists of the serotonergic receptor, and actomyosin ATPase activators [67].
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Scheme 22)


      Synthesis of the alkaloid manzacidin B [65].



      The isocyanoacetate aldol reaction of aldehyde 104 with (1R)-105 to give (4R,5R)-106 as the major diastereoisomer (13:1) in 84% yield was the key step for the total synthesis of manzacidin B (Scheme 22).




      Finally, the removal of the camphorsultam group from MOM-protected 106 under alkaline hydrolysis, followed by acid treatment, provided amino acid 108, which after three successive steps using the protocol previously established by Shinada et al. [68] produced the manzacidin B alkaloid.




      The stereochemistry of the major diastereoisomer 106 is rationalized from the transition state model proposed in Fig. (11). In this model, the preferential formation of the (Z)-enolate from (1R)-105 is verified, thus avoiding the stereochemical repulsions between the isocyanate and sulfone groups. In the transition state, the approach by the Re face of the (Z)-enolate and the Re side of aldehyde 104 should be a kinetically favorable process to provide the (4R,5R)-106 adduct as the major diastereoisomer.
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Fig. (11))


      Proposed transition state model for 4R,5R-106.

    




    

      CARBOHYDRATES AS CHIRAL AUXILIARIES – KUNZ’S AUXILIARIES




      Carbohydrates are naturally occurring compounds of low economic value, which, as they contain several functional groups and defined stereocenters, can be used as inducers of chirality in asymmetric synthesis, providing stereo- and regioselective products [69]. These virtues make them useful tools in the asymmetric synthesis of natural products [70].




      Vasella, in 1977 [71], first reported the use of carbohydrates in asymmetric synthesis. However, the work developed by Kunz et al. [72, 73], carried out 10 years later, made them better known as chiral auxiliaries. To date, several chiral structures have been developed and applied in several stereocontrolled chemical reactions [72-81].




      The best known chiral agent for carbohydrates is the per-O-pivaloylated galactosyl amine (Fig. 12), reported by Kunz et al. [72], which yielded excellent results in asymmetric reactions, such as Strecker, Ugi, Mannich, Michael addition, aza-Friedel-Crafts, Diels-Alder, and Povarov [72, 82-92].
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Fig. (12))


      Kunz’s auxiliaries: per-O-pivaloylated galactosylamine (109) and per-O-pivaloylated arabinosylamine (110).



      

        Asymmetric Reaction of Strecker Employing Kunz's Galactosylamine




        The Strecker reaction is an effective methodology for the preparation of α-amino acids in laboratory and industrial scale. This reaction initially provided a racemic mixture of amino acids. In 1987, the Kunz team [93] reported a methodology using a carbohydrate, as a chiral auxiliary and a Lewis acid as a catalyst to produce enantiomerically pure amino acids [94] (Scheme 23).
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Scheme 23)


        Strecker reaction for the synthesis of chiral α-amino acids (112) [94].



        The stereoselective Strecker reaction was made possible by the use of the pivaloylated galactosylamine and pivaloylated arabinosylamine carbohydrates, in addition to Lewis acids (Scheme 23) [93]. It was the first time O-protected D-galactosyl amine and D-arabinosyl amine were used as tools for the asymmetric synthesis, initially, of amino nitriles, generating amino acids after hydrolysis [95, 96].




        Combination of a carbohydrate and a Lewis acid result in high selectivity in Strecker reactions due to steric and stereo-electronic effects. In the transition state (Fig. 13), the Lewis acid coordinates with the imine nitrogen and the carbonyl oxygen of the 2-O-pivaloyl group. This complex is attacked by cyanide, preferably by the Si face of the imine (Fig. 13) [72]. The use of galactosylamine is highly selective for the preparation of α-amino acid derivatives, whereas arabinosylamine is selective for β-amino acids. (R)- and (S)-configurations can be obtained by changing the chiral auxiliaries.
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Fig. (13))


        Transition state of the Strecker reaction with the per-O-pivaloylated galactosylamine.



