selenoglycoside AcSG 6 (anticancer agent). From the organic synthesis point of view, thio-and selenoglycosides have been investigated as unique glycosyl donors in glycosylation reactions. 7 Besides, the other series of glycomemitics largely found in nature and used as therapeutics in various diseases is C-glycosides. These derivatives in which the anomeric bond is replaced by a C-C bond, are known to be more resistant towards hydrolysis under biological conditions. 8 During this PhD research programm, we were interesting to develop new efficient catalytic approaches to synthesis of S/Se-glycosides and C-nucleosides. Therefore, this manuscript will be divided into two chapters as follow:

The chapter 1 is dedicated to the functionalization of 1-thiosugars/ 1-Selenoglycosides by using different methods. After a representative literature related to the new methodologies developed recently to arylation of 1-thiosugars/ 1-selenoglycosides, 4 methodlogies will be presented: Methodology 1: We will addresse during this methodology 1 the Pd-catalyzed synthesis of 1-selenoglycosides at room temperature. We combined here the use of the PdG3 Xantphos catalyst in the presence of two bases to perform the cross-coupling of the in situ generated glycosyl selenolates and a broad range of (hetero)aryl and alkenyl iodides in excellent yields (Figure 1). S., Adv. Carbohydr. Chem. Biochem. 1998, 53, 143-199;b) van Well, R. M.; Kärkkäinen, T. S.; Kartha, K. P.; Field, R. A., Carbohydr. Res. 2006, 341, 1391-1397;c) Tsegay, S.; Williams, R. J.; Williams, S. J. J., Carbohydr. Res., 2012, 357, 16-22. 8 a) Dwek, R. A., Chem. Rev., 1996, 96, 683-720;b) Nicotra, F., Top. Curr. Chem., 1997, 187, 55-83. Methodology 2: We report herein a new method to the synthesise of S-glycosides by using a dual photoredox reaction. After the examination of various of reaction conditions, the C-S bond coupling has been achieved successfully by dual catalytic system of Ni(II) and Ru(II) (Figure 2). Methodology 3: In this part, we will describe the electrochemical nickel-catalyzed Migita cross-coupling of thiosugars with aryl, alkenyl and alkynyl bromides and iodides. During our previously reported studies on thioglycosides synthesis, we observed that aryl bromides were less reactive as coupling partners. So, we were interresting to develop a new method for functionalization of glycosyl thiols by using aryl, alkenyl or alkynyl bromides. Here we report a simple route towards the synthesis of thioglycosides, in which electrochemical cross-coupling is used to form the S-C bond from simple protected and unprotected thiosugars with aryl bromides under base free conditions (Figure 3). 

Methodology 4:

The previously reported dual photoredox methodology to synthesize thioglycosides was extended to a one-pot Stadler-Ziegler reaction by using the commercially available anilines and (un)protected 1-glycosyl thiols as coupling partners. During this reaction, [Ru(bpy)3](PF6)2 was used as the photocatalyst. The aryl diazonium salt was formed in situ from arylamines, and reacts with glycosyl thiols to generate the desired aryl thioglycosides (Figure 4). Chapter 2: The chapter 2 will be dedicated to the development of decarboxylative alkynylation of anomeric carboxylic acids using Cu/photoredox dual catalysis. Here we report for the first time a simple route towards the synthesis of alkynyl C-nucleosides from simple and stable furanosyl carboxylic acids and terminal alkynes under low-cost and non-toxic copper catalysis. The approach that we report here demonstrates the power of Cu/photoredox dual catalysis to access highly complex glycosides under mild conditions (Figure 5). The manuscript will be presented as different articles. For each article provided in this manuscript will be added a general introduction, discussions and a conclusion. 

Part 1 General Introduction

A) S-glycosides synthesis

Thioglycosides are found in many important bioactive compounds. These derivatives have been used as bio-mimetics of O-glycosides. As they are known to be more resistant to enzymatic hydrolysis.

Owing to the biological significance of thioglycosides, there is a strong impetus to discover new chemical transformations for their efficient synthesis. From the view point of atom-economy, among the methods commonly used, we can mention that in general two strategies are possible (Scheme 1) which consist in bringing the thiol function onto an activated electrophilic sugar (Route A) or in synthesizing the thioglycoside unit and using it as a nucleophile on an electrophilic aglycone (Route B).

Scheme 1. Classic glycosylation strategy

The review literatures revealed that, the strategy using route B is extremely poorly studied and therefore it was interesting to develop a general and effective method using this strategy.

Thioglycosides may be prepared from the corresponding peracetylated sugar with a thiol in the presence of Lew acid (BF3•Et2O, 9 ZrCl4, 10 ZnCl2, 11 InCl3, 12 ...) (Scheme 2) by reaction with a nucleophilic thiol. 9 Wang, Z.; Zhou, L.; El-Boubbou, K.; Ye , X.; Huang, X. J. Org. Chem., 2007, 72, 6409-6420. 10 Ding, Y. Synth. Commun., 1999, 29, 3541-3546. 11 Balavoine, G.; Gref, A.; Fischer, J. -C.;Lubineau, A. Tetrahedron Lett., 1990, 31, 5761-5764. 12 Das, S. K.; Roy, J.; Reddy, K. A.; Abbineni, C. Carbohydr. Res., 2003, 338, 2237-2240.

Scheme 2. Thioglycosylation catalyzed by Lewis acid

The advantage of this motif is that it is stable under many conditions, which makes it easier to modify the different positions of the sugar. It is a polyvalent compound which can be used as a glycosyl donor or acceptor depending on the reaction conditions. These methods generally produce an average to good selectivity at the anomeric position and the Lewis acids used in stoichiometric amounts are not compatible with certain functional groups.

The arylthioglycoside compounds can also be obtained by reaction of the SN2 type of a thiophenol with a brominated sugar in a basic medium (Scheme 3). 13 This method makes it possible in particular to access molecules of therapeutic interest; Imberty, Roy et al. 14 synthesized various thiogalactosides to evaluate their activities on the LecA factor.

Scheme 3. thioglycosylation by SN2

Although widely used, these methods suffer from:

-The availability of thiophenol partners. In fact, very few thiophenols are commercially available. Moreover, their preparation is not an easy task and 13 Yu, H. N.; Furukawa, J.; Ikeda T. , Wong, C.-H. Org. Lett., 2004, 6, 723-726. 14 Rodrigue, J.; Ganne, G.; Blanchard, B.; Saucier, C.; Giguère, D.; Shiao, T. C.; Varrot, A.; Imberty, A.; Roy, R.

Org. Biomol. Chem., 2013, 11, 6906-6918. the use of sulfur reagents uncomfortable, very toxic and a foul-smelling odor limiting access to the variously substituted aryl-thioglycosyls.

-The use of Lewis acids in stoichiometric amounts, sensitivity to moisture and are not very compatible with various functional groups.

-The possibility of obtaining of anomeric mixtures sometimes which are difficult to be separated on a chromatographic column.

The idea would then be to use sugar not as an electrophile but as a nucleophile, reacting it with halogenated (electrophilic) aglycones with transition metals (Scheme 4).

Scheme 4. Reverse strategy for thioheteroside formation

The inverse strategy of using sugar as the nucleophile and the aglycone part as electrophilic is little studied. Few publications report the formation of S-Csp 2 bonds using nucleophilic sugars. Given the laboratory's expertise in metallocatalyzed couplings, we are exploring this strategy via organometallic catalysis.

Few methods describe this strategy for the formation of thioglycosides using metallocatalyst. Nevertheless, attention should be made of the aromatic nucleophilic substitution reaction which requires no metal but is limited to electron-poor aryls.

The first protocol using a metal and a glycosylated thiol is reported by Guy et al. In 2000 but only concerns one example (scheme 5). 15 15 Herradura, P. S.; Pendola, K. A.; Guy, R. K. Org. Lett., 2000Lett., , 2, 2019Lett., -2022. . Scheme 5. Coupling of Chan-Lam with 1-β-D-thioglucopyranose

During their study, they showed that it was possible to use peracetyl-thioglucopyranose as nucleophile during a coupling of Chan-Lam assisted by (1.5 equiv) of Cu(OAc)2 in the presence of pyridine under reflux of DMF. Yield, although modest (51 %), is an interesting proof of concept despite the stoichiometric use of copper and elevated temperature. However, the authors did not provide the experimental data of the product (neither NMR nor mass spectrum).

A second protocol was developed by Naus et al in 2003 (Scheme 6). 16 This Ullmann coupling allows the formation of thioheterosides through the use of a stoichiometric amount of CuI (1.0 equiv) in the presence of K2CO3 and pyridine in acetonitrile. Under these conditions, various thiosugars were coupled with good yields and good control of the anomeric configuration. It should be noted that the triazene function is indispensable for coupling, which limits its scope.

Scheme 6. Ullmann Coupling Directed by the Triazene Function

Although interesting, these two protocols suffer from significant disadvantages which leave the possibility of new developments. 16 Nauš, P.; Lešetickỳ, L.; Smrček, S.; Tišlerová, I.; Štícha, M. Synlett, 2003Štícha, M. Synlett, , 2003Štícha, M. Synlett, , 2117Štícha, M. Synlett, -2122. . In 2003, our group 17 reported the first Pd-catalyzed cross-coupling reaction of thiosugars with (hetero) aryl halides. This method which involves the use of Pd(OAc)2/XantPhos as the catalytic system, NEt3 as the base in dioxane at 100 o C, furnished a series of S-glycosides. Interestingly, unprotected thioglucose also works under these reaction conditions without any formation of a by-product arising from Oarylation under Pd-catalysis. Unfortunately, a relatively high temperature 100 o C is required under these conditions, which lead to narrow scope of application. To solve this issue, efforts of our group was devoted ourselves to find more moderate reaction conditions (Scheme 7). Scheme 7. The first Pd-catalyzed cross-coupling reaction of thiosugars with (hetero) aryl halides Our lab, in 2013 reported the first method for the arylation, alkenylation, and alkynylation of unprotected glycosyl thiols at room temperature under nickel catalysis (Scheme 8). 18 Scheme 8. Coupling of deprotected glycosyl thiols with aryl halides under nickel catalysis.

In 2015 19 , by using the biphenyl palladacycle precatalyst PdG3Xantphos, our group succeeded in promoting the C-S bond forming reaction between (hetero)aryl halides and thiosugars. By using only 1 mol% of PdG3Xantphos, 1 equiv. of Et3N in dioxane or THF at rt for 5-60 min, the desired products were isolated in yields up to 99% (Scheme 9). The PdG3Xantphos precatalyst can be activated under mild conditions using a weak base such as NEt3 to generate the highly active 12-electron Pd 0 species. 18 Brachet, E.; Brion, J.-D.; Alami, M.;Messaoudi, S. Chem. Eur. J., 2013, 19, 15276-15280. 19 Bruneau, A.; Roche, M.; Hamze, A.; Brion, J.-D.; Alami, M.;Messaoudi, S., Chem. Eur. J., 2015, 21, 1-6. Scheme 9. Cross-coupling reaction of thiosugars with (hetero) aryl halides by PdG3Xantphos

The mild reaction conditions of this Migita-cross coupling provide us a easy access to a range of S-glycosides including thioglycopeptides, 20 oligonucleotides, 21 20 Montoir, D.; Amoura, M.; Ababsa, Z.E.-A.; Vishwanath, T. M.; Yen-Pon, E.; Robert, V.; Beltramo, M.; Piller, V.; Alami, M.;Aucagne, A., Messaoudi, S., Chem.Sci., 2018, 9, 8753-8759. 21 Probst, N.; Lartia, R.; Théry, O.; Alami, M.;Defrancq, E.;Messaoudi, S., Chem. Eur. J., 2018, 24, 1795-1800. intermediate complex (I) is formed by the coordination of 1a to Cu(OAc)2 and ligand exchange. Later, the reaction through C-H activation mechanism to give a copper(II) complex (II). Oxidation of II actived by Cu(OAc)2 produces a copper(III) complex (III), which reacts with glycosyl thiol to afford copper(III) complex (IV). And finally, reductive elimination of VI produces thioglycosides product (Scheme 11).

Scheme 11. C-H activation of of benzamides with thiosugars

In 2021, Yao's group 27 reported a regiodivergent Tsuji-Trost protocol to synthesis of 1and 3-thioglycosides by palladium and cobalt catalysis, respectively. When Pd2(dba)3 was used, the β-1-thioglycosides were obtained from 3,4-O-carbonateglycals and various thiols. Meanwhile, when Co(BF4)2 was used as a catalyst, only (3S)-3thioglycosides can be get from reaction of 3,4-O-carbonateglycals and various thiols.

75 examples with various different functions were synthesized (Scheme 12). Scheme 12. Synthesis of 1-and 3-thioglycosides by palladium and cobalt catalysis A novel Pd-catalyzed Catellani reaction for the synthesis of (hetro)aryl thio/selenoglycosides from (hetero)aryl iodides and thioacyl-and selenoacylglycosides have been reported recently by Liang and co-workers. 28 The C-S/C-Se and C-C bonds formation were achieved by the use of Pd(TFA)2 as the catalyst combined with norbornene and K3PO4 (or conditions B). Under these conditions, upon the installation of the thiosugar/selenosugar nucleus, the acyle group could be transferred through an ortho-C-H activation process (Scheme 13). 27 Liu, Y.; Jiao, Y.; Luo, H.; Huang, N.; Lai, M.; Zou, K.; Yao, H., ACS Catal., 2021, 11, 5287-5293. 28 Ding, Y.; Huang, Y.; Shi, W.; Zheng, N.; Wang, C.; Chen, X.; An, Y.; Zhang, Z.;Liang, Y., Org. Lett., 2021, 23, 5641-5646. Scheme 13. Pd-catalyzed Catellani reaction for the synthesis of (hetro)aryl thio/selenoglycosides A metal free method to access thioglycosides was reported by the group of Liao. 29Starting from (trimethylsilyl)aryl triflates as aryl donors, and TBAF(tBuOH)4 as additive, various monosaccharide and disaccharide substrates react successfully under these conditions. However, some issues remain such as the regioselectivity when substituted arynes were used (Scheme 14). Scheme 14. A metal free method to access thioglycosides

B) Se-glycosides synthesis

The usual approach employed for the synthesis of selenoglycosides relies on the use of selenium sources in the nucleophlic substitution of 1-halosugars. In 2002, Masayuki Sato 30 and co-workers reported a new procedure for the synthesis of phenyl 2-αselenoglycosides of Neu5Ac. α-Selenoglycosides can be successfully synthesized through SN2 displacement of the chloro group in chloroglycosides with phenylselenol in the presence of N, N-di-isopropylethylamine. Moreover, in 2003, the group of David Crich 31 reported the synthesis of selenoglycosides by using bromoglycosides and diphenyl diselenide in the presence of reducing agent NaBH4. However, selenium nucleophiles both of phenylselenol and diphenyl diselenide are high toxic, unstable and repulsive. And when diphenyl diselenide used, reducing agent NaBH4 has to be used which is not environmentally friendly (Scheme 15).

Scheme 15. Nucleophlic substitution of 1-halosugars

In 2005, Etzer's group 32 reported a new reaction for synthesized of 2-deoxy-1-seleno-R-D-glucopyranose derivatives from glycals by using pre-prepared selenocarboxylic acids regent. At first, the Woollins' reagent 33 [PhP(dSe)Se]2 was used to converts 30 Ikeda, K.; Sugiyama, Y.; Tanaka, K.; Sato, M., Bioorg. Med. Chem. Lett., 2002, 12, 2309-2311. 31 Crich, D.; Suk, D.; Sun, S., Tetrahedron: Asymmetry, 2003, 14, 2861-2864. 32 Knapp, S.; Etzer, D., Org. Lett., 2005, 7, 203-206. 33 a) Fitzmaurice, J. C.; Williams, D. J.; Wood, P. T.; Woollins, J. D. J., Chem. Soc. Chem. Commun., 1988, 741-743;b) Grossmann, G.; Ohms, G.; Kru¨ger, K.; Karaghiosoff, K.; Eskstein, K.; Hahn, J.; Hopp, A.; Malkina, O. L.; Hrobarik, P. Zeitschr. Anorg. Allg. Chem., 2001, 627, 1269-1278. carboxylic acids to a corresponding selenocarboxylic acid in the solution of toluene. And then, the selenylation of 2-deoxy-D-glucopyranose occurred and led to a single product in the exist of selenocarboxylic acid at -5 o C for 16 h. This reaction required no additional catalyst, but the pre-formed selenocarboxylic acids regents are not commercially available and must be prepared freshly, which limited the using of this reaction (Scheme 16).

