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    Carbohydrates are fascinating molecules that constitute an important class of naturally occurring compounds. They are most abundant in nature, biocompatible with minimal toxicity, and structurally diverse. Because of their key role in almost all biological processes, for example, cellular interaction, intercellular adhesion, signal transduction, inflammation, immune response, metastasis, fertilization, transport, modulation of protein function, cell surface recognition, and many more, there is an increased demand of carbohydrate-based molecules for their complete chemical, biochemical, and pharmacological investigations. For a long time, they have been explored as essential components in multiple vaccines and pharmaceuticals.




    Among various carbohydrate entities, glycals (unsaturated sugars) and their derivatives particularly exhibit promising biological activities, ranging from antimicrobial to anticancer effects. The book “Glycals and their Derivatives” is timely, appropriate, and relies on carbohydrate-derived unsaturated sugars in drug discovery and development. The chapters in this book deliberate the practical utilities of a wide spectrum of diverse glycosides and 2-C-branched sugars by exploring their structural insights. This book provides a comprehensive overview of the different synthetic strategies for synthesizing crucial sugar analogs such as glycohybrids and glycoconjugates derived from glycals, offering a new avenue of understanding to the reader regarding glycoscience, glycobiology, and glycotechnology. The chemistry of glycals and their derivatives encompasses a vast array of reactions and transformations. Their reactivity is largely governed by the presence of the electron-rich double bond, which renders them susceptible to various electrophilic additions and cycloadditions. This reactivity is harnessed in the synthesis of diverse carbohydrate structures, including oligosaccharides and O-, N-, S-, and C-glycosides, which are pivotal in numerous biological functions and have profound implications for drug design and development.




    This book, “Glycals and their Derivatives”, also delves into the pharmacological profiles, selectivity, and metabolic stability of the intended sugar derivatives by exploring their post-modifications. Overall, this book has made a fantastic effort to acquaint the reader with the scope and emerging applications of carbohydrate-derived unsaturated sugars. I heartily congratulate the editors, Dr. Nazar Hussain and Dr. Atul Kumar, on making an eccentric and fruitful effort with this forthcoming valuable book, which certainly is a promising tool for synthetic glycochemists and glycobiologists.
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    In the vast landscape of organic chemistry, the pursuit of novel molecules and functional groups has been a driving force behind groundbreaking discoveries and technological advancements. Among these, glycals (unsaturated sugars) and their derivatives stand as remarkable entities, captivating the interest of chemists across diverse fields. These cyclic enolic ethers are recognized as versatile chiral building blocks and are employed as starting materials for the total synthesis of various biologically active molecules. They have been extensively utilized in numerous glycosylation reactions, especially for the synthesis of deoxy sugars, Ferrier products, oligosaccharides synthesis, and cross-coupling reactions in the synthesis of C2-branched sugars. Originating from carbohydrates, the fundamental building blocks of life, glycals offer a fascinating intersection of biology and chemistry, promising avenues for both basic research and practical applications.




    The unique reactivity of glycals lies in the presence of endocyclic and exocyclic double bonds, which offer multiple avenues for their transformation into various biologically important building blocks. In the realm of medicinal chemistry, glycals and their derivatives exhibit promising biological activities, ranging from antimicrobial and antiviral properties to anticancer effects. Structural modifications enable fine-tuning of their pharmacological profiles, enhancing potency, selectivity, and metabolic stability. Additionally, glycals have emerged as potential therapeutic agents for the treatment of diseases such as diabetes and inflammation, owing to their interactions with carbohydrate-processing enzymes and receptors.




    The proposed book, “Glycals and their Derivatives”, presents an exceptional compilation of cutting-edge research on carbohydrate-derived unsaturated sugars. It embodies the most recent scientific breakthroughs in organic and medicinal chemistry, offering an in-depth examination of glycals and their extensive derivatives. With its abundance of insights and discoveries, this book is positioned to become an essential reference for professionals, students, researchers, and academics involved in the dynamic realms of drug discovery and development.
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      Abstract