        High yields and selectivity have made the Strecker strategy the key step for the total synthesis of several complex and biologically active molecules. An example of this may be observed in the synthesis of the important fragment 116 of indinavir [70] (Scheme 24), a protease inhibitor that exhibits activity against the human immunodeficiency virus type 1 (HIV-1), that is, a drug capable of blocking HIV proteases.
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Scheme 24)


        Synthesis of indinavir fragment 116 by using Kunz’s chiral auxiliary [70].



        The synthesis of fragment 116 involves the formation of the aziridine intermediate ring 114. The preparation of this ring in high yield and high diastereoselectivity was possible by the combination of Kunz’s chiral auxiliary 109, diazocompound 113 and BH3.Et2O, at −40 oC. Opening aziridine 114 by treatment with methylamine pyridine 115 provided intermediate 116 with the release of the chiral auxiliary. The Lewis acid BF3.Et2O, the catalyst used in both steps, was chosen because it presented the best yields when compared to other acids, such as zinc triflate, tin tetrachloride, titanium tetrachloride, copper triflate, aluminum trichloride, and indium trichloride [70].




        Some additional synthetic steps from amide 116 are required for the full synthesis of indinavir.


      




      

        Asymmetric Mannich Reaction Employing the Galactosylamine of Kunz




        The Mannich reaction is a classical methodology for the preparation of β-amino carbonyl compounds known as Mannich bases [97]. Such bases are obtained by the condensation of a compound containing an activated C-H bond (usually aldehydes or ketones) with primary amines, secondary amines or ammonia and a non-enolizable aldehyde or ketone (Scheme 25).
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Scheme 25)


        Classic Mannich reaction [97].



        The Mannich reaction employing Kunz's auxiliaries is one of the most important transformations in organic chemistry because it enables the development of routes useful for the synthesis of optically active β-amino-ketones or esters that are chiral precursors of many biologically important nitrogen compounds [89, 98-100].




        Chiral β-amino-ketones can be obtained by reacting preformed imines in situ with silyl-enol ethers in the presence of Lewis acids. Kunz and Pfrengle [87] demonstrated the great potential of this method in the aminoalkylation of Danishefsky’s diene with optically pure imines derived from L-galactose (Kunz's auxiliary) and two equivalents of zinc chloride. It is worth noting that the isolation method leads to different products; treatment with aqueous ammonium chloride, for example, generated β-amino-ketone (124), while the addition of hydrochloric acid generated dehydropiperidone (123), which are important intermediates in the synthesis of piperidine alkaloids [101-104] (Scheme 26).




        Another application of carbohydrates as inducers of chirality is demonstrated in the stereoselective synthesis of the enantiomerically pure alkaloid nupharamine (Scheme 27). The 1,4-addition of the organocuprate derivative of 126 in the Mannich base 125 afforded amine 127 in a high diastereoisomeric ratio (86:14). An additional three-step sequence made the preparation of the nupharamine possible [105].
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Scheme 26)


        Diastereoselective aminoalkylation of a silylenolether with an enantiomerically pure imine. Preparation of chiral β-aminoketones 123 and 124.
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Scheme 27)


        Synthesis of the nupharamine alkaloid [105].

      


    




    

      MEYERS CHIRAL OXAZOLINES




      Another class of compounds that stand out in asymmetric synthesis are chiral oxazolines (Fig. 14). These chiral substrates were introduced by Meyers et al. [106] in 1974 and are now widely used to promote the formation of new C–C bonds in aromatic substitution reactions for the synthesis of chiral compounds.
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Fig. (14))


      Chemical structure of a Meyers chiral oxazoline.



      In this synthetic approach, aromatic systems with a Meyers chiral oxazoline moiety are coupled with aromatic metal [magnesium (Grignard) or lithium] reagents to afford chiral biphenyls, binaphthyls, or related systems [107]. The syntheses of the natural products (−)-steganone and (+)-schizandrin are some striking examples of the application of this methodology.




      (−)-Steganone is a dibenzocyclooctadiene lactone lignan that was first isolated from Steganotaenia araliacea by Kupchan in 1973. This plant species belongs to the family Apiaceae and is commonly found in the African savanna and tropical regions, where it is valued in traditional medicine [107-109]. (−)-Steganone was shown to have significant in vivo activity against murine P-388 leukemia cells as well as marked in vitro activity against human nasopharyngeal carcinoma (KB) cells [107,108].