Scheme 16. Synthesized of 2-deoxy-1-seleno-R-D-glucopyranose derivatives

In 2017, a on pot, metal-free glycosylation procedure to synthesize selenoglycosides from bromoglycosides has been reported by Townsend's group. 34 The first step of the reaction is the arylation of potassium selenocyanate (KSeCN) with an iodonium reagent to produce an arylselenocyanate under the solvent of EtOAc at 80 o C. Then, the reduction of the Se-CN bond was achieved by adding sodium borohydride, and form the Se-nucleophlie. Meanwhile, the electrophile glycosyl halide is added to the reaction and form the selenoglycosides. Under these conditions, both of peracetylated αglucosyl and α-galactosyl bromides can providing the desired products in good yields and form the β-anomers only. The major drawback of this approach is the use of very toxic and unpleasantly smelling regent potassium selenocyanate (KSeCN) in excess amount, which is also dangerous of environment (Scheme 17). In 2010, Crotti and co-workers 35 reported a new method to stereoselective synthesis of phenylselenoglycosides from glycals. β-Phenylselenoglycoside anomers have been stereoselectively abtained by direct oxidative glycosylation of benzenselenolate PhSe - (from PhSeH and Et3N) with glycals. This result is opposite to the α-selectivity reported by Danishefsky 36 in the ring-opening of epoxy glycals with benzeneselenol (PhSeH). The completely opposite stereoselective results obtained in the glycosylation of PhSeH with glycals by Danishefsky's protocol (α-selenoglycosylation) and Gin's 37 modified direct oxidative protocol (β-selenoglycosylation) are simply due to the nature of the nucleophile (PhSeH or PhSe -). The authors explain that the different nucleophile determines a different ring-opening process (retention with PhSeH and inversion with PhSe -) of the intermediate α-epoxy glycal. Under Danishefsky's conditions (Pathway A), PhSeH is in the state of undissociated form, which is acidic enough to protonate the oxygen of oxirane and form A2 under acid condition. By an internal rearrangement, the more carbocationic nucleophile-separated ion-dipole pair A5 formed. Subsequent, C (1) of A5 is more easier be attack by internal nucleophile than by external nucleophile, because of entropically favored during internal nucleophile attack is higher than external nucleophile pathway. In this case, only α-phenylselenoglycoside can be synthesized by this pathway. On the other hand (Pathway B or C), when the protocol of Gin is used, an excess amount of Et3N is presence in the system. In this case, the nucleophile (PhSeH) is existed in corresponding deprotonated form (PhSe -). This kind of anion is strong enough to open the oxirane ring of B1 in an SN2 fashion. And the β anomer would be the only reaction product (Scheme 18). 35 Bussolo, V. D.; Fiasella, A.; Balzano, F.; Barretta, G. U.; Crotti, P., J. Org. Chem., 2010, 75, 4284-4287. 36 Gordon, D. M.; Danishefsky, S., J. Carbohydr. Res., 1990, 206, 361-366. 37 Honda, E.; Gin, D. Y., J. Am. Chem. Soc., 2002, 124, 7343-7352. Scheme 18. Mechanisum of synthesize phenylselenoglycosides Another elegant method to synthesize selenoglycosides was reported by Nifantiev and co-workers 38 in 2004. The author developed an efficient azidophenylselenylation of glycals by using a mixture of Ph2Se2, TMSN3 and PhI(OAc)2. Ph2Se2 is used as the seleno-donor, and TMSN3 as an organic azide reagent instead of NaN3. Although when both of these two azide reagents are used, the same yield can get in 0.1g scale reaction.

Due to the insolubility of sodium azide in dichloromethane, the yield is really low when sodium azide is used instead of TMSN3 in gram scale reaction (53% vs 92% yields).

However, with trimethylsilyl azide, whatever the reation scale is, the yields of the desired compounds are higher and the reaction time is shorter (4 h vs 48 h) (Scheme

19).

38 Mironov, Y. V.; Sherman, A. A.;Nifantiev, N. E., Tetrahedron Lett., 2004, 45, 9107-9110. Scheme 19. Nifantiev's protocol to Synthesis of selenoglycosides The transition-metal catalysis was applied Walczak group39 for the synthesis of selenoglycosides. The cross-coupling reaction occurs between anomeric stannanes and symmetrical diselenides to results selenoglycosides in exclusive anomeric control and good yield. The authors proposed the reaction mechanism as follow: the anomeric stannanes activated by fluoride ion and form the intermediate A and the insoluble Bu3SnF salts. Then, a transmetalation step produces the copper complex B which evolve through an intramolecular rearrangement to furnishe the desired selenoglycoside and byproduct R'-Se-Cu-Ln. All of the mono-, di-and trisaccharides and peptides are good partners under this condition which tolerate free hydroxyl groups. This method is clearly attractive; however, it necessitates a high reaction temperature (110 °C) and requires the use of the toxic alkyltin species in a multistep approach to prepare the starting 1-stanylated sugars (Scheme 20). Scheme 20. Synthesis of selenoglycosides reported by Walczak group

Part 2 Room Temperature Pd-Catalyzed Synthesis of 1-Selenoglycosides

A) Background

An interesting no metal catalyst SN2 procedure for various alkyl β-selenoglycosides synthesis by using methylbenzoyl selenoglycoside as the selenating unit has been reported by Ishihara's group 40 in 2005 (Scheme 14). The authors reported that β-pmethylbenzoylselenoglycoside is actived by a secondary amine piperazine and Cs2CO3 to produces in situ the β-selenolate anion which reacts with various electrophiles (alkyl halides (Cl, Br and I)) to yield β-selenoglycosides exclusively. In 2007, the same group reported the synthesis of α-selenoglycosides by using the same approach (Scheme 21). 41 40 Kawai, Y.; Ando, H.; Ozeki, H.; Koketsu, M.; Ishihara. H., Org. Lett., 2005, 7, 4653-4656. 41 Nanami, M.; Ando, H.; Kawai, Y.; Koketsub, M.; Ishihara, H., Tetrahedron Lett., 2007, 48, 1113-1116. Scheme 21. Synthesis of selenoglycosides reported by Ishihara's group However, this method is limited to only alkyl halides. Only one example for the synthesis of aryl-selenoglycoside was reported by this approach using the highly activated 4-nitro fluorobenzene substrate in a nucleophilic aromatic substitution reaction (SNAr).

To fully harness the potential of this class of carbohydrates there is a strong impetus to develop mild and general reactions for the synthesis of complex aryl selenoglycosides. As part of our interest to explore the reactivity of sugars under transition-metal catalysis, 42 combined with the lack of general method to aryl Se-glycosides, we became interested in developing an efficient and simple Pd-catalyzed cross-coupling protocol for the preparation of (hetero)aryl-selenoglycosides which may occur under mild reaction conditions. Catalytic methods generally avoid the use of harsh reaction conditions and maintain the compatibility with most organic functions. However, the use of Pd-catalysts is highly challenging for selenium nucleophilic partners as they are detrimental to the Pd(0)/Pd(II) catalytic cycle due to the poisoning of the catalyst through the for-mation of off-cycle Pd(II)-ate complexes. 43 As reported by Ishihara's group, β-glycosyl p-methylselenobenzoates are easily prepared from potassium p-methylselenobenzoate and glucosyl bromide, under the phase-transfer catalyst tetra-n-butylammonium hydrogen sulfate. Crystalline βglycosyl p-methylselenobenzoates are stable enough to stock in a freezer for 6 months. Due to the above-mentioned advantages, we became interested to use glycosyl pmethylselenobenzoate as coupling partners. Herein we report a direct and programmable synthesis of selenoglycosides via Pd-G3-XantPhos catalyzed coupling of an in situ generated anomeric selenolate-anion with various (hetero)aryl and alkenyl iodides at room temperature.

B) Results and discussion

Condition selection

In the first part of this study, the coupling of tetra-O-acetylated β-pmethylbenzoylselenoglycoside 1a (1 equiv) with p-iodoanisole 2a (2 equiv) was used as a model study, and various reaction conditions were examined.

Catalyst and ligand effects (Table 1):

The coupling of 1a with 2a was first investigated under our previously reported protocol for the coupling of thiosugars 44 using PdG3-XantPhos precatalyst (10 mol%). Cs2CO3 (3 equiv) and piperazine (1.2 equiv) were added and the reaction was performed in THF at room temperature (Table 1,entry1). By the action of piperazine and Cs2CO3, the βselenolate anomer anion was readily generated in situ (according to the Ando and Ishihira method 45 ) and fully converted under our conditions to the β-selenoglycoside 3a in 95% yield as a single β-anomer (J1, 2 = 9 Hz). Decreasing the catalyst loading from 10 mol% to 5 mol% led to 3a in a slightly lower yield (81% yield, entry 3). control experiments showed that the catalyst is necessary since no reaction occurred in the absence of Pd-catalyst. Moreover, the use of the palladacycle precatalyst PdG3

XantPhos is determinal for this coupling as performing the coupling by a simple mixing 44 H., Tetrahedron Lett. 2007, 48, 1113-1116. of Pd(OAc)2 or PdCl2 and Xantphos in 10:10 mol% ratio (entry 4-5), failed (Table 1, entry 4-5). 

Reaction time and solvent effects (Table 2):

The reaction time and solvent effects have been examined. As we can see in table 2, performing the reaction for 1h furnished 3a in only 80% yield (Table 2, entry 2), while 95 % yield was obtained when the reaction time adjusted to 2 h (Table 2, entry 3). Moreover, we showed that the cross-coupling tolerates various solvents such as dioxane, DCE or DMF producing the desired product 3a in yield ranging from 83% and 95% (Table 2, entry 4-6). The use of DMF may be useful in some cases when one or both coupling partners are not enough soluble in THF. Base effects (Table 3):

During this study, we observed that the use of two bases (amine + carbonate) is necessary. When 1.2 equiv of piperazine and Cs2CO3 (3 equiv) the best yield of 95% was obtained (Table 3, entry 3). Tentatives of reducing the amount of one or both bases lead to the desired compound in lower yields. We confirmed that Cs2CO3 is the base of choice since the use of CsF or NaOAc produced the desired selenoglycoside 3a in 83% and 65% yields (Table 3, entry 6 and 7). 

Amount of 2a (xx equiv) effects (Table 4):

Finally, the amount of p-iodo anisole partner 2a has been examined and showed that using of 2 equiv of 2a for 1 equiv of 1a is the best ratio (95% yield). Decreasing the amout of 2a from 2 equiv to 1 equiv led to the lowering the yield up to 70% (Table 4, entry 1-4). Of note, the coupling of 1a and 2a under inert atmosphere (Argon) is necessary since performing the reaction under air or oxygen failed (entry 5-6). 

Scope of Coupling of Thioglucosides 1 with Halo(hetero)arenes and Alkenyl

Halides 2

With the best reaction conditions in hand, 1a (1 equiv, 0.1 mmol), 2 (2 equiv), PdG3-XantPhos precatalyst (10 mol %), pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in dry and degassed THF (0.1M), we investigated the scope for this coupling by varying the nature of the aryl iodide partner 2 and the p-methylbenzoylselenyl glycosides 1a-f (Table 5).

At first, various of electron-donating groups has been tested. Both of p-methoxy iodobenzene 2a and p-methyl iodobenzene 2b underwent reaction with β-pmethylbenzoylselenoglycoside 1a in excellent yields, up to 99%. When metamethoxy iodobenzene 2c has been used the desired product was obtained in slithly lower yield (73%). This reaction can also works with other coupling partners such as the isopropyl aryl 2f or naphthalene 2e in 87%, 73% respectively. Moreover, the coupling is not limited to aryl halides, but works also with halogenated alkenes such as E-β-styryl iodide (compound 3g, 65% yield) (Table 5). Besides the electron-donating groups, this cross-coupling tolerates also various electron-withdrawing groups on the aromatic partner at both meta or the para positions.

For example, the coupling with halides bearing a nitrile 2h, trifluoromethyl 2i, nitro 2k, aldehyde 2l, ketone 2o and ester 2m, n were successfully used with β-pmethylbenzoylselenoglycoside 1a in yields ranging from 85% to 99% (Table 6). Interestingly, the reaction of 1a with heteroaryl halides such as 4-iodopyridine and 5iodoindole have been performed successfully, furnishing 3r-s in 87% and 85% yield, respectively (Table 7). Finally, this method tolerates other selenosugars such β-selenogalactose, βselenofucose, β-selenocellobiose and -p-methylbenzoylselenoglycoside which were successfully coupled with 2a or 2d to give Se-glycosides 3t-v in good yields (Table 8). While this method showed a large tolerance to functional groups and high efficiency, some limitations remain (Table 9). At first, this coupling is not compatible with aryl halides bearing chemical functions at the ortho-position 3w-3ad of the aromatic ring probabely due to the hindrance effects. The second limitation of this reaction is unfortunately the non-tolerance of unprotected sugar partners (Table 8).

We also observed that some heterocycles such as 3-iodopyridine failed in this coupling while 4-iodo pyridine partner furnished the desired product in 87% yield (Table 7). In a next part of this study, we focused our attention on demonstrating whether our cross-coupling could be employed with functionalized aryl iodides bearing a secondary amino group (Table 10). We may assume that these bis-electrophilic -nucleophilic partners could be involved in two concomitant reactions: at first by a nucleophilic action, the secondary amine traps the p-methylbenzoyl group of the selenoglycoside 1a and generates the anomeric selenolate anion. Then, this later will react with the electrophilic part (C-I bond) via the Pd-catalzyed Se-C(sp 2 ) bond forming reaction. By this way, all the atoms of the reactants will be incorporated into the final desired prod-ucts, resulting in high atom economy and environmental process which avoid the generation of wastes. As shown in Table 10 and 11, the proof-of-concept of this green process was demonstrated by coupling of bis-electrophilic-nucleophilic partners 5a-c with pmethylbenzoylselenoglycoside 1a in the presence of PdG3-XantPhos (10 mol%), Cs2CO3 (3 equiv) in THF at room temperature. Under these conditions, the synthesis of functionalized selenoglycosides 6a-c was achieved with excellent yields (82% to 95%). 

C) Conclusion and perspectives

In summary, we have shown that anomeric selenolate anions are valuable nucleophilic partners in the Pd-catalyzed cross-coupling reactions. To the best of our knowledge the C(sp 2 )Se bond of (hetero)aryl selenoglycosides was formed, for the first time, directly by a Pd-catalyzed cross-coupling of selenosugar with aryl halides at room temperature.

Because of the mildness of the reaction conditions, this protocol tolerates a wide range of functional groups and proceeds in good to excellent yields. In addition, a variety of selenosugars could be used. This method opens news opportunities for using glycosyl selenolate in synthetic methodology and medicinal chemistry.

In this project, only protected thiosugars was suitable to the optimized reaction conditions. And ortho-aryl halides failed to give the desired product. It would be exciting if a more convenient catalytic system could be developed, which is tolerated to various ortho-aryl halides and unprotected thiosugars. Also, the extension of this method to the coupling of selenosialic acids with aryl iodide is ongoing in our group.

D) Experimental part

General information

Solvents and reagents are obtained from commercial suppliers and were used without further purification. Analytical TLC was performed using Merck silica gel F254 (230-400 mesh) plates and analyzed by UV light or by staining upon heating with vanilin solution (15 g of vanilin in 250 mL ethanol and 2.5 mL of concentrated sulfuric acid).

For silica gel chromatography, the flash chromatography technique was used, with Merck silica gel 60 (230-400 mesh) and p.a. grade solvents unless otherwise noted. The 1 H NMR and 13 C NMR spectra were recorded in either CDCl3 or MeOD-d4 on Bruker Avance 300 spectrometers. The chemical shifts of 1 H and 13 C are reported in ppm relative to the solvent residual peaks. IR spectra were measured on a Bruker Vector 22 spectrophotometer.

Merck silica gel 60 (0.015-0.040 mm) was used for column chromatography. Melting points were recorded on a Büchi B-450 apparatus and are uncorrected. High resolution mass spectra (HR-MS) were recorded on a MicroMass LCT Premier Spectrometer spectrometer. Optical rotations were obtained with a PolAAr 32 polarimeter.

All Selenosugars were synthesized as according the following protocols.46 

General Procedures

A vial (5 mL) with a stir bar was charged with thiosugar (0.1 mmol, 1 eq), aryl halide (if solid) (0.2 mmol, 2eq), PdG3Xantphos (0.01 mmol, 10 mol%), piperazine 0.12 mmol, 1.2 eq) and Cs2CO3 (0.3 mmol, 3 eq). The vial was then evacuated and backfilled with an argon balloon. And then, aryl halide (if liqued) (0.3 mmol, 1 eq), 1 mL dry THF was added. The reaction mixture stir intensely under Ar and room temperature for two hours.

After the reaction finished, the reaction mixture was extracted with DCM, and the organic layer was washed with brine, dried over Na2SO4 and concentrated. The residue was purified with column chromatography on silica gel (from pure n-hexane to EtOAc:n-hexane = 3/7) to give the product. 2360,2341,1754,1746,1591,1492,1461,1440,1366,1287,1247,1215,117,1059,1030,911,828,733 , 2341, 1755, 1606, 1368, 1326, 1248, 1213, 1126, 1095, 1063, 1037, 1014, 980, 914, 830, 776 cm -1 ; HRMS (ESI): m/z calc.

Experimental data

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-methoxyphenyl)selanyl)tetrahydro-2H- pyran-3,
for C30H36NO10Se [M+NH4] + 650.1520; found 650.1520. Based on these recent achievements on the Pd-catalyzed synthesis of thioglycosides and on our ongoing interests in metal-catalyzed functionalization of thiosugars, we were interesting to develop new approaches involving earth abundant metal catalysts (Cu, Co, Ni and etc.). We were inspired by the work of the group of Molander52 who reported the thioarylation of unprotected peptides under Ni/photoredox catalysis. Thus, we decided to explore the Ni/photoredox-dual-catalysis approach to perform the coupling between thiosugars and aryl halides. This study was performed in collaboration with E. Magnier @ILV, UVSQ, Versailles.

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-((4-(4-methylbenzoyl)piperazin-1- yl)methyl) phenyl)selanyl)tetrahydro-2H-pyran-3,

B) Publication

Ni ABSTRACT: A general protocol for functionalization of glycosyl thiols has been reported. This protocol is based on a single-electron Ni/photoredox dual-catalyzed cross-coupling between 1-thiosugars and a broad range of arylbromides and iodides as well as alkenyl and alkynyl halides. This base-free method gives access to a series of functionalized thioglycosides in moderate to excellent yields with a perfect control of the anomeric configuration. Moreover, we demonstrated that this methodology maybe transporte successfully to the continuous-flow photoredox chemistry.