      Glycals are 1,2-unsaturated sugars having a C=C bond between C-1 and C-2 of the pyranose or furanose moieties of the carbohydrate scaffold. The presence of a C=C bond leads to enhanced reactivity. They are used as chiral building blocks in the synthesis of various natural products and medicinally significant molecules. There are numerous methods for the synthesis of exo-glycals and endo-glycals, such as glycosidations, reagent-based methods, and electrochemical methods. Glycals have shown their versatility and applicability in chemical synthesis in many ways e.g., epoxidation, cycloaddition, and formation of various glycosides like C-glycosides, O-glycosides, N-glycosides. They have also been employed in the synthesis of many biologically relevant natural products as starting materials.
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      INTRODUCTION




      Carbohydrates are polyhydroxy aldehydes or ketones. They are firstly produced by plants and form a very large group of naturally occurring products. Carbohydrates are primarily used as biosynthetic precursors and structural elements in all living organisms. They exist as organic molecules in nature; some are used as energy suppliers and some as storage vehicles. They exist in simple forms as monosaccharides and disaccharides. They also exist as more complex glycosides like glycolipids, glycoproteins, peptidoglycans, proteoglycans, nucleic acids, and poly and lipopolysaccharides [1, 2]. Emil Fischer (1852-1990) (Fig. 1) is regarded as the father of carbohydrate chemistry. He was one of the pioneering scientists in the area of organic chemistry.
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Fig. (1))


      Emil fischer.



      Glycals are a class of carbohydrate derivatives that play a significant role in organic and medicinal chemistry. The term “glycals” is derived from combining “glycosides” and “alcohol”, reflecting the structural feature of these compounds. Glycals are essential carbohydrates that contain a C=C double bond between C-1 and C-2 of the carbohydrate scaffold [3]. Glycals are versatile intermediates in the synthesis of complex carbohydrates and have found applications in medicinal chemistry, natural product synthesis, and many other areas of chemical science. They found their versatility and applicability in carbohydrate chemistry because of their stable transformations as well as unsaturation present at C-1 and C-2 positions [4]. They are unsaturated sugars that contain a double bond at the anomeric position, as shown in Fig. (2). The IUPAC name of the most common glycal is 1, 2-dideoxy-hex-1-eno-pyranose.




      ‘Glycal’ is a general term for all 1,2-unsaturated sugars, while the glycals of specific sugars have their own name from which they are derived e.g., glucal from glucose, galactal from galactose, xylal from xylose, and so on (Fig. 3).




      Depending on the electronic nature and size of the substituents, as well as the presence of the ring oxygen atom, glycals can adopt either 5H4 or 4H5 conformation, as shown in Fig. (4).
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Fig. (2))


      General structure of pyranose and furanose glycals.
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Fig. (3))


      Examples of some glycals.
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Fig. (4))


      Stable conformations of glycals.



      Glycals can play an important role as a chiral starting material in various reactions like halogenation, epoxidation, ozonolysis, cycloaddition, transmetalation, hydrogenation, etc., and also in the synthesis of different kinds of sugar derivatives like O-glycosides, C-glycosides, S-glycosides and N-glycosides and biologically relevant natural products by employing glycals [5]. During the transformation of glycals into other useful molecules, the hydroxyl groups at the 3, 4, and 6 positions of glycals may not be stable in many reaction conditions. So, they need to be protected before being subjected to various reactions. There are several hydroxyl protection strategies available in the literature e.g., ether and ester protections, which are very handy and widely used in glycal reactions. Ether protection strategies include benzyl, ethyl, methyl, propyl, butyl, allylic protections, etc., while ester protection strategies include acetyl, benzoyl, etc. Some examples of ether and ester-protected glycals are shown in Fig. (5).


    




    

      PREPARATION OF SIMPLE GLYCALS




      The first effective synthesis of 3, 4, 6-tri-O-acetyl-D-glucal 31 was reported by Emil Fischer and Zach from D-glucose 29 via 2, 3, 4, 6-tetra-O-acetyl glucopyranosyl bromide 30, as shown in (Scheme 1) [6]. It has been a traditional method for the synthesis of glycals on a bulk scale since 1913. The drawback of this methodology is that it fails to synthesize furanoid glycals under similar reaction conditions.