      The first synthesis of racemic steganone was performed in 1976 [110,111]. In 1987, Meyers et al. reported the total synthesis of (−)-steganone using an oxazoline derivative (131) prepared from 3,4,5-trimethoxybenzoic acid (128) as chirality inducer (Scheme 28). The synthetic route was initiated with the preparation of chiral oxazoline derivative 131. A bromination, nucleophilic aromatic substitution, and amidation sequence from carboxylic acid 128 gave imidate 129. Coupling of 129 with (1S,2S)-(+)-1-phenyl-2-amino-3-methoxy- propanol (130) provided the desired chiral derivative (131). The latter was coupled with the Grignard from bromide 132. This coupling reaction is considered a crucial step in the proposal, as the presence of a Meyers chiral moiety in 131 was responsible for the preferential formation of chiral biphenyl 133a in 65% yield. Separation of the diastereoisomers 133a and 133b and subsequent chemical manipulations from 133a allowed the total synthesis of (−)-steganone [107].
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Scheme 28)


      Synthesis of the natural product (−)-steganone.



      Other noteworthy dibenzocyclooctadiene lactone lignans are (+)-schizandrin and (+)-isoschizandrin (Fig. 15). These two and other 34 compounds of this class were isolated from the fruits of Schisandra chinensis, a plant native to Asia that is used in folk medicine as a tonic and antitussive [112].
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Fig. (15))


      Chemical structure of (+)-schizandrin and (+)-isoschizandrin.



      Meyers et al. [112] reported the synthesis of unnatural (−)-schizandrin and (−)-isoschizandrin from 2-bromo-3,4,5-trimethoxybenzaldehyde (134) and oxazoline derivative 131 (Scheme 29). This work enabled the elucidation of the absolute configuration of (+)-isoschizandrin as (7R,8S) rather than (7R,8R), as had been initially proposed by the authors.
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Scheme 29)


      Synthetic route to obtain (−)-schizandrin and (−)-isoschizandrin.



      The synthesis started with the preparation of silyl ether 135 in 81% yield according to a known protocol [113]. Coupling of 135 in the presence of metallic magnesium with oxazoline 131 gave an isomeric mixture of the biaryls (S)-136 and (R)-136 in 68% yield. Radial chromatographic separation of the stereo- isomers confirmed the diastereoselectivity of the reaction for the (S)-isomer [112].




      Successive reactions from (S)-136 led to bromine aldehyde (S)-137. Intramolecular cyclization of (S)-137 using samarium diiodide as catalyst and oxidizing agent produced a mixture of the cyclic ketones 138a and 138b in 66% yield. After separation of the stereoisomers by radial chromatography, 138b was subjected to a nucleophilic addition step by inverse addition (ketone to nucleophile) with methyllithium (MeLi) to obtain an 8:1 mixture of the unnatural lactones (−)-isoschizandrin and (−)-schizandrin in yields of 78.6% and 9.4%, respectively [112].


    




    

      AMINO ACIDS AS CHIRAL AUXILIARIES – SCHÖLLKOPF AUXILIARIES




      Chiral amino acids also have application in asymmetric synthesis. The following methodology was applied by Ulrich Schöllkopf in 1979 [114] and resulted in the synthesis of different non-natural amino acids (139a–h) by α-alkylation of L-alanine (Scheme 30).
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Scheme 30)


      Synthesis of the unnatural amino acids 139a–h by the Schöllkopf method.



      To synthesize the unnatural amino acids 139a–h, it is first necessary to esterify and condense two L-alanine molecules to obtain the 3,6-dihydropyrazine 140 (Scheme 30). The intermediate is then transformed by the use of MeOBF4 into a Schöllkopf chiral auxiliary (141) [114]. This auxiliary is also known as Schöllkopf’s bis-lactim [115,116]. Treatment of 141 with a base followed by diastereoselective alkylation of carbanion 142 with the respective alkyl halides provided the stereoisomers 143a–h. The stereoselectivity of the reaction is explained by the approach of electrophiles to the opposite side of the bulky group (axial methoxyl) (Fig. 16). Finally, acid hydrolysis of 143a–h produced chiral amino acids 139a–h and free L-alanine [115,117].
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Fig. (16))


      Representation of the nucleophilic attack of carbanion 142 to alkyl groups in the diastereoselective α-alkylation reaction used to prepare the unnatural amino acids 139a–h [115].