1-Thioglycosides are of great and are found in many important medicinal compounds. 53 These derivatives have been investigated as mimetics of biologically relevant Oglycosides as they are known to be stable under both basic and acidic aqueous conditions and resistant towards enzymatic hydrolysis. 54 Examples in Figure 1 highlight some biological activities of selected 1-thioglycosides, including hSGLT1 inhibitor, ligand of lectine A, cytotoxic Hsp90 inhibitor, galactosidase and glycosidase inhibitors, as well as antimicrobial agent. In addition, thioglycosides are considered as versatile intermediates in organic synthesis. 55

Figure 1. Example of Biologically Active Thioglycosides

Despite their potential interest in medicinal chemistry, little attention has been devoted to synthesis of (hetero)arylthioglycosides. Usually, they are prepared by treating per-O-acetylated glycosyls with a thiophenol in the presence of a Lewis acid, 56 or by substituting the halogen atom of an acetohaloglycoside with a thiolate anion. 57 These procedures suffer from the use of an excess of harsh acidic reagents, and are generally Driguez, H., Carbohydr. Res. 1978, 67, 305-328;c) Apparu, M.; Blanc-Muesser, M.; Defaye, J.; Driguez, H., Can.

J. Chem. 1981, 59, 314-320. restricted in substrate scope with respect to thiophenols. Various Pd-, 58 Ni-, 59 or Cucatalyzed 60 S-arylations of glycosyl thiols with aryl iodides were developed independently by Sticha, Xue, and our group. 61 However, demanding reaction conditions such as high catalyst loadings (30 mol% in the case of Ni-catalysis), specialized phosphine ligands for the Pd-catalysis, elevated reaction temperatures (80-120 °C cases of Pd-or Cu-catalysis), and long reaction times often limit the practicability or the scope of substrates. Moreover, in all these cases the coupling is effective with only aryl iodides, however the cross-coupling with aryl bromides is rather unexplored. Owing to the significant importance of functionalized thioglycosides, there is a strong impetus to discover new chemical transformations, general, mild, and efficient for their efficient synthesis and functionalization (Figure 2a).

Dual nickel photocatalysis has emerged as a powerful strategy and a remarkably efficient tool for organic cross-coupling reactions in the last years. mildness of this approach allows late-stage functionalization of complex biomolecules.

In continuation of our study on the reactivity of thiosugars under transition metal catalysis, we became interested in whether the S-(hetero)arylation of 1-thiosugars could be realized by the single-electron dual Ni/photocatalysis (Figure 2). We considered that 1-thiosugars may be suitable substrates for such a strategy, keeping in mind that a practical synthetic method should work not only with aryl iodides but also with aryl bromides as well as alkenyl-and alkynylbromides. We could assume that the catalytic cycle may be initiated by photon absorption, generating excited state Ru photocatalyst, followed by oxidation of the HAT reagent via single electron transfer (SET) (Figure 2). In this context, ammonium bis(catechol)alkylsilicates were recently found to be effective hydrogen atom transfer (HAT) reagents for Csp In the first set of experiments, we examined the coupling of tetra-O-acetylated 1-thioβ-D-glucopyranose 1a with 1-bromobenzonitrile 2a as a model study under various reaction conditions. Representative results from this study are summarized in Table 1.

The reaction of 1a (1 equiv) with 2a (1 equiv) was first investigated under the Molander's conditions using 5 mol% of a nickel(II) dtbbpy (dtbbpy = 4, 4'-di-tertbutyl-2, 2'-bipyridine) precatalyst, 2 mol% of a commercially available [Ru(bpy)3(PF6)2] photocatalyst in the presence of ammonium bis(catechol)alkylsilicate

(1.3 equiv) as a HAT reagent under blue light emitting diode (LED) irradiation (Table 1, entry 1). Pleasingly, this protocol afforded the desired thioglycoside 3a in a moderate 59% yield as a single β-anomer (J1, 2 = 9 Hz). Increasing the amount of the bromide partner 2a from 1 equiv to 1.3 equiv furnished 3a in a good 79% yield (Table 13,entry 2). Moreover, the yield was increased up to 85% yield when 1.5 equiv of 2a were used (Table 13, entry 3). The optimization reaction conditions was continued with respect to solvent, however, no significant improvement of the yield of 3a was observed when DMA, DMSO, MeCN and THF were used (Table 13, entries 5-8). Finally, performing the coupling reaction with the iodobenzonitrile instead the bromide led to 3a in 90% yield (Table 13,entry 9). Extensive examinations of the other reaction parameters revealed that the use of molecular sieves plays an important role in the outcome of the C(sp 2 )-S bond formation. The yield of 3a was improved up to 95% with complete retention of the anomeric configuration when the reaction was conducted in the presence of molecular sieves (Table 13, entry 10). Motivated by these exciting results, we subsequently investigated the substrate scope for this dual Ni/photocatalysis process by systematically varying the electrophile partner 2 and the thiosugar substrates 1a-e (Scheme 23). Gratifyingly, all the coupling proceeded cleanly and selectively in good yields. As illustrated in Scheme 1, a variety of electron-deficient and electron-rich aryl iodides having paraand meta-substitution effectively underwent reaction with tetra-O-acetylated 1-thio-β-D-glucopyranose 1a in yields up to 96% (products 3a-o). Various reactive functional groups were tolerated, such as nitrile (3a), ester (3g), halogens (3b-d, 3h), isobutyl (3n) and aminoacid (3o).

In addition, the sterically demanding ortho substitution patterns engaged in the coupling reaction of 1a, furnishing compounds 3d, 3l and 3m having an ortho substituent groups in 88%, 73% and 85% yields, respectively.

Aside from aryl iodides, aryl bromides can also serve as coupling partners under Niphotocatalysis. For example, cross-coupling of aryl bromides bearing various functions (-CN, -Cl, -F and -OMe) have been successfully achieved under room temperature to afford the corresponding thioglycosides (3a-b, 3h, 3i, 3k,l) in moderate to good yields with no changes to the standard reaction conditions. However, we can note that aryl bromides are less reactive than their iodide congeners in this cross-coupling protocol. Interestingly, couplings with heteroaryl halides derived from quinolinone, pyridine, and indole have also been successful, furnishing 3p-r in excellent yields (87%to 95%). In addition, para-iodophenylanaline (NHBoc) can be employed as a coupling partner (compound 3o). One can be note that across a number of substrates, coupling products were afforded in comparable yields to those obtained under palladium-catalyzed (thermal) conditions.

Scheme 23. Scope of Coupling of Thioglucose 1a with haloarenes 2

In hope of further pushing the limit of this Ni-photocatalysis S-arylation, we examined the coupling of tetra-O-acetylated 1-thio-β-D-glucopyranose 1a with alkenyl-and alkynyl halides as aglycon partners. Delightfully, when E-β-styryl bromide was employed, the coupling with 1a afforded stereoselectively the desired alkenylthioglycoside derivative 3t in 87% yields. Moreover, alkynylated thioglycoside product 3u was obtained in a 58% yield when 4-(bromoethynyl)thiophene was used as the coupling partner. Of note that in all the studied cases, compounds 3a-u were isolated as single anomers, clearly indicating that the Ni/photoredox process is stereoretentive with respect to the anomeric configuration of the sugar moiety (Scheme 23). Next, we turned our attention to the generality of the method with respect to glycosyl thiols. As depicted in Scheme 2, this coupling reaction tolerates a large variety of glycosylthiols 1a-e : O-benzoylated 1-thio-β-D-glucopyranose 1b O-acetylated 1-thioβ-D-galactopyranose 1c and O-acetylated 1-thio-β-D-fucopyranose 1d all coupled with the 4-iodobenzonitrile 2a to give thioglycosides 4a-c in good yields. Moreover, the reaction is not limited to monosaccharides, but can be applied to more complex disaccharide derivatives. Thus, 1-thio-β-D-cellobiose 1e was efficiently reacted with 2a to give 4a in 64% yield. Importantly, the stereochemistry of the β-1, 4'-O-glycosidic bond in the disaccharides remained intact (Scheme24).

Recently, continuous flow synthetic methodologies combined to photochemistry has become an emerging field. This combination could allow the development of fully automated process with an increased efficiency and, in many cases, improved sustainability. The great peculiarity of a flow photoredox system is a very efficient irradiation that allows to speed the reaction rate up so that productivity is generally greatly improved with respect to the batch system. Indeed, reaction scale up is usually easy to perform with high yields. In order to accelerate our coupling process, we attempted to transporte the continuous-flow techniques to our reaction. We were In summary, we have shown that 1-thiosugars are competent nucleophile partners in the Ni/photoredox-dual-catalyzed cross-coupling reactions, and developed a general method for the synthesis of thioglycosides. The method tolerates a wide range of functional groups such as aryl, heteroaryl, alkenyl and alkynyl bromides and iodides.

In addition, a variety of glycosyl thiols could be used. We expect this simple and general method to be of broad utility for the synthesis and development of new medicinal agents.

C) Conclusion and perspectives

A new photoredox cross-coupling between 1-thiosugars and aryl, alkenyl and alkynyl halides in mild reaction condition has been developed. The reaction conditions involve the use of only 5 mol% of the Ni catalyst and 2 mol% of the photocatalyst under base free conditions. By using of flow chemistry technology, the gram-scale reaction could be completed efficiently in only 20 min.

Unfortunately, there are still two shortcomings with this coupling : (i) no tolerance to unprotected thiosugars, and (ii) the reactivity of aryl bromides (yield < 50%) still.

D) Experimental part

General information

Solvents and reagents are obtained from commercial suppliers and were used without further purification. Analytical TLC was performed using Merck silica gel F254 (230-400 mesh) plates and analyzed by UV light or by staining upon heating with vanilin solution (15 g of vanilin in 250 mL ethanol and 2.5 mL of concentrated sulfuric acid).

For silica gel chromatography, the flash chromatography technique was used, with Merck silica gel 60 (230-400 mesh) and p.a. grade solvents unless otherwise noted. The 1 H NMR and 13 C NMR spectra were recorded in either CDCl3, acetone-d6, or DMSO-d6 on Bruker Avance 300 spectrometers. The chemical shifts of 1 H and 13 C are reported in ppm relative to the solvent residual peaks. IR spectra were measured on a Bruker Vector 22 spectrophotometer.

Merck silica gel 60 (0.015-0.040 mm) was used for column chromatography. Melting points were recorded on a Büchi B-450 apparatus and are uncorrected. High resolution mass spectra (HR-MS) were recorded on a MicroMass LCT Premier Spectrometer spectrometer. Optical rotations were obtained with a PolAAr 32 polarimeter.

Thiosugars were synthesized as according the following protocols. 66 The 66 a) Floyd, N.; Vijayakrishnan, B.; Koeppe, J. R.; Davis, B. G., Angew. Chem., Int. Ed., 2009, 48, 7798-7802. b) diisopropylammonium bis(catechol)isobutylsilicate was synthetized according to literature protocol. Vapourtec with a 10 mL reactor irradiated with a 450 nm blue LED system.

General Procedures for the coupling of Thiosugars 1a-e with haloarenes 2

A sealable tube purged with argon equipped with a cap was charged with thiosugar 1ae (1 equiv), aryl halide (if solid) (1.5 equiv), [Ni(dtbbpy)(H2O)4]Cl2 (5 mol%), [Ru(bpy)3](PF6)2 (2 mol%), HAT reagent (diisopropylammonium bis(catechol)isobutylsilicate) (1.3 equiv), the tube was flushed again with Argon, aryl halide (if liquid) (1.5 equiv) and dry DMF (0.2 M) was added. The mixture was stirred Gamblin, D. P. ; Garnier, P.; van Kasteren, S.; Oldham, N. J.; Fairbanks, A. J.; Davis, B. G., Angew. Chem., Int. Ed., 2004, 43, 828-833. 67 Lin, K.; Kelly, C. B.; Jouffroy, M.; Molander, G. A.; Org. Synth., 2017, 94, 16-33. 68 Gutiérrez-Bonet, Á.; Tellis, J. C.; Matsui, J. K.; Vara, B. A.;Molander, G. A., ACS Catal., 2016, 6, 12, 8004-8008. for 5 min. And then, the mixture was placed in the photoreator vessel ~5-7 cm awayfrom the blue LEDs, and allowed to stirred vigorously for 12-48 h at rt. The temperature of the reaction was maintained at approximately 25 o C via a fan. Purification was performed with flash chromatograpgy on silica gel.

Procedures for continuous flow coupling of thioglucose 1a with 2a

A sealable tube purged with argon equipped with a cap was charged with thiosugar 1a (0.8 mmol, 1 equiv), iodobenzonitrile 2a (1.5 equiv), [Ni(dtbbpy)

(H2O)4]Cl2 (5 mol%), [Ru(bpy)3](PF6)2
(2 mol%), HAT reagent (diisopropylammonium bis(catechol)isobutylsilicate) (1.3 equiv), the tube was flushed again with Argon and dry DMF (4 mL, 0.2 M) was added. The mixture was stirred for 5 min. Then, using an easy-Photochem E-Series system from Vapourtec with a 10 mL reactor irradiated with a 450 nm blue LED system, the solution was pumped at a flow rate of 0.5 mL.min -1 at 25°C. After collecting the reaction mixture, the solvent was removed in vacuo, and the crude product was purified by a flash chromatograpgy on silica gel to afford the desired pure thioglycoside 3a in 79% yield. 

Unsuccessful substrates

A) Introduction

As the rise in the people's living standards, more and more people force on the environmental protection. Chemistry is like a kind of double-edged sword. The time they created civilization, they destroyed it also. The destruction of the planet by traditional chemistry industry is really serious, substantial wastes were produced every day which not only threat to environment, but also threat to humanity. Because of this, the concept of green chemistry is emerged and moree and more scientists devoted themselves to discover environment friendly reaction. Notably,electrosynthetic methodologies became a shining star.

Electrosynthesis is an emerging green approach for the construction of C-C and Cheteroatom bonds by using of a current instead of transitional oxidant or reductant. H.

Kolbe 72 reported the famous electrochemical Kolbe reaction. Decomposition of valeric acid by an electric current, the n-octane could be synthesized directly. In addition, longchain hydrocarbons were easily synthesized from the fatty acids under theses electrosynthetic conditions. This electrolytic decarboxylation may be regarded as the first industry available reaction in the history of electrochemistry (Scheme 26). 72 Utley, J. Chem. Soc. Rev., 1997, 26, 157-167. 73 Baizer, M. M., J. Electrochem. Soc., 1964, 111, 215-222.

Scheme 27. synthesis of adiponitrile

In the previous study, we succeded for the first time to perform the cross-coupling of 1thiosugars with aryl, alkenyl and alkynyl iodide under base-free photoredox dual catalysis. However, we observed that the less expensive aryl bromides are less efficient during this study. Moreover, only protected thiosugars are tolerated as the coupling partners. To overcome these limitations, we started to examine the possibility of using electrosynthesis as a a solution the cross-coupling of aryl bromide with (un)protected thiosugars. If we reach this goal, it will be an important advance in the field of glycochemistry. In 2019, the group of Mei 74 reported an elegant electro-nickelcatalyzed thiolation of aryl bromides and chlorides (Scheme 28). The reaction involves the use of NiBr2•glyme 10 mol% as a catalyst, di-t Bubpy 10 mol% as the ligand, LiBr 4 equiv as electrolyte in DMF. A sacrificial magnesium (Mg) anode and a Ni form cathode were used at 4 mA for 6 h. 47 examples were reported with the yield up to 95%. This work inspired us to examine a practical solution to reach our goal. temperature (up to 120 o C in the case of Pd-or Cu-catalysis) and long reaction times often limit the practicability or the scope of substrates. Moreover, in all these cases the coupling is effective with only aryl iodides, however the cross-coupling with aryl bromides is rather unexplored. To address these issues, we have reported recently a Ni/Ru dual photocatalyzed arylation of thiosugars with aryl iodides under base-free conditions (Figure 5,c). 83 However, the more available and less expensive aryl bromides are still unreactive under these photoredox conditions. Only a few examples were reported with the yield never exceeding 43%. Moreover, this method was limited to only protected thiosugars. This set of limitations clearly indicates that glycosyl thiols often behave as a rather special and challenging class of thiol nucleophiles for transition metal-catalyzed thiol-functionalization. Because of the high importance of thioglycosides, the development of a general method for the coupling of both aryl bromides and iodides to protected and unprotected thiosugars at room temperature and without an external base remains a challenging task.

T.; Shimizu, T.; Asami, Y. ; Shiobara, J.-I.; Kato, Y.;Kosugi, M., Bull. Chem. Soc. Jpn. 1980, 53, 1385-1389;g) Kosugi, M.; Shimizu, T.; Migita, T., Chem. Lett. 1978, 13-14. In recent years, electrosynthesis 84 has emerged as a remarkably efficient tool for organic cross-coupling reactions through the use of less precious catalysts and waste-free and inexpensive electric current, thereby avoiding stoichiometric amounts of toxic and costly chemical reagents limiting our impact on the environment. Usually, this method was used successfully in the C-H activation process for the formation of C-C and Cheteroatom bonds (C-O, C-P, and C-N) through the directing group strategy. 85 However, electrochemical C-heteroatom bond formation via cross coupling of nucleophiles with aryl (pseudo)halides was less explored. 86 In particular, methods which use electrosynthesis to form C-S bonds are rare. To the best of our knowledge, only one study by Mei et al. reported the cross-coupling reaction of thiophenols with aryl halides. 87 The authors showed elegantly that this approach allows thiolation of aryl halides. However, this method exhibited several limitations with regard to potential applications: (i) the use of a large excess of the thiophenol partner (3 equiv.) which can be prohibitive for larger scale reactions and (ii) the scope with respect to the thiols was limited to unfunctionalized thiophenols, thus precluding many synthetic applications.