      Carbohydrate chemists across the globe have devised several methods for the preparation of glycals from time to time. However, some of the most widely used methods like reductive elimination of phenyl thioglycosides [7], Danishefsky’s hetero Diels-Alder approach [8], synthesis from glycosyl sulfoxides [9] and glycosyl sulfones [10], electrochemical methods [11], ring-closing metathesis [12], etc., are described in the following section below.
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Fig. (5))


      Glycals protected with different ether and ester protecting groups.
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Scheme 1)


      Fischer-Zach method for the synthesis of D-glucal.

    




    

      SYNTHESIS OF GLYCALS FROM GLYCOSYL SULFOXIDES




      

        Preparation of Pyranoid Glycals




        Firstly, galactose-derived sulfoxide 34 is synthesized from tetraacetate 32 in three steps: (i) Zemplen deacetylation, (ii) methylation, and (iii) oxidation of sulfide 33 with m-CPBA at a low temperature. Galactosylsulfoxide 34 is then treated with 3.0 equiv. of n-BuLi in THF at -78 °C for 20 minutes, which results in a clean reaction mixture from which protected galactal 35 is isolated in 59% yield, as illustrated in (Scheme 2) [13-16].




        
[image: ]


Scheme 2)


        Preparation of galactal sulfoxide.



        Following the similar reaction sequence, glycosyl sulfoxides 39, 40, and 41, exhibiting various stereochemical variations, are prepared from thioglysosides of D-galactose, D-mannose, and D-glucose 36, 37, and 38, respectively (Scheme 3).
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Scheme 3)


        Preparation of glycosyl sulfoxides.



        Finally, these glycosyl sulfoxides 39-41 are treated with n-BuLi (2.0 equiv.) in a THF solution at a low temperature to generate the desired glycals 35 and 42, as shown in (Scheme 4). Both the glycosyl sulfoxides 40 and 41 produce the same glycal as the C-2 substituent whose orientation distinguishes them from the final product i.e., glycal 42.


      




      

        Preparation of Furanoid Glycals




        The methodology described above for the preparation of pyranoid glycals is further extended successfully for the preparation of furanoid glycals. Furanosyl sulfoxide 44 is initially synthesized from hemiacetal 43 by thioglycosidation, followed by controlled oxidation. The treatment of sulfoxide 44 with n-BuLi generates the desired furanoid glycal 45 in 79% yield, as depicted in (Scheme 5).




        
[image: ]


Scheme 4)


        Formation of glycals using n-BuLi in THF.
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Scheme 5)


        Formation of furanoid glycals.

      


    




    

      SYNTHESIS OF GLYCALS FROM THIOGLYCOSIDES OR GLYCOSYL SULFONES




      In this methodology, thioglycosides and glycosyl sulfones (46-50) shown below are used for the preparation of glycals (Fig. 6).
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Fig. (6))


      Thioglycosides and glycosyl sulfones.



      In this method, thioglycosides and glycosyl sulfones mentioned above are treated with reactive chromium (II) complex, [Cr (EDTA)]-2. Successful synthesis of a variety of glycals (52) is achieved using this reaction. The reaction proceeds through a glycosyl-chromium (II) intermediate complex, as described schematically in (Scheme 6).
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Scheme 6)


      Synthesis of glycals synthesis using chromium (II) complex.

    




    

      SYNTHESIS OF GLYCALS BY ELECTROCHEMICAL METHOD




      Traditionally, sugars are synthesized by the electrochemical reduction of glycosyl halide in the presence of various metallic or organometallic reagents using a mercury cathode [17]. Later on, R. Daniel’s group reported [11] the synthesis of glycals by utilizing controlled current electrolysis. They performed their investigation by using reticulated vitreous carbon (RVC) cathodes and a consumable zinc anode and successfully achieved the rapid conversion of 54 into 55 (Scheme 7). Various glycosyl halides were subjected to this electrochemical reduction, and the corresponding glycals were prepared, as shown in (Scheme 8).
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Scheme 7)


      Synthesis of glycals using an electrochemical method.
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Scheme 8)


      Glycosyl halides and glycals.