      A Schöllkopf chiral auxiliary is also used in the synthesis of sitagliptin ([2R]-4- oxo-4-[3-(trifluoromethyl)-5,6-dihydro(1,2,4)triazolo(4,3-a)pyrazin-7(8H)-yl]-1- [2,4,5-trifluorophenyl]butan-2-amine) (Fig. 17). Sitagliptin, a member of the gliptin family of antihyperglycemic drugs, was approved for the treatment of type 2 diabetes mellitus in the USA in 2006 and in Europe in 2009 [118]. Its mechanism of action involves inhibition of dipeptidyl peptidase-4 (DPP-4), an enzyme that inactivates incretin hormones, such as glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). Incretins act as post-prandial stimulators of insulin secretion and regulators of blood glucose concentration [118,119]. Because sitagliptin is able to increase GLP-1 secretion, insulin release, and glucose tolerance without promoting weight gain, it is one of the most used second-line drugs for the treatment of type 2 diabetes [118-120]. Sitagliptin is marketed under the name Januvia.
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Fig. (17))


      Chemical structure of sitagliptin.



      One of the key steps in the synthesis of sitagliptin fumarate, as reported by Kim et al. [121] in 2005, is the use of a Schöllkopf chiral auxiliary (147) to favor the formation of the R configuration at carbon-3 (Scheme 31) [121, 122].




      
[image: ]


Scheme 31)


      Synthesis of sitagliptin fumarate [116,121,122].



      The synthesis started with the preparation of the chiral auxiliary (147), employing L-valine and glycine (Scheme 31). 3,6-Dihydropyrazine 146 was obtained via the corresponding N-carboxyanhydride (144), which was converted to 147 using MeOBF4 [116,121]. Alkylation of carbanion 148 with 2,4,5-tri-fluorobenzyl bromide (149) afforded 3,6-dihydropyrazine 150. This step allowed control of the R configuration at the α-carbon of 151. The reaction sequence from hydropyrazine 150 consisted of hydrolysis, esterification of the resulting carboxylic acid, N-Boc protection, and basic hydrolysis, affording (R)-N-Boc-2,4,5-trifluorophenylalanine (151). Intermediate 151 was subjected to an Arndt–Eistert homologation by treatment with isopropyl chloroformate and diazomethane for the insertion of a methylene group (–CH2–), followed by sonication in the presence of silver benzoate to obtain amino acid 152. Next, 152 was treated with pyrazine 153, synthesized with the use of 1-ethyl-3-(3-methylaminopropyl) carbodiimide (EDCI), hydroxybenzotriazole (HOBT), and N,N-diisopropylethylamine (DIPEA). Finally, removal of the N-Boc protective group by treatment with hydrochloric acid and addition of fumaric acid provided sitagliptin fumarate [121,122].




      Another application of the Schöllkopf protocol is in the preparation of enantioselective substituted β-lactams. β-Lactams are the most widely used class of antibiotics [123], of which penicillin V (Fig. 18) is probably the best-known member. Naturally produced by the fungus Penicillium notatum, penicillin V was discovered by Alexander Fleming in 1928 [124]. For many scientists, the discovery of penicillin was a landmark event in the history of humankind, one that revolutionized medicine, advanced the production of both natural and synthetic drugs [125,126], and allowed humans to successfully fight bacteria—the most common infectious agents—for the first time [127].
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Fig. (18))


      Chemical structure of penicillin V.



      β-Lactams have recently been found to inhibit serine proteases and acyl-CoA cholesterol acyltransferase (ACAT), enzymes implicated in cholesterol synthesis and cardiovascular disease processes [128]. These findings attracted the attention of synthetic chemists and encouraged the development of stereoselective routes for obtaining novel β-lactams.