Moreover, the S-arylation of functionalized and complex alkyl thiols bearing free hydroxyl or amino groups such as thiosugars under electrochemistry has never been studied, probably because of the polyhydroxylated complexity of carbohydrates. Herein, we became interested in whether the S-(hetero)arylation of 1-thiosugars could be performed by the electrochemical process. The present study is presented (Figure 3). 14. The reaction of 1a (1 equiv.) with 2a (3 equiv.) was first investigated by using constant-current electrolysis at 4.0 mA in the presence of NiBr2 . diglyme (10 mol%), 4,4 -di-tertbutyl-2,2 -bipyridine (di-tBubpy) (10 mol%), and LiBr (4 equiv.) in DMF at room temperature for 6 h within an undivided cell (Table 14,entry 2). Pleasingly, these conditions afforded 3a in a moderate 54% yield as a single b-anomer (J1,2 = 9 Hz) (see experimental part). Interestingly, decreasing the amount of the bromide partner 2a from 3 equiv. to 1 equiv. furnished the thioglucoside 3a in a good 74% yield (Table 14, entry 1). Using other anodes such as Zn was not effective (Table 14,entry 9). under these conditions, large amount of disufide product was formed (see the mechanism, p 93). In addition, reaction with DMA instead of DMF was less efficient and gave product 3a in only 47% yield (Table 14, entry 11). Interestingly, when the current was increased up to 8 mA, the reaction time was shortened to 3 h and 3a was isolated in 74% yield (Table 14, entry 5). Finally, performing the coupling reaction with 20 mol% of NiBr2 . diglyme and 20 mol% of di-tBubpy furnished 3a in 80% yield (Table 14, entry 10). Negative controlling experiments demonstrated that catalyst, LiBr and current are necessary (Table 14, entries 6-8).

Table 14. Optimization of the coupling reaction of 1a [a] Entry Deviation from the standard conditions Yield (%) With these encouraging results, we investigated next the scope and limitations for this electrochemical process by systematically varying the nature of the bromide electrophile 2. As shown in Scheme 29, all the S-arylations of tetra-O-acetylated 1thio-b-D-glucopyranose 1a proceeded cleanly and selectively in good yields. Crosscoupling of 1a with aryl bromides bearing various functional groups (-CN, -Cl, -F, -CF3, -CHO and -OMe) has been successfully achieved at room temperature to afford the corresponding thioglycosides (3a-m) in yields up to 87%. In addition, the presence of an ortho substitution at the aromatic ring of the coupling partner does not affect the coupling process as compounds 3h and 3k were obtained in 80% and 77% yields, respectively. It is noteworthy that a selectivity was observed when a tribromobenzene was used, and only a di-glycosylated product 3m was obtained in 70% yield even after running the coupling reaction for longer reaction time (6 h) and using 6 equiv. of 1a.

One can note that 3-bromonaphthalene is less reactive under current conditions than 2bromonaphthalene giving the desired S-naphthylglycoside 3j in only 22% yield (vs. 77% with 2-bromonaphthalene). However, this yield could be increased significantly (73% yield) when 3-iodonaphthalene was used. The same low reactivity was observed with p-bromoanisole vs. p-iodoanisole (compound 3l, 15% vs. 83%). Interestingly, coupling reactions with heteroaryl bromides derived from quinoline and pyridine have also been successful, furnishing 3n, o in 46% and 86% yields, respectively. Next, we moved on to investigate the reactivity of a series of alkene and alkyne bromides. Pleasantly, both aryl-and alkyl-substituted alkene bromides ((E)-1-(2-bromovinyl)-4-methoxybenzene, E-β-styryliodide, and (E)-1-bromooct-1-ene) and 2-bromo-1H-indene were transformed efficiently into alkenyl thioglycosides 3p-s in excellent yields. Finally, alkynyl-thioglycosides 3t-u were also easily prepared in good yields from the corresponding 1-(bromoethynyl)-4-methoxybenzene and 3-(bromoethynyl)thiophene by this electrochemical method. One can note that benzyl-or PMB-protecting groups on thiosugars are not tolerated. The successful synthesis of thioglucosides 3a-u from tetraO-acetylated 1-thio-β-Dglucopyranose 1a and various aryl bromides under our optimized electrochemical conditions encouraged us to investigate other glycosyl thiols. As depicted in Scheme 30, this coupling reaction tolerates different sugars such as O-benzoylated 1-thio-β-Dglucopyranose, thio-β-D-galactopyranose and 1-thio-β-Dfucopyranose, which furnished the thioglycosides 4a-c in yields up to 95%. In addition, this coupling could be applied successfully to the more complex and biologically relevant saccharide derivatives thio-β-D-cellobiose and thio-β-D-maltotriose delivering 4d and 4e in 90% and 88% yields, respectively. One of the most important tasks in the area of organometallic chemistry is to discover mild and general methods for the easy functionalization of polyhydroxylated compounds with high selectivity without using any protection/deprotection sequence.

To further show the synthetic use of our protocol, we evaluated whether the S-arylation of unprotected thiosugars could be realized by this electrochemical method. To our delight, the reaction of unprotected thio-β-D-glucose and thio-β-D-cellobiose yielded the respective products 5a and 5b in good yields, and no side products arising from the O-arylation were observed (Scheme 31).

Finally, as part of our interest in developing new methods for peptide and protein bioconjugation, we considered it worthwhile to investigate the reaction of cysteine amino acid with aryl bromides (Scheme 31). Direct arylation of cysteinecontaining peptides has only been reported using precious Pd-catalysts. 88 To this end, we tested the reaction of L-cysteine with p-cyanophenyl bromide and we were pleased to observe the formation of the S-arylated cysteine 5c in 67% yield (Scheme 31). This result represents the first example of diversification of cysteine using the electrochemical approach and may open a new way to the bioconjugation of peptides and proteins through this methodology.

Scheme 31. Unprotected thiosugars and cysteine-containning peptides as challenging functionnalyzed thiols From a mechanistic point of view, we could assume that catalytic cycle may be initiated by cathodic reduction of Ni(II) to Ni(0) (Scheme 32). In another hand, glycosyl sulfhydryl group generates a glycosyl thiolate from a cathodic reduction. This later reacts with the complex (I) which arises from Ni(0) oxidative addition (OA) with the aryl bromide, to led to a complex (II). Reductive elimination (RE) delivers the Sarylated sugar. In a possible alternative of the catalytic cycle, the addition of a formed thiyl radical to the complex (I) to generate a Ni(III) complex may be envisioned. Consider that the main reaction happened on the cathode, and the side reaction happened on anode, maybe the higher yield we can get if divided cells is used for this reaction. But complex operation is required.

Scheme 32. Proposed mechanism

C) Conclusion and perspectives.

In summary, we described here the first electrochemical method for coupling various anomeric glycosyl thiols with aryl bromides. This method demonstrates unprecedented reactivity with regard to bromide partners (heteroaryl, alkenynyl and alkenyl bromides)

and selectivity, including reactions with unprotected thiosugars, and cysteine amino acid. Further studies on the applications of this method in the S-arylation of more complex polysaccharides and cysteine containing peptides are ongoing.

D) Experimental part

General information

Solvents and reagents are obtained from commercial suppliers and were used without further purification. Analytical TLC was performed using Merck silica gel F254 (230-400 mesh) plates and analyzed by UV light or by staining upon heating with vanilin solution (15 g of vanilin in 250 mL ethanol and 2.5 mL of concentrated sulfuric acid).

For silica gel chromatography, the flash chromatography technique was used, with Merck silica gel 60 (230-400 mesh) and p.a. grade solvents unless otherwise noted. The 1 H NMR and 13 C NMR spectra were recorded in either CDCl3 or MeOD-d4 on Bruker Avance 300 spectrometers. The chemical shifts of 1 H and 13 C are reported in ppm relative to the solvent residual peaks. IR spectra were measured on a Bruker Vector 22 spectrophotometer.

Merck silica gel 60 (0.015-0.040 mm) was used for column chromatography. Melting points were recorded on a Büchi B-450 apparatus and are uncorrected. High resolution mass spectra (HR-MS) were recorded on a MicroMass LCT Premier Spectrometer spectrometer. Optical rotations were obtained with a PolAAr 32 polarimeter. Thiosugars were synthesized as according the following protocols. 89ElectraSyn 2.0 Package used is from IKA

Electrode materials and dimensions

The Mg electrodes were purchased from commercial Mg block (purchased from IKA) and Ni foam electrodes were furnished from Nickel Foam (purchased from IKA).

General Procedures

The preparation of Solution A: A screwed-capped tube with stir bar charged with Ni catalyst (6 mmol) and dtbbpy (6 mmol) were dissolved in 20 mL of DMF under Ar. The solution was stirred for 1 h at 60 o C before usage.

The preparation of Solution B:

A screwed-capped tube with a stir bar charged with LiBr (8 mmol) was flame-dried under vacuum until the disappearance of water deposit on the walls. The tube was backfilled with an argon balloon and 20 mL of DMF. The solution was stirring for 1 h under room temperature before usage.

An ElectraSyn vial (5 mL) with a stir bar was charged with thiosugar (0.3 mmol, 1 eq), arly halide (if solid) (0.3 mmol, 1eq). The ElectraSyn vial cap equipped with anode (Mg) and cathode (Ni foam) were inserted into the mixture. The vial was then evacuated and backfilled with an argon balloon. And then, arly halide (if liqued) (0.3 mmol, 1 eq), 1 mL of Solution A and 2 mL of Solution B was added. The reaction mixture was electrolyzed under a constant current of 8 mA for 3 h at rt. The mixture was dissolved in water and DCM. The layers were separated and the aqueous solution was extracted with further DCM (3×50 mL). The combined organic layers were dried with MgSO4 and the solvent was removed under reduced pressure. Purification was performed with flash chromatograpgy on silica gel.
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Part 5 Visible-Light-Mediated Stadler-Ziegler Arylation of Thiosugars with Anilines

A) Introduction

In a previous study, we reported the cross-coupling reaction of thiosugars with aryl, alkenyl and alkynyl bromide or iodine under photoredox catalysis. As an extension of this study, we were wondering if aryl diazonium salts could be used coupling partners instead of aryl halides. These later maybe prepared from the more available and less expensive anilines starting materials.

In 2013, Timothy Noël and co-workers 93 reported an elegantone-pot reaction to building C-S bonds under visible light Ru-photoredox catalysisThe cross-coupling reaction occurs between arylamines and thiolates under the infect of 20 W fluorescent light bulb to synthesis of corresponding arylsulfides. By using of nitrite source tBuONO, the corresponding aryl diazonium are formed in situ and the process eliminates the need for isolate the unstable diazonium salt. Morevover, a scalable continuous-flow protocol has been successfully used during this study within only 15 s residence time.One limitation of this reaction was the poor yield around 20 % obtained, when heteroaryl amines were used (Scheme 33). 93 The same approach was used by Chin-Fa Lee and co-workers 94 for the synthesis of arylsulfides from anilines under blue led under metal-free, solvent free and acid free conditions; only 2 equiv of tBuONO were required for this coupling. The high functional group tolerance is also an advantage of this reaction. It is interesting that, a gram scale reaction has been performed between arylamine and thiolate in presence of natural sunlight without stirring and result in good yield compared with bench reaction.

Unfortunately, heteroaryl amines still not suitable in this condition (Scheme 34). C., Indian J. Chem., 2019, 58, 183-191. other side, thioglycosides are largely used as versatile and reactive intermediates in polysaccharide assembly tactics through iterative glycosylations (Figure 10B). 103 Due to their key role in many biological processes, the development of methods towards an efficient and stereoselective synthesis of 1-arylthioglycosides is considered to be of great importance. 104 A well-known strategy largely applied toward these target Sarylated glycosides is the cross-coupling reaction typically catalyzed by the Pd 105 , Ni, 106 Cu 107 transition metals, in which an aryl halide reacts with a glycosyl thiols leading to the desired thioglycoside derivative (Figure 10C). Despite their high interest, these methods required the use of expensive catalysts or a high temperature and a long reaction time, limiting thus the practicability or the scope of substrates. Liao and Yan reported an efficient transition-metal-free protocol for the synthesis of aryl 1thioglycosides via an in situ arynes generation (Figure 10C). 108 Although efficient, some limitations persisted such as a lack of regioselectivity with non-symmetrical arynes or the limited tolerance for functional groups. Recently, our group developed the first electrochemical method for coupling various glycosyl thiols with aryl iodides and bromides under base-free conditions (Figure 10C). 109 Highly complex thioglycosides could be prepared under this ecofriendly method including unprotected thiosugars. In addition, we developed another protocol for the synthesis of aryl 1-thioglycosides via a

Ni/Ru photoredox dual catalyzed cross-coupling of thiosugars with aryl iodides (Figure 10C). 110 Suitable for only protected thiosugars, this method did not also tolerate the more available and less expensive aryl bromides are still non-suitable partners under these photoredox conditions.

109 Zhu, M.; Alami, M.;Messaoudi, S., Chem. Commun., 2020, 56, 4464- Owing to the high importance of thioglycosides, there is a strong impetus to develop a mild and general photoredox reaction for their efficient synthesis. We wish to identify more suitable partners than bromides and iodides able to react efficiently with thiosugars under a simple photoredox protocol to generate the desired thioglycoside.

the arylation of protected and unprotected thiosugars with various anilines (Figure 10C). If successful, this approach would provide not only an excellent complementary pathway to the established S-arylation methods but also immediate access to a reactive platform that can be engaged in numerous postfunctionalizations.

To examine the feasibility of this study, we chose the coupling of tetra-O-acetylated 1thio-β-D-glucopyranose 1a with a commercially available 4-cyanoaniline 2a as a model study under various reaction conditions (Table 15 andTable 16 in exprement part).

The reaction of 1a (1 equiv,) with 2a (1.2 equiv) was first investigated by using 1 mol% of a commercially available Ru(bpy)2PF6 photocatalyst in the presence of tBuONO (2 equiv) as a diazotization reagent in acetonitrile under a white light-emitting diode (LED) irradiation at room temperature for 24 h (Table 16 in exprement part, entry 1).

Accordingly, these conditions afforded the expected product 3a in an encouraging 67% yield as a single β-anomer (J1, 2 = 9.0 Hz) (See ESI). Increasing the amount of the aniline partner 2a from 1.2 equiv to 2 equiv furnished 3a in a slightly lower yield (57%, Table 16 in exprement part, entry 2). Pleasantly, switching from white to blue light furnished 3a in77% yield (Table S1, entry 3, ESI). Interestingly, reducing the reaction time to only 1h instead of 24 h led to the thioglucoside 3a in a good 77% yield (Table 15, entry 1). The reaction time was fixed at 1h and we decided to examine the other reaction parameters. The reaction with the organophotocatalyst 4CzIPN (E(PC*/PC _. ) = +1.43 V) instead of Ru(bpy)2PF6 was less efficient and gave 3a in a 66% yield (entry 2). Decreasing amounts of the photocatalyst to 0.5 mol% gave 3a in a still good yield of 70% (Table 15, entry 3). However, tentative to remove traces of water from the reaction medium by adding molecular sieves (4 Å) led to complete inhibition of any reactivity (Table 15, entry 4). The influence of the solvent was also examined and revealed that MeCN was the solvent of choice since the other solvents such as DMSO, DMA, DMF and MeOH were completely incompatible with this coupling (Table 15 With these encouraging results, we investigated next, the scope and limitations for this Stadler-Ziegler reaction by using a series of commercially available aryl amines 2 bearing different functional groups. As showed in Scheme 36, cross-couplings of tetra-O-acetylated 1-thio-β-D-glucopyranose 1a with aryl amines bearing various functions (-CN, -Cl, -Br -I, -CF3, -NO2, -CO2Me, -C(O)Me, -OMe, -Me, -tBu, -Ph) at para or meta positions have been successfully achieved to afford the corresponding thioglycosides (3a-j and 3o-s) in yields up to 85%. Interestingly, reactive C-halogen Table 15 Optimization of the coupling reaction of 1a with 2a [a] Entry Deviation from the standard conditions Yield 3a (%) bonds (e.g., I, Br, Cl) were tolerated in this photoredox reaction affording compounds 3c-e, 3j, 3l, 3m, 3n in acceptable yields. The presence of halogen substituents in these products provided a handle for further structural diversifications using metal-catalyzed cross-coupling reactions. In addition, the presence of an ortho substitution at the aromatic ring of the aniline partner affects slightly but doesn't inhibit completely the coupling process, as compounds 3k-n were obtained in yields ranging between 28% and 78% depending on the electronic effect of the functional group. Of note, the presence of a polar function on the aniline such as a carboxylic acid 2v is well tolerated furnishing the desired compound 3v in 76% yield. However, the yield drops down to only 16% when the coupling of 1a was conducted with a p-hydroxy aniline (compound 3u). react smoothly with the p-nitro aniline 2g to lead to thioglycosides 4a-c in yields up to 78%. In addition, this protocol could be extended to more complex and biologically relevant saccharide derivatives such as thio-β-D-cellobiose disaccharide 1e and thio-β-D-maltotriose trisaccharide 1f delivering 4d and 4e in 44% and 66% yields, respectively. More interestingly, we observed that our protocol is compatible with unprotected thiosugars since the reaction of unprotected thio-β-D-glucose 1g with 2g yielded the thioglycoside 4f in a good 61%yield, and no side products arising from the O-arylation were observed (Scheme 37). This is another important input compared to our previously reported photoredox approach to functionalize thiosugars with aryl halides. Finally, besides β-glycosyl thiols, α-anomers are also effective coupling partners for this photoredox coupling as the α-thioglucose furnishes the αthioglycosides 4g in 74% yield. To further show the synthetic utility of our protocol, we carried out studies on whether the iodinated substrate 3e could be used as a platform to access more complex thioglycosides through metal-catalyzed transformations of the C-I bond (Scheme 38).