    




    

      SYNTHESIS OF GLYCALS USING TITANIUM(III) REAGENT




      There are several methods for the synthesis of glycals from glycosyl halides [18, 19]. However, the most important method involves the preparation of glycals using Ti(II)-complex. In this method, a Ti(II) complex 68 (Fig. 7) readily dehalogenates alkyl halides via selective halogen abstraction [20]. This reagent is very interesting in the selective transformation of glycosyl halides. The reaction between peracetylated glycosyl bromide and 68 forms corresponding glycals in very good yields [20-22]. One interesting fact is that elimination occurs regardless of the stereochemistry at C-2 i.e., glucosyl and mannosyl bromide are converted into glucal in very good yields. The reaction follows a radical-based mechanism where initial halide abstraction by Ti(II) produces a 1-glycosyl radical. The second equivalent of Ti(II) traps this radical and gives (glycosyl) titanium (IV) species after β-elimination of Cp2Ti(OAc) produces the desired glucal product 72 (Scheme 9). By using this methodology, various types of pyranoid glycals are synthesized, but in the case of furanoid glycals, there are difficulties in isolating them under these reaction conditions. Usually, for the synthesis of glycals, it is essential to have a very good leaving group in the C-3 position.
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Fig. (7))


      Ti(II) complex.
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Scheme 9)


      Synthesis of glycals by using titanium complex.

    




    

      TRANSFORMATIONS OF GLYCALS




      As previously stated, glycals are useful chiral starting materials for many reactions. A brief summary of glycal transformations is given below (Scheme 10).
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Scheme 10)


      Transformations of glycals.



      The reactivity of glycals is due to the unsaturation present inside the ring. The reactions of glycals include rearrangement reactions, addition reactions, cycloadditions, epoxidations, transmetalations, etc., as depicted in (Scheme 10). A very famous reaction in carbohydrate chemistry is Ferrier rearrangement, discovered by Ferrier in the sixties, which involves the allylic rearrangement in the presence of Lewis acid to produce a rearranged product 74. This transformation finds application in the synthesis of natural products or drug molecules.


    




    

      GLYCALS IN SYNTHETIC AND NATURAL PRODUCTS




      Synthetic and natural glycosides contain carbohydrate moiety, and glycals are the best easily available chiral starting units for the generation of the sugar part of these glycosides, thus playing a significant role in drug synthesis. C-glycosides, which possess various biological properties, caught the interest of medicinal chemists and researchers, leading to the development of several commercially available C-glycoside drugs, as shown in (Scheme 8). These molecules are extensively used as anti-diabetic drugs e.g., Dapagliflozin 91 [23], Canagliflozin 92 [24], and Empagliflozin 93 [25], and are used in the treatment of type-2 diabetes (Fig. 8).
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Fig. (8))


      Synthetic C-glycosides with noticeable biological activities.



      Glycals are even more extensively used in the synthesis of a wide range of biologically significant natural product glycosides like C-Man-Trp 81, Aloin 82, Salmochelin SX 83, Showdomycin 84, Formycin 85, (+)-Varitriol 86, Vitexin 87, Orientin 87, Isovitexin 88, Isoorintin 89, Aquayamycin 89, Cassialoin 90 etc., as depicted in Fig. (9) [26].


    




    

      EXO-GLYCALS




      C-glycosyl compounds having an exo-cyclic carbon-carbon double bond at the anomeric center are known as exo-glycals and are sometimes also referred to as C-glycosylidene [27]. Exo-glycal could be of great interest as precursors of C-glycosides if the double bond is reduced with high stereo-control. The presence of an oxygen atom inside the ring strongly influences the reactivity of this double bond, so various properties should be expected from these olefins. The discovery of several direct and stepwise methods for the formation of a carbon-carbon double bond at the anomeric center of glycal has increased the availability of these unsaturated compounds and strengthened their role in organic synthesis. Various strategies used by carbohydrate chemists in the synthesis of exo-glycals 95-100 are summarized in (Scheme 11).
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Fig. (9))


      Medicinally important natural products C-glycosides.



      

        Synthesis of Exo-glycals from Sugar Lactones




        The first exo-glycal was synthesized in 1975 by Bischofberger et al., who studied the reaction of sugar lactones with ethyl isocyanoacetate [28]. After that, several new and more efficient methods were reported. The first example of C-methylene derivative was reported by Brockhaus and Lehmann in 1977 [29]. This preparation was based on a stepwise procedure in which the C-glycosyl derivative attached to an iodine atom with subsequent elimination according to the well-established reaction condition, which led to the formation of unsaturated sugar.
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Scheme 11)


        Strategies reviewed for the synthesis of substituted exo-glycals.