      Vassiliou et al. [128] employed a Schöllkopf chiral auxiliary to obtain enantioselective substituted α-lactams (154a–d) (Scheme 32), which are advanced intermediates for preparing compounds analogous to penicillin V. In this approach, the authors performed an alkylation of the substituted chiral auxiliaries 155a–d with benzyl bromoacetate in the presence of n-BuLi to obtain the 3,6-dihydropyrazines 156a–d. Hydrolysis of 156a–d with trifluoroacetic acid and subsequent protection of their amino group with 2,2,5,7,8-pentamethyl- chromane-6-sulfonyl chloride (PmcCl) yielded the respective methyl amino esters (157a–d). β-Lactamization of 157a–d provided the respective enantiomerically pure β-lactams (154a–d) in high yields. β-Lactam 154a was obtained in 91% yield and enantiomeric excess greater than 95% [128].




      
[image: ]


Scheme 32)


      Enantioselective synthesis of substituted β-lactams (154a–d) proposed by Vassiliou et al. [128].

    




    

      CONCLUSIONS




      This chapter follows some reports of various creative enantio- and stereoselective synthesis methodologies of biologically active molecules, leveraged by a wide range of versatile chiral auxiliaries. Asymmetric reactions employing chiral auxiliaries have made remarkable progress in recent decades and continue to until the present day. Studies reported by different research groups around the world have shown that reactions controlled by these auxiliaries are essential tools in the construction of highly complex molecules. Rapid availability of starting materials, easy and versatile cleavage as well as applicability and reliability in a variety of stereoselective transformations allow them to remain today as excellent chemical intermediates or building blocks employed in asymmetric synthesis.


    


  

OEBPS/Images/9789811405099-C1_F5.jpg
O\/ocu; ) _octs

X ;
NH, NH,

(S)-proline

SAMP RAMP





OEBPS/Images/9789811405099-C1_F17.jpg
CF;
F NN

y N\/L\ N'N
. NH, O

¥ Sitagliptin





OEBPS/Images/9789811405099-C1_S28.jpg
oci

1o, comr M co.
2 CitoNs.cu on
ieo 0 N
oc, FLOBE, oci,
1 1
d
o ‘Y
d
Me 0
m
W o, —= + e L0y
o 1co

= e LT
i

o’
oy

(-)Steganene.





OEBPS/Images/9789811405099-C1_S10.jpg
9 o

- o

wif
%

W,
CuBES(CI),
L-20°C

THE
iy iy ciy ul. i 0
11,C0. o 1o, ;0.
(S iy
city
i octy octy OCH;
Helibisabolonol A a






OEBPS/Images/9789811405099-C1_F18.jpg
Phowll\{ﬂjlj
)= oo
U=
N "cn,

O

CO,H

Penicillin V





OEBPS/Images/9789811405099-C1_S2.jpg
8 L n-BuBOTE, NEty

1L AICHy),
o cn,  CILONHCHgdC) o o
ety 0°¢ L i P e,
X o o P > PMBO’ N
2 1ESCHL imidaroe e
a2 1 . s oty
g o 2 T & da
5 PMBO’ n o .
we 4 o vans
51105, 0°C
e 9 1. n-Bu,BOT, NEt;, o on a e fls
N LUIRENCRS i h o
o e —_
0y 1 et ) i,
e o vans din
7 3140, i 10
N i,
e e
g s o 5
ey ey 10 o N, o — HCTY ocH0cH,CCl
d —= T pEso o
d i,
o.
u hon
c,
any e ocioctcc,
12+ s, [T
= 1 CHo, fo—CHs
5oooM _—

e Spioketsl sul

mit (1)





OEBPS/Images/9789811405099-C1_S27.jpg
] oy
OPiv
PivO AN -
ores
PivO. N
opiv MeBr
125 126

CubrS(CH),, THE

127(dr. 86:14)
HC,
N
B
o

Nupharamine (d.r. > 99:1)





OEBPS/Images/9789811405099-C1_F4.jpg
CH;, CH;

“OH OH

H,C71>CH; Hye e,
Ph ° Ph

(+)-8-phenylmenthol (50) (—)-8-phenylmenthol (51)