To this end, 3e was firstly prepared on a gram scale with a slightly higher yield demonstrating the scalability of our protocol. Thus, with substantial amounts of 3e in hand, we examined next its coupling with the cysteine substrate under our previously reported Pd-catalyzed methodology.115 When PdG3-XantPhos was used as a catalyst in the presence of Et3N, the glycoamino acid 5a was isolated in an excellent yield. This later may be used as a building block in the SPPS peptide synthesis (Scheme 38). In addition, 3e was converted to the biaryl 5b in good yield through a Suzuki-Miyaura cross-coupling with the phenylboronic116 (Scheme 38). Finally, 3e was engaged in a Csp 3 -H activation process of the anomeric C-H bond of substrate 7 under our recently reported protocol. 117 The di-glycoside 8a bearing two different sugars linked through C-C and C-S bonds was obtained in 63 % yield (Scheme 38).

From the point of view of mechanistic considerations, based on the literature reports we may assume that the reaction starts by the in situ formation of the diazo salt from aniline and tBuONO reagent, followed by the formation of the diazosulfide (I) (Figure 11). Noël and co-workers suggested in their early mechanistic studies that this intermediate is the reactive photo-labile species in the photocatalytic cycle of the photocatalyzed Stadler-Ziegler process. 101a A single electron transfer (SET) from the excited state Ru photocatalyst to the diazosulfide (I) leads to N2 extrusion and the formation of the thiolate (III) and aryl radical (II). These two intermediates evolve into the formation of the thioether radical anion (IV) which produces the final thioglycoside and close the Ru-catalytic cycles by a final SET. In summary, we reported here a new approach for the S-arylation of anomeric glycosyl thiols with various aryl amines via a cooperative photoredox strategy. This method provides unprecedented access to functionalized thioglycosides under mild conditions with high efficiency and selectivity. We anticipate that this mild synthetic protocol will find numerous applications in organic synthesis as well as in medicinal chemistry.

C) Conclusion and perspectives

The objectives achieved during this work are as follows: A new one-pot reaction sequence between glycosyl thiols and arylamines, giving to thioglycosides derivatives in good yields, has been reported. The process eliminates the need for isolate the unstable diazonium salt, which led to easy use and operation. Halide thioglycosides derivatives can be synthesized by this protocol, overcome the limitation of previous protocol. Gram scale has been done in this protocol, and result the desired product in good yield compared with bench reaction. Three types of cross-coupling reaction between iodine thioglycosides and other reagents has been done, including Pd-catalyst reaction between iodine thioglycosides and cysteine, Suzuki reaction and C-H activation reaction. In addition, this coupling tolerates the presence of functional groups such as iodine, bromide, carboxylic acid, nitrile and fluorine. The presence of a functional group on the final molecules allows us to carry out further transformations.

Our protocol shows a large functional group tolerance, however, the limitation with heteroaryl amines as reported previously remains: the coupling with pyridine or thiophene failed. Studies on the applications of this method in the S-arylation of more complex polysaccharides are ongoing in our group.

D) Experimental part

General information

Solvents and reagents are obtained from commercial suppliers and were used without further purification. Analytical TLC was performed using Merck silica gel F254 (230-400 mesh) plates and analyzed by UV light or by staining upon heating with vanillin solution (15 g of vanillin in 250 mL ethanol and 2.5 mL of concentrated sulfuric acid).

For silica gel chromatography, the flash chromatography technique was used, with Merck silica gel 60 (230-400 mesh) and p.a. grade solvents unless otherwise noted. The 1 H NMR and 13 Photochemistry: Photoredox reactions were irradiated with blue LED (~ 470 nm) strips, and the temperature (~25 °C) was controlled using one external desk fan set up ~ 15-20 cm away from this photoreactor bed.

General Procedures

118 a) Floyd, N.; Vijayakrishnan, B.; Koeppe, J. R.; Davis, B. G., Angew. Chem., Int. Ed., 2009, 48, 7798-7802;b) Gamblin, D. P.; Garnier, P. ; van Kasteren, S.; Oldham, N. J.; Fairbanks, A. J.; Davis, B. G., Angew. Chem., Int. Ed., 2004, 43, 828-833 A sealable tube purged with argon equipped with a cap was charged with thiosugar (1 equiv), arylamine (if solid) (1.2 equiv), [Ru(bpy)3](PF6)2 (1 mol%), the tube was flushed again with Argon, arylamine (if liquid) (1.2 equiv) and MeCN (0.15 M) was added. The mixture was stirred for 5 min. And then, the mixture was placed in the photoreator vessel ~5-7 cm awayfrom the blue LEDs. Tert-Butyl nitrite (2 equiv.) was added into the tube drop by drop, and the mixture allowed to stirred vigorously for 1 h at rt. The temperature of the reaction was maintained at approximately 25 o C via a fan. Purification was performed with flash chromatograpgy on silica gel.

Gram scale reaction:

A 50 mL round-bottom flask purged with argon equipped with a cap was charged with thiosugar 1a (1 equiv, 3 mmol, 1090 mg), 4-Iodoaniline (1.2 equiv, 0.854 mg), [Ru(bpy)3](PF6)2 (1 mol%, 35mg), the flask was flushed again with Argon, MeCN (20 mL) was added. The mixture was stirred for 5 min. And then, the mixture was placed in the photoreator vessel ~5-7 cm awayfrom the blue LEDs. Tert-Butyl nitrite (2equiv, 0.75 mL) was added into the tube drop by drop, and the mixture allowed to stirred vigorously for 1 h at rt. The temperature of the reaction was maintained at approximately 25 o C via a fan. Purification was performed with flash chromatograpgy on silica gel (PE/EA = 4/1) and obtain the product (49%, 820 mg) in white solid. Argon, THF (1 mL) was added. The mixture was stirred for 5 min. And then, Et3N (1.5 equiv, 21 uL) was added into the tube drop by drop, and the mixture allowed to stirred vigorously for 1 h at rt. Purification was performed with flash chromatograpgy on silica gel (PE/EA = 2/1), and obtain the product (80%, 54 mg) in white solid.

Palladium

Suzuki reaction of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4iodophenyl)thio)tetrahydro-2H-pyran-3,4,5-triyl triacetate and Phenylboronic acid

A sealable tube purged with argon equipped with a cap was charged with (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-iodophenyl)thio)tetrahydro-2H-pyran-3,4,5-triyl triacetate (1 equiv, 0.1 mmol, 56.6mg), Phenylboronic acid (2 equiv, 0.2 mmol, 24.4 mg), PdG3Xantphos (5 mmol%, 5 mg), K2CO3 (4 eq, 55.3 mg), the tube was flushed again with Argon, THF (0.5 mL) and 1 drop of water was added. The mixture was stirred for 5 min. and the mixture allowed to stirred vigorously for 5 h at 100 o C. Purification was performed with flash chromatograpgy on silica gel (PE/EA = 4/1), and obtain the product (77%, 40 mg) in white solid. was purged with argon and sealed, then placed in an oil bath (preheated at 120 °C) for 4h. The reaction mixture was then allowed to cool to rt and EtOAc (10 mL) was added.

The resulting solution was filtered through a pad of Celite, eluting with further EtOAc (2 × 10 mL). The solvent was removed under reduced pressure, and the crude material was purified by flash column chromatography (PE/EA = 2/1 with 0.1% Et3N), and obtain the product (63%, 97.5 mg) in light yellow solid. Because of the limited methods to synthesis alkynyl C-nucleosides, which usually involve the use of a steochiometric amount of organometallic alkynyl partners [Mg, L, B, Sn], we envisioned to develop a simple and efficient method to access this target molecules.

Condition selection

Recently, the resurgence of visible-light photoredox catalysis has disclosed unprecedented opportunities in the generation of radical intermediates by selective activation of small organic molecules under mild reaction conditions. Expecially, the photoredox decarboxylative cross-coupling reaction is regarded as a kind of powful methodology to synthesis of various of useful compounds. And this methodology has been successfully applied to variety of α-oxy and α-amino acids, as well as simple hydrocarbon-substituted acids. 141To this end we were interested in exploring an alkynylation reaction under photoredox catalysis.

During our study, Yongqiang Later, after the publication of method, the same group reported a highly stereoselective decarboxylative C-alkynylation of anomeric carboxyl acids by using photocaralysis. 143The reaction was performed in the presence of ethynylbenziodoxolones (EBXs) as alkynyl donor reagents. Excellent β selectivity was observed with good functional group tolerance. However, EBXs reagents necessitate their synthesis, and during the 160 process 2-iodobenzoic acid was generated as byproduct, which is not in line with green chemistry concept (Scheme 45). however, their synthesis remains underexplored. Here we report a simple route towards the synthesis of alkynyl C-nucleosides from simple and stable furanosyl carboxylic acids and terminal alkynes under low-cost and non-toxic copper catalysis. The approach that we report here demonstrates the power of Cu/photoredox dual catalysis to access highly complex glycosides under mild conditions.

C-Nucleosides has emerged as a promising class of bioactive glycosides most notably in the fields of virology and cancer therapy. 145 These derivatives in which the anomeric remdesivir C-nucleoside metabolite GS-441524 (Figure 13a) was reported as a potential inhibitor of SARS-CoV-2 by binding to the nsP3 macrodomain of the virus. 153

Moreover, Cnucleosides have been used to study RNA and DNA processing enzymes with the aim to extend the genetic alphabet and designing new therapeutic proteins. 154

Because of their key role in many biological processes, the development of methods towards an efficient and stereoselective synthesis of C-nucleosides is considered to be of great importance. 155 Various chemical scaffolds such as aromatics, heteroaromatics, alkyls, alkenyls and alkynyls were introduced at the anomeric pentose sugar position.

Among all these architectures, alkynylated nucleosides (called also sugar acetylene) are particularly important as they offer a unique opportunity to increase the complexity of the targeted C-nucleoside, due to the numerous possible transformations of the C-C triple bond (Figure 13b). 156 For instance, the alkyne function may be subjected to partial or total reduction, hydrometallation 157 followed by a selective functionalization or (4+2) cycloaddition with azides to produce triazoles 158 or with dienes 159 to access to aromatic nucleosides (Figure 13b). Besides, C-alkynyl nucleosides may be used as partners in a C-H activation/annulation process with anilines to afford a variety of substituted C-furanosyl indoles. 160 Otherwise, C-ethynyl furanosides are also reported as a promising antibiotic by acting against Zn 2+ -dependent enzyme LpxC 161 (Figure 14a). Despite these possibilities, their use is underdeveloped, and only few methods for their synthesis are reported (Figure 14a). 141 Among them, the introduction of the alkynyl function at the anomeric position involves the reaction of furanosyl halides or acetates with alkyne iodides mediated by indium. 162 Organometallic alkynes such as alkynyl trifluoroborates 163 or alkynyltin species 164 are well known to be good partners in the glycosylation of furanosyl fluorides and bromides in the presence of Lewis acids such as boron trifluoride or zinc chloride. Grignard alkynyl reagents are also used as nucleophiles in the coupling with acetals. 165 Although their high interest, these methods require the use of harsh conditions (high temperature and excess of the metal in the case of indium coupling) and overstoichiometric amounts of air and moisture sensitive alkynyl organometallics as well as the nature of the used Lewis acidic used. These issues often limit the practicability of the scope of substrates. Moreover, a mixture of both anomers is mainly observed in numerous reported methods. Then, developing new, mild and catalytic conditions to access diastereoselectively alkynyl C-nucleosides is still one of the highly challenging topics in glycochemistry. In light of the aforementioned challenges, we were intrigued to develop an efficient catalytic method to perform a decarboxylative alkynylation of ribosyl radicals under dual photoredox 166 catalysis conditions (Figure 14). To initiate this study, we chose the coupling of tri-Obenzylated 1-β-D-glucofuranose 1a with 4-methoxyphenylacytelene 2a as a model study under various reaction conditions.

Representative results from this optimization study are summarized in Table 1. The reaction of O-Benzylated-furanose 1a (1 equiv, E1/2furanose(OBn)3 = +1.15 V vs SCE in MeCN) with 2a (3 equiv) was first investigated by using 20 mol% of CuOAc, 2.5 mol% of a commercially available 4CzIPN photocatalyst (E1/2(PC*/PC _ . ) = +1.35 V vs SCE in MeCN) in the presence of CsOAc (2 equiv) as a base in DMA under blue light emitting diode (LED) irradiation (Table 18, entry 1, see Exprement part). Surprisingly, performing the reaction under argon led to the formation of a mixture of three products: the alkynylated glycoside 3a in 50% yieldcontaminated with Z-and E-alkenyl glycosides 3a' and 3a''. The formation of the undesired alkenyl C-nucleosides is in total agreement with the recently reported study of Pericas et al. on the decarboxylative hydroalkylation of alkynes via dual copper-photoredox catalysis.175 This first result indicates clearly that under these conditions, two possible pathways are running concomitantly leading to the formation of akynyl (3a) and alkenyl (3a', 3a") products.

Importantly, conducting the same reaction under air instead of argon produces exclusively the β-C-alkynyl nucleoside 3a in 60% yield (Table 21, entry 1, see Exprement part). This second observation demonstrates that the presence of oxygen inhibits the alkenylation pathway in favor of the C(sp)-C(sp 3 ) bond formation.

Nevertheless, a subtle amount of oxygen is necessary for the efficiency of the coupling since running the reaction under pure oxygen did not produce 3a (Table 21, entry 2, see Exprement part). Although at this stage we don't have any explanation, we can speculate that the high concentration of O2 may induce side reactions involving radical oxygen species. This outcome inspired us to explore this alkynylation reaction under air. Thus, increasing the amount of the 4-methoxyphenylacytelene 2a up to 5 equiv furnished 3a in only 37% yield (Table 22, entry 2, see Exprement part). Fine adjusting the ratio between 1a/2a to 2:1 under otherwise the same conditions produces selectively 3a in an excellent 78% yield (Table 17, entry 2). Also, reaction with Ir[dF(CF3) ppy]2(dtbbpy) PF6 photocatalyst (PC2, E1/2(PC*/PC _ . ) = +1.21 V vs SCE in MeCN) instead of 4CzIPN was more efficient and gave the product 3a in an excellent 96% yield (Table 17, entry 1). Tentative to decrease amounts of the photocatalyst to 1 mol% or the copper-catalyst to 10 mol% led to low yields (50% and 61% yields respectively, Table 17, entries 3 and4 Table 17. Optimization of the coupling reaction of 1a with 2a [a] 176 a) Zhai, D.; Zhai, W.; Williams, R. M. J. Am. Chem. Soc. 1988, 110, 2501- Encouraged by these results, we investigated next the scope and limitations of this dual Cu/photocatalysis process by systematically varying the nature of the alkyne 2 and the sugar 1. The substrate scope for alkynes was first explored keeping furanosyl acid 1a as the substrate (Scheme 46). Aryl-substituted alkynes bearing electron-withdrawing and electron-donating groups in ortho, meta or para positions (-OMe, -Cl, -F, -CF3, -COMe and -CO2Me) were successfully reacted under our conditions to afford the corresponding alkynyl C-nucleosides (3a-p) in yields up to 96%. In addition, the enyne substrate 2q was employed successfully in the reaction to produce 3q in 64% yield.

Moreover, challenging heteroaromatic alkynes could be used in the coupling as compounds 3r and 3s obtained in 70% and 56% yields, respectively. More interestingly, aliphatic alkynes which are known to be less reactive such as 1-pentyne, 1-hexyne, cyclohexyne, cyclopropyne as well as but-3-yn-1-yl benzene were also successful, furnishing 3t-x in yields ranging from 52% to 93%. Finally, the substituted 5chloropent-1-yne was employed successfully in this reaction and its C(sp 3 )-Cl survived during the process (C-nucleoside 3y).

Next, we investigated the reactivity of a series of sugar carboxylic acids (Scheme 46).

At first, we studied the scope of the coupling of ribofuranoses bearing various common protecting groups. Thus, substrate 1b bearing benzoyl and acetonide protecting groups underwent an efficient alkynylation to produce C-nucleoside 3z in 54% yield and in an anticipated α/β ratio of 4:1 as reported recently. 26 Otherwise, using the disarming OAcprotecting groups did not provide the desired product 3aa under our optimized conditions.

It is well established that the substituent at the C2 position of anomeric ribofuranoses plays a critical role in controlling the anomeric configuration. Thus, under our conditions the coupling of 2a with benzyl protected 2-deoxy-D-ribose β-1d furnished 3ab in 45 % yield and a ratio α/β of 6:1 in favor of the α-anomer. The same reactivity was recently observed on the arylation of furanosyl radicals under photoredox Nicatalysis .27,28 Of note, both α-and β-anomers were separated through a simple column chromatography. Interestingly, the anomeric configuration does not play any important role in the stereoselectivity of the reaction since running the same reaction starting from the α-1d anomer led to the same ratio of α/β (7:1). Interestingly, alkynylation of the non-anomeric furanosyl acid 1e was proved to be effective furnishing the reversed alkynyl C-nucleoside 3ac in good yield and excellent diastereoselectivity. Finally, decarboxylative alkynylation of tetrahydrofuran was less efficient under our conditions and provided the desired alkynylated product 3ae in only 10% yield. Furthermore OBn-protected glucopyranosyl acid 1h turned out to be an unsuitable substrate for this reaction as it failed to produce the corresponding alkynylated C-pyranoside. This finding demonstrates clearly that generation and reactivities of furanosyl and pyranosyl radicals are different under these photoredox conditions. This may be explained partially, by the significant difference of the reduction potential (E1/2) between the furanosyl and pyranosyl carboxylate salts (E1/2furanose(OBn)3 = +1.15 V, E1/2pyranose(OBn)4 = +1.32 V, respectively) 28 . Thus, we attempted to perform the coupling of 1a and 2a by using a photocatalyst having a higher oxidative potential than PC2 (E1/2(PC*/PC _ ) = +1.21 V vs SCE in MeCN) such as 4CzIPN (E1/2(PC*/PC _. ) = +1.35 V vs SCE in MeCN). However, under these conditions, the reaction failed.