        As already mentioned, the reaction of ethyl isocyanoacetate with sugar lactone 101 as a starting compound under the conditions depicted in (Scheme 12) produced the first exo-glycal 102. Further catalytic hydrogenation of exo-glycal 102 converted it into sugar amino acid 103, as shown in (Scheme 12). However, this research work could not be explored further due to the formation of acyclic sugar oxazole in the presence of potassium ethyl isocyanate salt.
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Scheme 12)


        Synthesis of exo-glycal using lactone and ethyl isocyanoacetate.



        The first example of a modified Julia olefination in order to prepare methylene exo-glycal was reported by Gueyrard et al. [30] in 2005 by using sugar-derived lactone (Scheme 13A). In the presence of a strong non-nucleophilic base like LiHMDS, a reaction occurs between tri-O-benzyl-D-arabinolactone 104 and methyl benzothiazoylsulfone 105 to form an expected intermediate α-heteroarylsulfone hemiketal 106. In the presence of DBU, Smile rearrangement occurs, which gives the exo-glycal or anomeric methylene derivative 107.
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Scheme 13)


        Synthesis of exo-glycals from sugar lactones by Julia olefination.



        Various exo-glycals 107-113 are synthesized in moderate to good yields by using these reaction conditions. These conditions are tolerated by many protecting groups (benzyl, silyl, and isopropylidene) and different sugars (D-arabino, D-manno, D-ribo, D-gluco, and D-erythro). In place of DBU, trifluoroacetic anhydride and pyridine can be used to synthesize C-glucosyl vinyl sulfones 115-117. This method was reported by Gueyrard’s group [31] to provide exclusive Z-selectivity in the product, as depicted in (Scheme 13B).




        Recently, Kaszás et al. [32] have reported Pd-catalyzed coupling of O-peracylated 2,6-anhydro-aldose tosylhydrazones 118 with aryl bromide to synthesize aryl-substituted exo-glycals 119-128. According to the nature of protecting groups, the reactions gave a mixture of diastereomers with good yields, as described in (Scheme 14). The sugar configuration did not seem to influence the outcome of the transformations, so such methods provide a new methodology for the preparation of aryl-substituted exo-glycals.
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Scheme 14)


        Synthesis of exo-glycals using Pd-catalyzed coupling.

      




      

        Synthesis and Chemoselective Oxidation of Thiomethylphosphono-exo-glycals




        Frédéric et al. reported the synthesis of sulfonylated phosphono-exo-glycals [33]. A lithiated phosphonate group having an electron-donating nature was added to various lactones because the addition of a lithiated phosphonates group bearing a sulfonyl directly is impossible. Subsequent dehydration occurs in the next step to provide exo-glycals 130-133, as demonstrated in (Scheme 15). The isomeric product is obtained in good yields, and Z/E ratios ranging from 60:40 to 96:4 are achieved. After the synthesis of sulfonylated phosphono-exo-glycal, its oxidation is performed chemo selectively using two equivalents of m-chloroperoxybenzoic acid (m-CPBA) in dichloromethane solvent at 0 °C, and the desired compounds 134-138 are formed.
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Scheme 15)


        Synthesis and oxidation of thiomethylphosphono-exo-glycals.

      




      

        Synthesis of Difluoro Exo-glycals




        In 2015, Gueyrard’s group [34] reported the synthesis of difluoro exo-glycals 142 using difluoromethyl-2-pyridyl sulfone 140 and lactones l39, as shown in (Scheme 16A). Julia modified-reagent 140 and lactones are coupled to each other in the presence of LiHMDS and BF3∙OEt2 in THF at low temperatures, and a hemiketal intermediate 141 is produced. The rearrangement mediated by DBU does not take place in 141, so the desired exo-glycals are synthesized by microwave irradiation at 140 °C for 1 h in toluene in the absence of a base (Scheme 16A). This method provides good efficiency on various lactones except for silyl-protected substrates. Chen et al. [35] also synthesized difluoro exo-glycal 142 through a two-step reaction sequence where basic conditions are used in the second step (Scheme 16B).
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Scheme 16)


        Synthesis of difluoro exo-glycals.
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