OEBPS/Images/9789811405099-C1_S11.jpg
Y

1o
2. Ba0CI,ClL 55 °C

1 acryloyl chloride

i
o
ut/ﬁul.
“
He. o 1LH0, 0 g
N~ coon ok Q
o O OBn o ’Fl’h
%

Prosaglandin (PGF,)
100% ee after rystallza
i e e





OEBPS/Images/9789811405099-C1_F7.jpg
LDA

azacnolate A azaenolate B azaenolate C azaenolate D
favored





OEBPS/Images/9789811405099-C1_S3.jpg
o ; ey,
H_omwn imnort e afowian, e
Rla LM THE. 0°C PMBO,

2 then, 11,0,

O T DMP,

o ) 3. LSeleatride gy
i 0. /B e
Si~Bu
b
0% 15
s
b, J.,

e
N

|
OCH,  pranomer 19

PhO,S

Polyol glycoside sul






OEBPS/Images/9789811405099-C1_F3.jpg
5.9 -BBu,

PNAR,

Z-enolate

0 oBBu
X
Ry

E-enolate

'

"o

favored

unfavored

syn aldol product





OEBPS/Images/9789811405099-C1_S19.jpg
N e cn
e TR : o
>
> ciy

CH

e G150
Z CH.
CH;
($)-o-Damascone






OEBPS/Images/9789811405099-C1_S12.jpg
o
1 Nl (CH,C0,0
benzi

L DMAP, tolu
0% 2 steps)

o on

AcCl ey
CIOIL, then P

CLEGN

Pive?

CHy

s
o o
1o
o =" N
Tetluy H
e e
)
5 @
DMAP. pyridine 1o,
2 SCLEGN, (CINTICT
. CHCly then TBAF .
311, PUC, Nalicog ciron 1€
o

e

0
648 (32% undesired)

4. NaOCH, CHOM, reflux.

X

+ Pl N
e’

l 64b (6% desired)

ent-Daphaiyunnine D

oct
e

I

}





OEBPS/Images/9789811405099-C1_S25.jpg
18

acid catalysis

o

R
Ry 'RSR
Ry N6

|
Ry Ry

fi-amino carbonylates (120)





OEBPS/Images/9789811405099-C1_F8.jpg





OEBPS/Images/9789811405099-C1_F2.jpg
o
e bk
p)
e
" Fujiata/Nagao (1985)
Helmehen (1984) porinlin e Yan (1991)

o o

ey S
O

Oppolzer (1983) Davies (1991)
R, o
9 I
oA A
)
NI Iy
o
Gk (199> AL Kame 199
e,
T
Dot 1999

Seehach (1998)





OEBPS/Images/9789811405099-C1_S6.jpg
o o o O OH

o orBs
#BUBOTE DIPEA
Adia mponors — J R T g
A oE <l Br B
[ TN WO en 30 "
2w 5 QIO 2
1 J“k, BuBOTE, DIPEA )OL o on oms Loi o on oms
Q" N Ny JO/THE oy Z
= o, M me [<TR
Ph oy Ph oy

N 3

Taxol





OEBPS/Images/9789811405099-C1_S4.jpg
vy

Spiroketal subunit (1) —.

. o,
ool s
OTES.

PhO,S

Polyol glycoside subunit (2)





OEBPS/Images/9789811405099-C1_S13.jpg
CHy

ne_ciy _ COMen 1 LDATHF
A @’ 2 Bu
ety it COMen 3 KIMDS,
CHClyhexane
o 3
<
OMen ru q
Oy rBu URSORES o
— COMen — O JLorr-Bu
—= COMen =
Y) d
oA 0
OMen ety
67 3 (-)-Bilobalide O





OEBPS/Images/9789811405099-C1_F9.jpg
R R =-0r-Bu
N -N(CH3),

H 0o ~N(Eb),

L-proline derivatives _NG





OEBPS/Images/9789811405099-C1_F13.jpg
preferential attack
on the Si face
oN |F

pivo 0PVl cl
ot VRJ
PivOASQ |I-N=X-

|/
O/RT H





OEBPS/Images/9789811405099-C1_S26.jpg
\
Piv0 o7

PivO. 0
PivO OPiv N — \EN,N e

|nvu\é§/NQQ OPiv
123
OPiv
ot &
MesSio
) -
octy PO opiv
o3 2o po\Coy [
= e PN

S OCH;