Alkynes are highly valuable intermediates in organic synthesis as they can be involved in a wide range of transformations at triple bonds. To further show the synthetic utility of our protocol, we evaluated whether the alkyne function of 3a could be used as a platform to access more complex C-nucleosides through simple transformations of the CΞC bond (Scheme 47). To our delight, complete hydrogenation of 3a afford a pure alkyl β-C-nucleoside 4a in an excellent yield. In addition, 3a was converted to pyridazine C-nucleosides 4b in good yield through inverse demand hetero Diels-Alder complex followed by proton trapping would deliver the final products 3a', 3a'' and regenerate the Cu(I) catalyst for the next catalytic cycle (Scheme 49).184 

Scheme 49. A proposed mechanism

C) Conclusion and perspectives

In summary, we described here the first catalytic approach for the alkynylation of anomeric furanosyls with various terminal alkynes via a cooperative photoredox/copper catalysis strategy. This method provides an unprecedented access to alkynyl Cnucleosides under mild conditions with high efficiency and diastereoselectivity. Further mechanistic investigations of this reaction are currently underway. We believe that this method not only opens a new way for catalytic alkynylation of furanosides, but also provides a versatile and convergent approach for the synthesis of complex Cnucleosides through further functionalizations of the tripe bond.

While this is a new and easy method to acess alkynyl C-nucleosides, there are some limitations in regard of sugar substrates: (i) unprotected sugars (ii) OAc-protected sugars and (iii) pyranose carboxylic acids are not suitable substrates under our reaction conditions.

D) Experiment Part

General information

Solvents and reagents are obtained from commercial suppliers and were used without further purification. Analytical TLC was performed using Merck silica gel F254 (230-400 mesh) plates and analyzed by UV light or by staining upon heating with vanillin solution (15 g of vanillin in 250 mL ethanol and 2.5 mL of concentrated sulfuric acid).

For silica gel chromatography, the flash chromatography technique was used, with Merck silica gel 60 (230-400 mesh) and p.a. grade solvents unless otherwise noted. The 1 H NMR and 13 

Reaction Optimization

A glass tube equipped with a stir bar was covered by a rubber with syringe needle (size:

1.2x40 mm) which was charged with 1a (179.4 mg, 0.4 mmol, 2 equiv), 1-ethynyl-4- AgOAc 2 eq traces traces 3

KOAc 2 eq 30 21 4

CsF 2 eq traces traces 5

---8 7

a Reactions conditions: 1a (0. layers were dried by Na2SO4, filtration, concentrated under vacuo. Purification was performed with flash chromatography on silica gel.

Note: The size of syringe is important. When 1.2 mm needle was used, the best yield was got. When thin needle was used (for example 0.8 mm needle), a lot of alkene product was formed. When this reaction reacted without rubber, the reaction result was exactly same with the reaction react covered by a rubber with syringe needle (1.2 mm). 7.29 (m, 17H), 6.72-6.75 (m, 2H), 4.80 (d, J = 4.5 (bromoethynyl)triisopropylsilane 2k (34.0 mg, 0.2 mmol, 1.0 equiv) were allowed to react for 24 h. Product 3k was isolated after flash chromatography as a colorless oil (67.6 mg, 59%). Rf = 0.3 (EtOAc /cyclohexane: 1/4); colorless oil; [α]D 18 = -5.9 (c, 0.17, CHCl3); 1 H NMR (300 MHz, CDCl3) δ 7.58-7.66 (m,2H),2H),15H),4.91 (d,J = 4.5 Hz,1H),6H),1H), 7.04(m,1H),1H),1H),4.92 (d,J = 4.5 Hz,1H),6H),1H),2H),3.81 (s,3H),2H); The reaction mixture stir intensely under H2 ballon and room temperature for overnight.

Unsuccessful substrates

After the reaction finished, the reaction mixture filter through Diatomaceous earth and washed with MeOH. After that, filtrate was concentrated unver vaccum. Product 4a was isolated after flash chromatography as a colorless oil (37.7 mg, 70%). Rf = 0.3 (EtOAc Title : New approaches to the synthesis of S/Se-glycosides and alkynyl C-nucleosides Keywords : S/Se-glycosides, Photoredox reaction, Electrochemistry, Glycosyl carboxylic acids, s, Decarboxylative reaction Abstract :Glycoside is one of the most important compounds can affect life activities of all living organism. Especially the S/Se-glycosides and alkynyl Cnucleosides derivatives are essential components in organic synthesis, biology chemistry and medicinal chemistry. Among various synthetic protocols reported, the traditional metal catalysis cross-coupling reactions are regarded as an efference and powerful pathway to synthesis of S/Seglycosides and alkynyl C-nucleosides derivatives. Although the traditional cross-cropping reactions are regarded as powerful approaches to those compounds. The harsh conditions, such as Lewis acid or base, high temperature and large loading of catalysis, cause the low application and high cost of this type reaction. In this case, it is emergency to development of efficient, high application and low cost processes for S/Se-glycosides and alkynyl C-nucleosides modification. The aim of this PhD thesis is to develop novel approach to synthesis of S/Seglycosides and alkynyl C-nucleosides in innovative and high applicability. At first, we are focused on the development of new strategy for synthesis of S/Se-glycosides. After the discovery of new Pd-catalysis cross-coupling reaction protocol to synthesis of Se-glycosides in room temperature and high yield, the photoredox cross-coupling reaction between thiosugars and a broad range of aryl iodides as well as alkenyl and alkynyl halides has been developed. This base free condition shows broad substrate scope and high FG tolerance. To overcome the short coming of last reaction, the aryl bromides and unprotected thiosugars are unreactive. The electro-coupling of both aryl bromides and iodides to protected and unprotected thiosugars under room temperature and without an external base has been done. After that, we reported a novel photoredox approach for the S-arylation of anomeric glycosyl thiols with various aryl amines. These conditions tolerate various group functions as well as the use of protected and unprotected sugars. In advantage of using aryl amines, the future functionalization available iodinated thioglycosides have been synthesized, which are really useful in organic chemistry and medicinal chemistry. Another method for synthesis of alkynyl C-nucleosides from simple and stable furanosyl carboxylic acids and terminal alkynes by photoredox reaction has been developed. By using of low toxic and low-cost Cu catalyst, this reaction shows good β-selectivity and broad substrate scope. What's more, this reaction provides various of alkynyl C-nucleosides under air, open us a new way to synthesis of complex C-nucleosides through further functionalization of the tripe bond.

Figure 1 .

 1 Figure 1. Pd-catalyzed synthesis of 1-selenoglycosides
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 a Witczak, Z. J.; Czernecki, 

Figure 2 .

 2 Figure 2. Synthesize of S-glycosides by photoredox reaction

Figure 3 .

 3 Figure 3. Synthesize of S-glycosides by electrochemistry

Figure 4 .

 4 Figure 4. Synthesis of 1-thioglycisides by Stadler-Ziegler reaction

Figure 5 .

 5 Figure 5. Alkynylation of anomeric carboxylic acids
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Figure 2 .

 2 Figure 2. (1a and b) traditional metal catalyzed cross-coupling methods for the synthesis of thioglycosides (1c) Dual nickel photocatalyzed approach, (II) proposed mechanism

  Scheme 25. Continuous flow Coupling of Thioglucose 1a with 2a

  Photochemistry: Photoredox reactions were irradiated with blue LED (~ 470 nm) strips, and the temperature (~25 °C) was controlled using one external desk fan set up ~ 15-20 cm away from this photoreactor bed (Figure2).

Figure 2

 2 Figure 2 photoreactor bed

Figure 3 3 (

 33 Figure 3 Unsuccessful substrates

13 C

 13 NMR (75 MHz, CDCl3) δ 170.4(C), 170.0(C), 169.3 (C), 169.2(C), 136.8 (C), 132.3 (2CH), 130.2 (q, J = 30 Hz)(C), 125.7 (2CH), 120.3 (q, J = 270 Hz)(C), 84.9 (CH),76.0 (CH), 73.8 (CH), 69.8 (CH), 68.1 (CH), 62.1 (CH2), 20.6 (2CH3), 20.5 (2CH3);IR (neat): 2361, 2341, 1156, 1367, 1326, 1248, 1127, 1095, 1039, 830, 116, 670 cm -1 ; HRMS (ESI): m/z calc. for C21H23F3NaO9S [M+Na] + 531.0907; found 531.2 (EtOAc /cyclohexane: 7/3); White solid (94.4 mg, 95%),1 H NMR (300 MHz, CDCl3) δ 7.95 (d, J = 9.0 Hz, 2H), 7.50 (d, J = 9.0 Hz, 2H), 5.24 (t, J = 12.0 Hz, 1H), 5.03 (td, J = 9.0, 12.0 Hz, 2H), 4.82 (d, J = 9.0 Hz, 1H), 4.14-4.26 (m, 2H), 3.90 (s, 3H), 3.75-3.80 (m, 1H), 2.08 (s, 3H), 2.06 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H); HRMS (ESI): m/z calc. for C22H26NaO11S [M+Na] + 521.1088; found 521.1088. EtOAc /cyclohexane: 3/7); White solid (69.7 mg, 76%), m. p.: 86.8-88.7 °C; [α]D 18 = -24.2 (c, 0.33, CHCl3); 1 H NMR (300 MHz, CDCl3) δ 7.46-7.51 (m, 2H), Rf = 0.2 (CH2Cl2 /MeOH: 99/1); White solid (110.5 mg, 88%), 1 H NMR (300 MHz, CDCl3) δ 8.29 (s, 1H), 7.39 (d, J = 9.0 Hz, 2H), 7.13 (d, J = 9.0 Hz, 2H), 5.20 (t, J = 12.0 Hz, 1H), 4.90-5.06 (m, 3H), 4.91 (d, J = 9.0 Hz, 1H), 4.05-4.25 (m, 2H), 3.69-3.73 (m, 1H), 2.05 (s, 3H), 2.05 (s, 3H), 1.99 (s, 3H), 1.96 (s, 3H), 1.38 (s, 9H); HRMS (ESI): m/z calc. for C28H37NO13SNa [M+Na] + 650.1883; found 650.1889. (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((1-methyl-2-oxo-1,2-dihydroquinolin-3yl)thio)tetrahydro-2H-pyran-3,4,5-triyl triacetate 3p Rf = 0.2 (EtOAc /cyclohexane: 3/7); White solid (99.2 mg, 95%), m. p.: 110.2-110.8 °C;[α]D 18 = -47.1 (c, 0.17, CHCl3);1 H NMR (300 MHz, CDCl3) δ 7.83 (s, 3H), 7.53-7.60 (m, 2H), 7.37 (d, J = 9.0 Hz, 1H), 7.1H), 1H), 3H), 1H), 4.14 (d, J = 12.0 Hz, 1H), 1H), 3.77 (s, 3H), 2.07 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H);13 C NMR (75 MHz, CDCl3) δ 170.5 (C), 170.1 (C), 169.4 (2C), 160.0 (C), 138.9 (C),137.2 (CH), 130.4 (CH), 128.1 (CH), 127.5 (C), 122.5 (CH), 120.5 (C), 114.2 (CH), 82.3 (CH), 75.8 (CH), 73.9 (CH), 69.9 (CH), 68.5 (CH), 62.4 (CH2), 30.2 (CH3), 20.7 (2CH3), 20.6 (2CH3); IR (neat): 2957,2360, 2341, 1756, 1633, 1592, 1541, 1375, 149, 1039, 914, 769, 754, 670 cm -1 ; HRMS (ESI): m/z calc. for C24H27NNaO10S [M+Na] + 544.1248; found 544.1249.

Scheme 26 .

 26 Scheme 26. Electrochemical Kolbe reaction

Figure 4 .

 4 Figure 4. Potential applications of 1-thioglycosides

Figure 5 .

 5 Figure 5. Catalytic strategies for the synthesis of thioglycosides

Scheme 30 .a

 30 Scheme 30. Scope of 1 thio-β-glycosyls 1b-g a

Figure 6 .

 6 Figure 6. Left. Chose "New Experiments". Middle. Chose "Constant Current". Right. Select "8.0 mA".

Figure 7 .

 7 Figure 7. Left. "Reference electrodes:" chose "No". Middle. Chose "Time". Right. Select "3 hours".

Figure 8 .

 8 Figure 8. Left. Chose "0.30". Middle. "Polarity" Chose "No". Right. Chose "Start".

Figure 9 .

 9 Figure 9. Left. Electrode, Mg and Ni form. Middle. The mixture before reaction. Right. The mixture after reaction.

Figure 10 .

 10 Figure 10. (A) Examples of bioactive thioglycosides, (B) Utility of thioglycosides in sequential glycosylation reaction (C) catalytic strategies to access to thioglycosides 3.

Scheme 36 .a

 36 Scheme 36. Scope and limitation of the coupling of 1a with alkylamines 2.a 

Scheme 37 .

 37 Scheme 37. Scope and limitation of the coupling of glycosyl thiols 1b-h with the aniline 2g.

Scheme 38 .

 38 Scheme 38. Gram scale reaction and functionaliztion

Figure 11 .

 11 Figure 11. A proposed mechanism

  purged with argon equipped with a cap was charged with (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-iodophenyl)thio)tetrahydro-2H-pyran-3,4,5-triyl triacetate (1 equiv, 0.1 mmol, 56.6mg), N-L-cysteine methyl ester (1 equiv, 0.1 mmol, 23.5 mg), PdG3Xantphos (5 mmol%, 5 mg), the tube was flushed again with

  3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-iodophenyl)thio)tetrahydro-2H-pyran-3,4,5-triyl triacetate (2.0 equiv, 226.4 mg) and t-AmOH ( 2 mL). The reaction vessel

  Scheme 45. C-alkynylation of anomeric carboxyl acids

Figure 13 .

 13 Figure 13. (a) natural and bioactive C-nuleosides, (b) examples of possible transformations of alkynyl C-nuleosides

Figure 14 .

 14 Figure 14. (a) strategies for the synthesis of alkynyl C-nuleosides, (b) Cu/photoredox approach developed herein

  photoinduced Cucatalysis one. Of note, the anomeric configuration of β-Calkynyl

0 a

 0 2505; b) Naud, S.; Pipelier, M.; Viault, G.; Adjou, A.; Huet, F.; Legoupy, S.; Aubertin, A.; Evain, M.; Dubreuil, D. Eur. J. Org. Chem., 2007, 20, 3296-3310; (c) Naud, S.; Pipelier, M.; Chaumette, C.; Viault, G.; Huet, F.; Legoupy, S.; Dubreuil, D. Synlett, 2007, 3, 403-406. Reactions conditions: 1a (0.4 mmol), 2a (0.2 mmol), CsOAc (0.4 mmol), DMA (2.0 mL), blue LEDs (4.5 W, irradiation). b Isolated yield.

Figure 15 Figure 16

 1516 Figure 15The needle size which must be used in this study (Left). Reaction reagents (Right)

Figurea

  Figure 17. Ligand and Photocatalyst

  3 mmol), 2a (0.2 mmol), PC1 (2.5 mol%), CuOAc (20 mol%), L5 (20 mol%), Base (0.4 mmol), DMA (2.0 mL), blue LEDs (4.5 W, irradiation). b Isolated yield.

a

  Reactions conditions: 1a (0.4 mmol), 2a (0.2 mmol), Photocatalyst (n mol%), CuOAc (20 mol%), L5 (20 mol%), CsOAc (0.4 mmol), DMA (2.0 mL), blue LEDs (4.5 W, irradiation). b Isolated yield.

Figure

  Figure 18. Unsuccessful substrates

  -

19 F(

 19 NMR (Decoupled, 188 MHz, CDCl3) δ -62.95 (CF3). HRMS (ESI): m/z calc. for C35H35F3NO4 [M+NH4] + 590.2518; found 590.2520According to general procedure, (2R, 3R, 4S, 5S)-3, 4-bis (benzyloxy)-5 -((benzyloxy) methyl) tetrahydrofuran-2-carboxylic acid 1a (179.4 mg, 0.4 mmol, 2 equiv) and 1ethynyl-3-methoxybenzene 2l (26.4 mg, 0.2 mmol, 1.0 equiv) were allowed to react for 24 h. Product 3l was isolated after flash chromatography as a colorless oil (86.6 mg, 81%). Rf = 0.3 (EtOAc /cyclohexane: 1/4); colorless oil; [α]D 18 = -15.2

35 (

 35 According to general procedure, (2R, 3R, 4R, 5R)-3, 4-bis (benzyloxy)-5 -((benzyloxy) methyl) tetrahydrofuran-2-carboxylic acid 1f (87.2 mg, 0.4 mmol, 2 equiv) and 1ethynyl-4-methoxybenzene 2a (26.4 mg, 0.2 mmol, 1.0 equiv) were allowed to react for 24 h. Product 3fa was isolated after flash chromatography as a colorless oil (49.9 mg, 82%). Rf = 0.3 (EtOAc /cyclohexane: 1/9); colorless oil; [α]D 18 = -39.4 (c, 0.53, CHCl3); 1 H NMR (300 MHz, CDCl3) δ 7.25-7.28 (m, 2H), 6.73-6.76 (m, 2H), 5.00 (s, 1H), 4.93 (s, 1H), 4.89 (d, J = 6.0 Hz, 1H), 4.65 (d, J = 3.0 Hz, 1H), 3.73 (s, 3H), 3.To an oven dried 10 mL Schlenk tube equipped with a stirring bar, (2R, 3R, 4S, 5S)-3,4bis(benzyloxy)-2-((benzyloxy)methyl)-5-((4-methoxyphenyl)ethynyl)tetrahydrofuran 3a (53.4 mg, 0.1 mmol, 1 equiv) and Pd/C 10 wt% 5 mg and MeOH 0.5 mL was added.