OEBPS/Images/9789811405099-C1_F1.jpg
o
~T
&\

H,CO
Meyers

Yamada

Corey

N
L, ot

Enders

on

o
oit
h

Hoffmann

o

5

P
Evans

on

SONR,.
Oppolzer

oa,
Y
oSN
K
-

SO0.Ph

N
ont

Helmehen

HiCoy

Sechach





OEBPS/Images/9789811405099-C1_S5.jpg
&,
L .
o
—
JI Ao

2% FR182877





OEBPS/Images/9789811405099-C1_S30.jpg
oy Ay

on i
o
w™

HOCH),

asymn. inducion
o3

a)s-/.

o _,(;Y(
N0 BE 1HC N
0

I

‘
o

an,

o e O






OEBPS/Images/9789811405099-C1_S23.jpg
OPiv opiy

) AN ”

0 00C__R,

PivO NH, + o:< + e, T, X
OPiy R! BN R

9
109 111 chiral amino acid (112)





OEBPS/Images/9789811405099-C1_F12.jpg
D .
OPiv OPiv o NI,
0 OPiv
Pivogw NH, OPiv

OPiv OPiv
109 110





OEBPS/Images/9789811405099-C1_S14.jpg
ciy

ne. o :
OCHy  T10°C O
93% OCH;

%
u ocH
a,
; i G
CHy OBn CHy CHy CHy
)5, CHYCly HiC,, 0 OBn e,
\ulv blue, ~78°C, i
b a8, ¥ o o om
Ticl, Cii,cly Y
ocn, m FON.78°C, 8 oen, ™
@

OCH,  Swinholide A





OEBPS/Images/9789811405099-C1_S8.jpg
o1Bs

1850,

())L o orns
I\)I\/'\/nms [
N
“\,L u 3 .
o OMOM —————————= (f

Bo LDA, THF
Z ~T810-20°C

Laulimalide





OEBPS/Images/9789811405099-C1_S31.jpg
e
0Bl

«oen, i
ey oon €00 T
S o

iy % n
e
Lvaline eu, W
i
v
'
[
¥ o 14
NN
~on Br N e
3 Ritoe 3
o eIt
| S 75% @ seps) i,
18
f '
HOBT, EDCE DIPEA i Ny 0
v 2 Hercion N 0
i ¥ 12,007

3 Fumarc acid, FOIl

‘Stagliptin fumarate





OEBPS/Images/9789811405099-C1_F14.jpg
0) Ph
/\(xj
R N—",
/
H,CO

chiral oxazoline





OEBPS/Images/9789811405099-C1_F11.jpg
0O, H

104 R

) rmLII

CU\N CJ (),S
0

O H
!

R

(1R)-105

R

(4R,5R)-106





OEBPS/Images/9789811405099-C1_S24.jpg
o OPiV o

Piv
P S -
e

"
Nt B 10, 40°C Nty TN M @
g =T 3 i,
“oigha \/H( L
o

ny

BE3 40, ~40°

e,






OEBPS/Images/9789811405099-C1_S7.jpg
(CH3),AICL CH,Cl,
01023°C

71%
10:1 diastercoselectivity

OTBS

* OTBS

NaHMDS
THF, - 78 °C

-
12:1 diastercoselectivity

35 OTBS

CH;
9 OCH;
OCH
OCH; ~ °

(+)-Lepicidin A





OEBPS/Images/9789811405099-C1_S15.jpg
1y

neo” ncon 2C ]

750, R=TBS
75b, R=TBDPS.

B CH, OPG

e






OEBPS/Images/9789811405099-C1_S32.jpg
1 )i
neo A o
LBl T, 78 ) LTEA CILONILO,25°C N_cocn,
2 BCHLCOBn. THF TR WY
78— % pmar2sec
24540 ot
15614 1574
- 111, (L am, 10% PaC
CHOH,25°C
citph
P 2 EDC pmlnepridne
REILPOOCH, cet,
co.cil,
®
N_O
actme o 7
e

1540





OEBPS/Images/9789811405099-C1_F10.jpg
NH

//\\

0" 0





OEBPS/Images/9789811405099-C1_S17.jpg
cor , A [,
/t,\llw Dheaioed e~ ,,,,(/L ACOIL 11,0 m«@
o © K nxt\% . 9 o
clomed Ph
Pl B

8 5 % 90 (49% )





OEBPS/Images/9789811405099-C1_F15.jpg
H,CO.