Titre:

  De nouvelles approches pour la synthèse de S/Se-glycosides et d'alcynyl C-nucléosides Mots clés : Hétérosides, Réaction photoredox, Électrochimie, Acides glycosylcarboxyliques, Alcynyl Cnucléosides, Réaction de décarboxylation Résumé : Les glycosides sont des composés doués de plusieurs activités biologiques pouvant affecter les activités vitales de tous les organismes vivants. En particulier, les analogues de type S/Seglycosides et alcynyl-C-nucléosides sont des glycomimétiques très résistant à l'hydrolyse dans les milieux biologiques et sont considérés prometteurs pour la conception de nouveaux candidats médicaments. La synthèse de ces derniers fait appel à des réactions de glycosylations classiques qui nécessitent plusieurs étapes (activation de la positon anomérique, protections et déprotéction des autres hydroxyles, introduction d'un groupement participant en C2...etc), ce qui limite leur utilisation à grande échelle. De plus, dans certains cas, un mélange d'anomères est obtenu, ce qui nécessite des étapes de purifications supplémentaires. Il est donc intéressant de développer de nouvelles méthodes d'accès à ces glycosides en limitant le nombres d'étapes. L'objectif de cette thèse de doctorat est de développer de nouvelles approches efficaces et sélectives d'accès aux S/Se-glycosides et d'alcynyl C-nucléosides. Dans une première partie de ce travail, nous nous sommes intéressés à la fonctionnalisation de thiosucres et de sélenosucres. Dans ce cadre nous avons développé trois méthodes de fonctionnalisation : la première qui fait appel à la catalyse au Pd, a permis de coupler divers aryles iodés avec des selenosucres protégés ou pas à température ambiante. Lors de la deuxième étude, nous avons utilisé la photoredox duale (Ni + Ru) pour pouvoir réaliser le couplage S-C entre des aryles bromés et iodés avec des thiosucres à température ambiante sans l'utilisation d'une base. Nous avons étendu cette méthode aux diazo aryles générés in situ à partir d'anilines. Quant à dernière la méthode, nous avons utilisé du courant électrique (électrosynthèse) pour réaliser le couplage. Dans une autre étude, nous nous sommes intéressés à la synthèse d'alcynyl C-nucléosides à partir d'acides carboxyliques furanosyles et d'alcynes terminaux par une réaction photoredox. En utilisant un catalyseur au Cu peu toxique et peu coûteux, cette réaction présente une bonne sélectivité β et une large portée de substrat. La triple liaison a été ensuite postfonctionnaliser.

  

  

  

Table 1 .

 1 Selected of Catalyst and ligand

	Entry	Catatlyst	Ligand	Yields
	1	PdG3Xantphos 10 mol%	-	95%
	2	-	-	0%
	3	PdG3Xantphos 5 mol%	-	81%
	4	Pd(OAc)2 10 mol%	Xantphos 10 mol%	trace
	5	PdCl2 10 mol%	Xantphos10 mol%	trace
	Reaction conditions: A sealable tube was charged with β-p-methylbenzoylselenoglycoside 1a (1 equiv, 0.1 mmol),
	2 (2 equiv), catalyst and ligand, pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in dry and degassed THF (0.1M). a Yield
	of isolated product.			

Table 2 .

 2 Selected of reaction time and solvent

	Entry	Solvent	Time	Yields
	1	THF	2h	95%
	2	THF	1h	85%
	3	THF	3h	95%
	4	Dioxane	2h	95%
	5	DCE	2h	83%
	6	DMF	2h	89%
	Reaction conditions: A sealable tube was charged with β-p-methylbenzoylselenoglycoside 1a (1 equiv, 0.1 mmol),
	2 (2 equiv), PdG3-XantPhos precatalyst (10 mol %), pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in solvent. a Yield of
	isolated product.			

Table 3 .

 3 Selected of Base

	Entry	Base1	Base2	Yields
	1	Cs2CO3 3eq	Piperazine 1.0 eq	72%
	2	Cs2CO3 3eq	Piperazine 1.5 eq	95%
	2	Cs2CO3 3eq	Piperazine 1.2 eq	95%
	3	Cs2CO3 2eq	Piperazine 1.2 eq	72%
	4	Cs2CO3 4eq	Piperazine 1.2 eq	95%
	5	CsF 3eq	Piperazine 1.2 eq	83%
	6	NaOAc 3eq	Piperazine 1.2 eq	65%
	Reaction conditions: A sealable tube was charged with β-p-methylbenzoylselenoglycoside 1a (1 equiv, 0.1 mmol),
	2 (2 equiv), PdG3-XantPhos precatalyst (10 mol %), base in dry and degassed THF (0.1M).	

a 

Yield of isolated product.

Table 4 .

 4 The amount of thiosugar and aryl iodo.

	Entry	Amount of 2a	Atmosphere	Yields
	1	1 eq	Ar	70%
	2	1.2 eq	Ar	80%
	3	1.5 eq	Ar	88%
	4	2 eq	Ar	95%
	5	2 eq	Air	Trace
	6	2 eq	O2	Trace
	Reaction conditions: A sealable tube was charged with β-p-methylbenzoylselenoglycoside 1a (1 equiv, 0.1 mmol),
	2 (x equiv), PdG3-XantPhos precatalyst (10 mol %), pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in dry and degassed
	THF (0.1M).			

a 

Yield of isolated product.

Table 5 .

 5 Scope of Coupling of Thioglucoside with Electron-donating Alkenyl Halides

	2 (2 equiv), PdG3-XantPhos precatalyst (10 mol %), pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in dry and degassed
	THF (0.1M) for 2 h.

a 

Yield of isolated product.

Table 6 .

 6 Scope of Coupling of Thioglucoside with Electron-withdrawing Alkenyl Halides

	2 (2 equiv), PdG3-XantPhos precatalyst (10 mol %), pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in dry and degassed
	THF (0.1M) for 2 h.

a 

Yield of isolated product.

Table 7 .

 7 Scope of Coupling of Thioglucoside with Heterocyles Halides

	Reaction conditions: A sealable tube was charged with β-p-methylbenzoylselenoglycoside 1a (1 equiv, 0.1 mmol),
	2 (2 equiv), PdG3-XantPhos precatalyst (10 mol %), pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in dry and degassed
	THF (0.1M) for 2 h.

a 

Yield of isolated product.

Table 8 .

 8 Scope of Coupling of Thioglucosides with Alkenyl Halides

	Reaction conditions: A sealable tube was charged with β-p-methylbenzoylselenoglycoside 1a (1 equiv, 0.1 mmol),
	2 (2 equiv), PdG3-XantPhos precatalyst (10 mol %), pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in dry and degassed
	THF (0.1M) for 2 h.

a 

Yield of isolated product.

Table 9 .

 9 Unsuitable structures

	Reaction conditions: A sealable tube was charged with β-p-methylbenzoylselenoglycoside 1a (1 equiv, 0.1 mmol),
	2 (2 equiv), PdG3-XantPhos precatalyst (10 mol %), pyperazine (1.2 equiv), Cs2CO3 (3 equiv) in dry and degassed
	THF (0.1M) for 2 h.

a 

Yield of isolated product.

Table 10 .

 10 Strategy for the trapping of the p-methylbenzoyl group of 1a by using a double action (electrophilic-nucleophilic) of the partner

Table 11 .

 11 Scope of Coupling of 1a with functionalized aryl iodides bearing a secondary amino group

	Reaction conditions: A sealable tube was charged with β-p-methylbenzoylselenoglycoside 1a (1 equiv, 0.1 mmol),
	5a-c (1.2 equiv), PdG3-XantPhos precatalyst (10 mol %), Cs2CO3 (3 equiv) in dry and degassed THF (0.1M) for 12
	h.

a 

Yield of isolated product 6a-c.
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	0 °C;
	[α]D 18 = -22.6 (c, 0.31, CHCl3); 1 H NMR (300 MHz, CDCl3) δ 7.47-7.50 (m, 2H),
	7.09-7.11 (m, 2H), 5.17 (t, J = 9.0 Hz, 1H), 4.93-5.03 (m, 2H), 4.82 (d, J = 9.0 Hz, 1H),
	4.17-4.18 (m, 2H), 3.63-3.69 (m, 1H), 2.35 (s, 3H), 2.06 (s, 3H), 2.06 (s, 3H), 2.00 (s, 3H), 1.97 (s, 3H); 13 C NMR (75 MHz, CDCl3) δ 170.5 (C), 170.1 (C), 169.3 (C), 169.2 (C), 138.8 (C), 135.7 (2CH), 129.8 (2CH), 122.9 (C), 80.8 (CH), 76.8 (CH), 73.9 (CH), 70.8 (CH), 68.2 (CH), 62.1 (CH2), 21.2 (CH3), 20.8 (CH3), 20.7 (CH3), 20.5 (2CH3); IR (neat): 1755, 1479, 1439, 1367, 1249, 1217, 1088, 1060, 1038, 911, 743, 693 cm -1 ; HRMS (ESI): m/z calc. for C21H30NO9Se [M+NH4] + 520.1080; found 520.1085. Rf = 0.3 (EtOAc /cyclohexane: 1/1); 63.6 mg, 82%, White solid. m. p.: 186.5-189.1 °C; [α]D 18 = -22.9 (c, 0.35, CHCl3); 1 H NMR (300 MHz, CDCl3) δ 7.89-7.92 (m, 1H), 7.58-7.60 (m, 1H), 7.23-7.34 (m, 3H), 4.83-5.23 (m, 5H), 4.35-4.58 (m, 3H), 3.87-4.17 (m, 4H), 3.62-3.71 (m, 2H), 2.11 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.98 (s, 3H); IR (neat): 2460, 2369, 2340, 1749, 1702, 1481, 1373, 1301, 1287, 1246, 1082, 1060, 1059, 1030, 928, 773, 619 cm -1 ; HRMS (ESI): m/z calc. [α]D 18 = -8.5 (c, 0.59, CHCl3); 1 H NMR (300 MHz, CDCl3) δ 7.59-7.62 (m, 2H), 7.20-7.38 (m, 6H), 5.21 (t, J = 9.0 Hz, 1H), 4.88-5.08 (m, 2H), 4.91-4.98 (m, 1H), 4.51-4.88 (m, 2H), 4.12-4.27 (m, 2H), 3.69-3.75 (m, 1H), 2.81-3.09 (m, 3H), 2.38 (s, 3H), 2.09 (s, 3H), 2.09 (s, 3H), 2.03 (s, 3H), 2.00 (s, 3H); 13 C NMR (75 MHz, CDCl3) δ 170.5 (C), 170.1 (C), 169.6 (C), 169.4 (C), 167.7 (C), 139.9 (C), 135.6 (2CH), 133.1 (C), for C32H44NO17Se [M+NH4] Rf = 0.2 (EtOAc /cyclohexane: 1/1); 58.3 mg, 95%, White solid. m. p.: 157.6-158.1 °C; 129.1 (4CH), 127.0 (2CH), 125.9 (C), 124.8 (C), 80.9 (CH), 76.9 (CH), 73.8 (CH), 70.8

cm -1 ; HRMS (ESI): m/z calc. for C21H30NO10Se [M+NH4] + 536.1029; found 536.1039. (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(p-tolylselanyl)tetrahydro-2H-pyran-3,4,5triyl triacetate (3b) Rf = 0.3 (EtOAc /cyclohexane: 3/7); 50.1 mg, 99%, White solid. m. p.: 125.1-126.(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((3-methoxyphenyl)selanyl)tetrahydro-2Hpyran-3,4,5-triyl triacetate (3c) Rf = 0.3 (EtOAc /cyclohexane: 3/7); 37.7 mg, 73%, White solid. m. p.: 124.6-125.1 °C; [α]D 18 =

 0.36, CHCl3)

;

1 H NMR (300 MHz, CDCl3) δ 7.15-7.23 (m, 3H), 6.86-6.89 (m, 1H)

, 5.19 (t, J = 9.0 Hz, 1H), 5.02 (dt, J = 3.0, 9.0 Hz, 2H), 4.91

(d, J = 9.0 Hz, 1H),2H),3.81 (s, 3H), 1H)

, 2.06 (s, 3H), 2.06 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H);

13 

C NMR (75 MHz, CDCl3) δ 170.6 (C), 170.1 (C), 169.3 (C), 169.2 (C), 159.6 (C), 129.7 (CH), 127.8 (C), 127.2 (CH), 120.5 (CH), 114.3 (CH), 81.0 (CH),76.9 (CH), 73.9 (CH), 70.8 (CH), 68.2 (CH), 62.1 (CH2), 55.3 (CH3), 20.8 (CH3), 20.6 (3CH3); IR (neat): 2360, 2341, 2327, 1754, 1589, 1478, 1367, 1247, 1038, 911, 733 cm -1 ; HRMS (ESI): m/z calc. for C21H30NO10Se [M+NH4] + 536.1029; found 536.1031. (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(phenylselanyl)tetrahydro-2H-pyran-3,4,5triyl triacetate (3d) 47 (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(((2R,3R,4S,5R,6S)-4,5-diacetoxy-2-(acetoxymethyl)-6-(phenylselanyl)tetrahydro-2H-pyran-3-yl)oxy)tetrahydro-2Hpyran-3,4,5-triyl triacetate (+ 794.1769; found 794.1776. (2R,3R,4S,5R,6S)-2-((benzoyloxy)methyl)-6-((4-methoxyphenyl)selanyl)tetrahydro-2H-pyran-3,4,5-triyl tribenzoate (3w) Rf = 0.3 (EtOAc /cyclohexane: 2/8); 65.3 mg, 85%, White solid. m. p.: 100.0-100.4 °C; [α]D 18 = + 24.5

(c, 0.16, CHCl3)

;

1 H NMR (300 MHz, CDCl3) δ 7.87-8.07 (m, 10H), 7.21-7.56 (m, 14H), 6.30-6.34 (m, 1H), 6.03-6.08 (m, 1H),5.81-5.91 (m, 1H), 4.66-4.71 (m, 1H), 4.51-4.56 (m, 1H), 4.40-4.45 (m, 1H)

, 2.39 (s, 3H);

13 

C NMR (75 MHz, CDCl3) δ 166.1 (C), 165.7 (C), 165.1 (C), 164.6 (C), 144.7 (C), 133.5 (CH), 133.4 (CH), 133.3 (CH), 133.0 (CH), 131.8 (C), 130.7 (C), 130.2 (CH), 129.8 (2CH), 129.6 (CH), 128.7 (C), 128.4 (2CH), 128.3 (2CH), 125.7 (C), 124.6 (C), 92.6 (CH), 73.2 (CH), 72.9 (CH),70.9 (CH),69.2 (CH),62.7 (CH2), 21.7 (CH3). IR (neat): 2365, 2343, 2325, 1732, 1266, 1069, 773 cm -1 ; HRMS (ESI): m/z calc. for C41H34NO10Se [M+NH4] + 784.1655; found 784.1652. (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-((4-methoxyphenyl)selanyl)tetrahydro-2Hpyran-3,4,5-triyl triacetate (3x) (CH), 68.2 (CH), 62.1 (CH2), 29.7 (CH2), 21.3 (CH3), 20.8 (2CH3), 20.7 (CH3), 20.5 (CH3), 20.5 (CH3),20.5 (CH3); IR (neat): 2360

Table 13 .

 13 Optimization of the Coupling Reaction of Tetraacetylated β-thiogucose 1a with 2a a

	Entry	X	equiv of 2a	Solvant	4a (%) b
	1	Br	1	DMF	59
	2	Br	1.3	DMF	79
	3	Br	1.5	DMF	85
	4	Br	2	DMF	81
	5	Br	2	DMA	32
	6	Br	2	DMSO	54
	7	Br	2	MeCN	40
	8	Br	2	THF	19
	9	I	1.5	DMF	90
	10	I	1.5	DMF	95 c
	a A sealable tube was charged with thiosugar 1a (1 equiv, 0.2 mmol), 1-bromo-4-benzonitrile 2a (xx equiv),
	[Ni(dtbbpy)(H2O)4]Cl2 precatalyst (5 mol %), [Ru(bpy)3](PF6)2 (2 mol%), HAT reagent (diisopropylammonium
	bis(catechol)isobutylsilicate) (1.3 equiv) in dry and degassed DMF (1.0 mL). b Yield of isolated product. c 150 mg
	of molecular sieves were added.			

2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-chlorophenyl)thio)tetrahydro-2H- pyran-3,4,5-triyl triacetate 3b 69

  

	4.13-4.25 (m, 2H), 3.75-3.81 (m, 1H), 2.06 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H), 1.97 (s,
	3H); 13 C NMR (75 MHz, CDCl3) δ 170.3 (C), 170.0 (C), 169.3 (C), 169.1 (C), 139.2
	(CH2), 132.3 (2CH), 131.5 (2CH), 118.2 (C), 111.4 (C), 84.5 (CH), 76.1 (CH), 73.6
	(CH), 69.7 (CH), 68.1 (CH), 62.1 (C), 20.7 (CH3), 20.6 (CH3), 20.5 (2CH3); IR (neat):
	2360, 2341, 1755, 1248, 1088, 773 cm Rf = 0.2 (EtOAc /cyclohexane: 3/7); White solid (81.2 mg, 86%), 1 H NMR (300 MHz,

-1 

; HRMS (ESI): m/z calc. for C21H23NNaO9S [M+Na] + 488.0986; found 488.0993.