H;CO
H;CO

H;CO

OCH; OCH;

(+)-Schizandrin






OEBPS/Images/9789811405099-C1_S20.jpg
HON_~_Ph
98 N 21
b7 R B p 2 Ph
S NCS, KIICO; 0% O
5 20°C, 72h -
6%

L-selectride, THF
20°C, 30 min
78%

/\/\/lk/\ 8
= w0 A~
Phr Ph Ph

(55)-Dihydroyashabushiketol 100





OEBPS/Images/bentham_logo.jpg





OEBPS/Images/Cover.jpg
Advances in
Organic Synthesis

Editor:
Atta-ur-Rahman, FRS Bentham Books

ﬁ&_..l"’ A -






OEBPS/Images/9789811405099-C1_S16.jpg
N

N '
0Cs 1t THF | oot
s 0.
2 BHCl 0T diny
7 7% (55180 l
g oS
o by,
201
0 on
. . oit
L ey 1
i o “on
O Tn 3 0 o
®RS3

w83






OEBPS/Images/9789811405099-C1_S18.jpg
cHo

1,0, o 1,0, 5
H,CO ¥ it H,CO 7 cio
N,
o 2 % ciy
Lo

e
8

octy oci;
ociy
ociy
10% HCHEOH
o AN o e N=cno
(+)-Mesembrine CHy 94





OEBPS/Images/9789811405099-C1_F16.jpg
Br

Lit
L OCH,4
N%
P CH,

H;C  OCH;,





OEBPS/Images/9789811405099-C1_F6.jpg
ocHy oc; { [\, o,
N cHy N Ph R AT
NH, N, Ph S

iy
SADP SAEP SAPP RAMBO





OEBPS/Images/9789811405099-C1_S9.jpg
L NaN(S(CIH) ), THF, <78 °C
2. Ally bromide, 40 °C

3 L0, 1,0, THF

4 LiAllL, TIIF, 0

Eburnamonine = H-a.
fRompiminmin i

HyC

R=TlorPMB

CHy

A —. b,

omDrs

e on

A

o
“





OEBPS/Images/9789811405099-C1_S29.jpg
OcHy
11,0, 1O,
11,co. cio 1,0, CILOTBS M. then J ’
]@ Ret (113 :@( O " o Ly o
Tellax 11O, 1" o,
o e o e
) O o O O mm“‘”-
i1co
k

oct, oct,
o
o,

18 o,
136 esh @A

134

chromatography separation

ocn,
1o,
1o
0.

o <,

o

oci, oci,

n

350 P
chromatography separstion

L
1380

(~Hisoschizandrin (78.6%)

(-)-Schizandrin (9.4%





OEBPS/Images/9789811405099-C1_S22.jpg
Culr-butSab, (5 mol%)

H,C, NHBoe b
Momor A o+ 9 NG a0
ne M DCE, r.
~s0,
104 (1R)-sultam 105
HyC NiBoc O H,C NiBoc O
+ mMomo L s
Y N—0,
O
(4R 5R)-106 (45.55)-107
1. 1 NLiOH
2 6NTiCH
B P
1 NI, NI " — NITSN
1o, ) —
\/H/kwg" — N U\);Ylﬁc(mll
on noo 'MCon

108 Manzacidin B





OEBPS/Images/9789811405099-C1_S21.jpg
X 0

1BSO, i 1. BF; OFty
(CH3)AICH 2. Lill, DM
it

102 (63%, ca. 100% de)

0_0
i
il

(9-Pulo'upone

103 (+ 90% recor






OEBPS/Images/9789811405099-C1_S1.jpg
¢

;¢

ey
DEIPSO

opmB
Spiroketal subunit (1)

Bu

e, OTES
A0
Si~r-Bu
O

PHO,S otk

Polyol glycoside subunit (2)