Larger scale experiment: Prepared according to the general procedure A using 1 mmol of the O-acetylated β-thioglucose. This desired product was obtained as a white solid in 83% yield after flash column chromatography (Cyclohexane / EtOAc: 7/3).

(69 Weng, S.;

Lin, Y.; Chen, C., Org. Lett., 2006, 8, 5633-5636. 

  Scheme 29. Scope of Coupling of Thioglucose 1a with Halo(hetero)arenes, Alkenyl Halides and

	Alkynyl Bromides 2

tBubpy (10 mol%), LiBr (1.2 mmol), DMF (0.3 M), undivided cell, constant current = 8 mA, N2 protection, room temperature, 3 h. b Isolated yield.

  4467.
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Zhu, M.; Dagousset, G.; Alami, M.; Magnier, E.; Messaoudi, S., Org.

Lett. 2019, 21, 5132-5137 

, entry 5) or less efficient in the case of dioxane (43%, Table 15, entry 6).

  Negative controlling experiments demonstrated that both the Ru-photocatalyst and light are crucial for this reaction (

Table 15, entries 7-9).

  

	D.; Amoura, M.; Ababsa, Z. E. -A.; Vishwanath, T. M.; Yen-Pon, E.; Robert, V.; Beltramo, M.; Piller, V.; Alami,
	M.; Aucagne, A.; Messaoudi, S., Chem. Sci. 2018, 9, 8753-8759. d) Zhu, M.; Alami, M.; Messaoudi, S., Org. Lett.
	2020, 22, 6584-6589; e) Bennai, N.; Ibrahim, N.; Marrot, J.; Belkadi, M.; Alami, M.; Magnier, E.; Anselmi, E.;

Messaoudi, S., Eur. J.

Org. Chem. 2020, 4972-4981. 

  C NMR J-MOD spectra were recorded in either CDCl3 on Bruker Avance 300 spectrometers. The 19 F NMR Decoupled spectra were recorded in either CDCl3 on Bruker Avance 200 spectrometers. The chemical shifts of 1 H,13 C and19 F are reported in ppm relative to the solvent residual peaks. Merck silica gel 60 (0.015-0.040 mm) was used for column chromatography. Melting points were recorded on a Büchi

B-450 apparatus and are uncorrected. High resolution mass spectra (HR-MS) were recorded on a Micro Mass LCT Premier Spectrometer. Optical rotations were obtained with a PolAAr 32 polarimeter. Arylamine, tert-Butyl nitrite and photocatalyst was commercial availability from Aldrich. Thiosugars were synthesized as according the following protocols.
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Table 16 .

 16 Condition selection

	Entry	A	B	Cat.	tBuONO	Led solvent	time	yield
	1	0.3mmol 1.2eq	Ru(bpy)2PF6 1 mol %	2 eq	whit e	MeCN	24h	67%
	2	0.3mmol	2eq	Ru(bpy)2PF6 1 mol %	2 eq	whit e	MeCN	24h	57%
	3	0.3mmol 1.2eq	Ru(bpy)2PF6 1 mol %	2 eq	blue MeCN	24h	77%
	4	0.3mmol 1.2eq	Ir(dFCF3)dttbp yPF6 1 mol %	2 eq	blue MeCN	24h	65%
	5	0.3mmol 1.2eq	Ru(bpy)2PF6 5 mol %	2 eq	blue MeCN	24h	75%
	6	0.3mmol 1.2eq	Ru(bpy)2PF6 1 mol %	2 eq	blue MeCN	1h	77%
	7	0.3mmol 1.2eq	Ru(bpy)2PF6 1 mol %	2 eq	blue MeCN 30 min 56%
	8	0.3mmol 1.2eq	Ru(bpy)2PF6 1 mol %	2 eq	blue MeCN	1h	77%
	9	0.3mmol 1.2eq	Ru(bpy)2PF6 1 mol %	1.5 eq	blue MeCN	1h	62%
	10	0.3mmol 1.2eq	Ru(bpy)2PF6 1 mol %	3 eq	blue MeCN	1h	72%
	a Reactions conditions: 1a (0.3 mmol), 2a (0.36 mmol), tBuONO (0.6 mmol), MeCN (2.0 mL), blue LEDs (4.5 W,
	irradiation). Experimental data							

b 

Isolated yield.

-oxopropyl)thio)phenyl)thio)tetrahydro-2H-pyran-3,4,5-triyl triacetate

  Product 8a was isolated after flash chromatography as a white solid (66.8 mg, 43%). Bioactive C-nucleosides Due to advances in synthetic methodologies over the years, the repertoire of Cnucleosides has since expanded and has enabled the discovery of clinically useful molecules. In this context, alkynyl C-nucleosides has emerged as potentially valuable bioactive compounds. Moreover, they may be considered as intermediates of chioce for the synthesis of C-nucleosides through functionalization of the triple bond. However, methods to access to C-alkyl nucleosides are rare and only few methods reported the synthesis of alkynyl C-nucleosides.

	Rf = 0.2 (EtOAc /cyclohexane: 1/1) m. p.: 94.1-94.5 °C; [α]D 18 = -10.3 (c, 0.29,
	CHCl3); 1 H NMR (300 MHz, CDCl3) δ 8.53 (d, J = 3.9 Hz, 1H), 8.21 (t, J = 8.7 Hz,
	2H), 7.87 (t, J = 7.6 Hz, 1H), 7.51 (d, J = 7.9 Hz, 3H), 7.36 (d, J = 7.8 Hz, 2H), 5.23 (t,
	J = 9.3 Hz, 1H), 5.14 -5.04 (m, 2H), 5.04 -4.90 (m, 2H), 4.84 -4.64 (m, 3H), 4.48 -
	4.40 (m, 1H), 4.30 -4.10 (m, 3H), 3.77 -3.67 (m, 1H), 2.20 (s, 3H), 2.12 (s, 3H), 2.08
	(s, 3H), 2.08 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H). 13 C NMR (75 MHz, CDCl3) δ 170.5
	(C), 170.4 (C), 170.1 (C), 169.3 (C), 169.2 (C), 163.5 (C), 149.2 (C), 148.0 (CH), 141.5
	(C), 137.6 (CH), 133.4 (2CH), 131.1(C), 126.6 (2CH), 126.5 (CH), 122.5 (CH), 85.9
	(CH), 75.9 (CH), 74.5 (CH), 74.0 (CH), 72.0 (CH), 70.0 (CH), 68.8 (CH), 68.3 (CH),
	62.1 (CH2), 61.2 (CH2), 44.6 (CH), 34.1 (CH2), 21.1 (CH3), 20.8 (CH3), 20.7 (2CH3),
	20.5 (2CH3). IR (neat): 1758, 1223, 1068, 758, 674 cm -1 ; HRMS (ESI): m/z calc. for
	C36H43N2O15S2 [M+H] + 775.2384; found 775.2391.
	In 1972, Haruo Ogura and co-workers 134 achieved the first synthesis of alkynyl C-
	nucleosides by using of alkynyl lithium reagents and sugar lactones. Due to these
	conditions are lack of anomeric selectivity and high efficiency. Many efficient
	methodologies for synthesis of alkynyl C-nucleosides have been reported recently.
	In 2017, N. Lubin-Germain and co-workers 135 reported the synthesis of alkynyl C-
	nucleosides by cross-coupling of protected acetyl riboside and ethyl iodopropiolate
	134 Ogura, H.; Takahashi, H.; Itoh, T., J.Org. Chem., 1972, 37, 72-75.
	135 Solarte, C.; Santos, Gonzalez, M. D. S.; Miranda, L. S. M.; Guillot, R.; Ferry, A.; Gallier, F.; Uziel, J.; Lubin-Germain,
	N., Synthesis, 2017, 49, 1993-2002.

Figure 12. Scheme 43. Work of Shinya Harusawa' s group

  In this context, anomeric radicals have recently been manipulated in conjunction with Ni/Ru or Ir photoredox dual catalysis for the synthesis of alkyl-, (hetero)aryl-and acyl-C-glycosides.167 Gagnée and co-workers used this approach to generate anomeric radicals from pyranosyl bromides which react with alkenes to produce exclusively alkyl α-C-glycopyranosides.168 Molander group reported a range of glycosyl-based radicals generated from dihydropyridyl glycoside precursors and coupled with activated carboxylic acids to synthesize non-anomeric Cacyl glycosides.169 This approach was applied recently to carbohydrate substrates bearing the dihydropyridine (DHP) as an activating anomeric group to prepare C-aryl glycosides, including nucleosides and 2-deoxysugars.170 Very recently, 2deoxyglycosyl boronic acid derivatives were used as radical sources to synthesize a series α-C-glycosides mediated by a photoredox/nickel dual catalytic system. 171 Finally, Wang, Zhang and co-workers 172 demonstrated for the first time, that ribosyl acids are valuable partners in the photoredox/nickel dual-catalyzed cross-coupling with heteroaryl and vinyl bromides, furnishing various β-selective heteroaryl-C-nucleosides in good yields. Based on this exceptional reactivity of anomeric radicals, we considered them to be well-suited for the development of an alkynylation photoredox crosscoupling process with terminal alkynes. Indeed, pioneer studies demonstrated recently that copper acetylide which could be formed from terminal alkyne and copper salt under mild conditions, were compatible with a photoredox process in the alkynylation of N-hydroxy phthalimide esters.173 Based on all these observations and our ongoing interests in metal-catalyzed functionalization of sugar motifs, 174 we propose herein a catalytic method for the decarboxylative alkynylation of ribosyl carboxylic acids with terminal alkynes under copper/photoredox dual catalysis (Figure14b).

	This approach
	which proceeds via anomeric radical intermediate, exhibits many advantages over the
	conventional methods: (i) the use of bench-stable and easily handled sugar carboxylic
	acids, (ii) the use of earthabundant and low cost-transition metal copper catalyst, (iii)
	mild reaction conditions (RT) and (iv) large functional groups tolerance. If successful,
	this approach would provide not only an excellent complementary pathway to the
	established alkynylation methods but also immediate access to a reactive platform that
	can be engaged in numerous postfunctionalization.
	173 a) Xia, H.-D.; Li, Z.; Gu, Q.; Dong, X.-Y.; Fang, J.; Du, X.; Wang, L.; Liu, X. Angew. Chem. Int. Ed. 2020, 59,
	16926-16932; b) Mao, Y.; Zhao, W.. Lu, S.; Yu, L.; Wang, Y.; Liang, Y.; Ni, S.; Pan, Y. Chem. Sci., 2020, 11, 4939-
	4947.
	174 Selected articles: a) Ghouilem, J.; Tran, C.; Grimblat, N.; Retailleau, P.; Alami, M.; Gandon, V.; Messaoudi, S.
	ACS Catal. 2021, 11, 1818-1826. b) Zhu, M.; Alami, M.; Messaoudi, S. Chem. Chomm. 2020, 56, 4464-4467. c)
	Ghouillem, J.; Franco, R.; Retailleau, P.; Alami, M.; Gandon, V.; Messaoudi, S. Chem.Commun. 2020, 56, 7175-
	7178. d) Zhu, M.; Dagousset, G.; Alami, M.; Magnier, E.; Messaoudi, S. Org. Lett. 2019, 21, 5132-5137. e) Montoir,
	D.; Amoura, M.; Ababsa, Z. E. -A.; Vishwanath, T. M.; Yen-Pon, E.; Robert, V.; Beltramo, M.; Piller, V.; Alami, M.;
	Aucagne, A.; Messaoudi, S. Chem. Sci. 2018, 9, 8753-8759. f) Probst, N.; Grelier, G.; Dahaoui, S.; Alami, M.;
	Gandon, V.; Messaoudi, S. ACS. Catal. 2018, 8, 7781-7786. g) Probst, N.; Grelier, G.; Ghermani, N.; Gandon, V.;
	Alami, M.; Messaoudi, S. Org. Lett. 2017, 19, 5038-5041. h) Bruneau, A.; Roche, M.; Hamze, A.; Brion, J. D.;
	Alami, M.; Messaoudi, S. Chem. Eur. J, 2015, 21, 8375-8379.

  C NMR J-MOD spectra were recorded in either CDCl3 on Bruker Avance 300 spectrometers. The 19 F NMR Decoupled spectra were recorded in either CDCl3 on Bruker Avance 200 spectrometers. The chemical shifts of 1 H, 13 C and 19 F are reported in ppm relative to the solvent residual peaks. Syringe needle bought from

	Bbraun, size: 1.2x40 mm BC/SB, REF: 4665120. Reaction tube bought from Kimble
	13x100 mm (Borosilicate glass), REF:73500-13100. Merck silica gel 60 (0.015-0.040
	mm) was used for column chromatography. Melting points were recorded on a Büchi
	B-450 apparatus and are uncorrected. High resolution mass spectra (HR-MS) were
	recorded on a Micro Mass LCT Premier Spectrometer. Optical rotations were obtained
	with a PolAAr 32 polarimeter. Glucosidyl/ribosyl/deoxyribosyl acids were synthesized
	as according the following protocols.

Table 19 .

 19 Screening Solvent

	Entry	Solvent	Yield 3a (%)b	Yield b 3a' and 3a'' (%)
	1	DMA	32	31
	2	DMF	30	10
	3	DMSO	11	15
	4	DMA: H2O (20:1)	traces	traces
	5	PCBTF	traces	traces
	6	DCE	traces	traces
	7	MeCN	traces	traces

a Reactions conditions: 1a (0.3 mmol), 2a (0.2 mmol), PC1 (2.5 mol%), CuOAc (20 mol%), L5 (20 mol%), CsOAc (0.4 mmol), Solvent (2.0 mL), blue LEDs (4.5 W, irradiation). b Isolated yield.

Table 20 .

 20 Screening Base

	Entry	Base	Yield 3a (

%) b Yield b 3a' and 3a'' (%) 1

  

	CsOAc 2 eq	32	31
	2		

Table 21 .

 21 Screening Atm.

	Entry	Atm.	Yield 3a (

%) b Yield 3a' and 3a'' (%) 1

  

		Air	60	Only 3a 60% was found
	2	O2	traces	traces
	3	Ar	32	31

a Reactions conditions: 1a (0.3 mmol), 2a (0.2 mmol), PC1 (2.5 mol%), CuOAc (20 mol%), L5 (20 mol%), CsOAc (0.4 mmol), DMA (2.0 mL), blue LEDs (4.5 W, irradiation). b Isolated yield.

Table 22 .

 22 Screening amount of 1a and 2a Reactions conditions: 1a (x mmol), 2a (x mmol), PC1 (2.5 mol%), CuOAc (20 mol%), L5 (20 mol%), CsOAc (0.4 mmol), DMA (2.0 mL), blue LEDs (4.5 W, irradiation).

	Entry	Amount of 1a	Amount of 2a	Yield 3a (%) b
	1	0.4 mmol	0.2 mmol	78

a b 

Isolated yield.

Table 23 .

 23 Screening photocatalyst

	Entry	Photocaatalyst	Yield 3a (%)

b 1 PC2 (2.5 mol%) 96 2 PC 1 (2.5 mol%)

Table 24 .

 24 Screening Ligand Reactions conditions: 1a (0.4 mmol), 2a (0.2 mmol), PC2 (2.5 mol%), CuOAc (20 mol%), Ligand (n mol%), CsOAc (0.4 mmol), DMA (2.0 mL), blue LEDs (4.5 W, irradiation).

	Entry	Ligand	Yield 3a (%) b
	1	L5 (20 mol%)	96
	2	L2 (20 mol%)	traces
	3	L3 (20 mol%)	traces
	4	L4 (20 mol%)	traces
	5	L1 (20 mol%)	traces
	6	L6 (20 mol%)	48
	7	L7 (20 mol%)	75
	8	L8 (20 mol%)	78
	9	L5 (10 mol%)	61
	10	L5 (30 mol%)	32
	11	-	traces

a b 

Isolated yield.

Table 25 .

 25 Screening load of base and time of reaction

	Entry	Amount of Base (eq)	Time	Yield 3a (%) b
	1	2	24 h	96
	2	1	24 h	61
	3	4	24 h	96
	4	2	18 h	83
	5	2	36 h	92

a Reactions conditions: 1a (0.4 mmol), 2a (0.2 mmol), PC2 (2.5 mol%), CuOAc (20 mol%), L5 (20 mol%), CsOAc (n mmol), DMA (2.0 mL), blue LEDs (4.5 W, irradiation). b Isolated yield.

a) Brachet, E.;Brion, J.-D.; Messaoudi, S.; Alami, M., Adv. Synth. Catal., 2013, 355, 477-490;b) Brachet, E.;Brion, J.-D.; Alami, M., Messaoudi, S., Adv. Synth. Catal., 2013, 355, 2627-2636. 
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General conclusion

Scheme 22. Photoredox catalyst

At present, there are two pathways of known mechanism of photocatalysis reaction (Table 12): 1. Electron transfer mechanism: ground state photocatalyst (PC) be activated by visible light, and forms the exited state photocatalyst (PC*). This later possess both characteristic of oxidant and reductant. When PC* activates the substrate in a reductive quenching cycle, lower valence photocatalyst (PC n-1 ) and cationic radical (ST •+ ) formed; however, under the oxidative quenching cycle, PC* react with a substrate to produce a higher valence photocatalyst (PC n+1 ) and anion radical (ST • ˉ).

2. Energy transfer mechanism: in this case, the exited state photocatalyst (PC*) can react with regent (ST), the energy from PC* be transferred to ST and form the ST*. Rf = 0.2 (EtOAc /cyclohexane: 3/7); White solid, 1 H NMR (300 MHz, CDCl3) δ 7. 53-7.60 (m, 4H), 5.23 (t, J = 12.0 Hz, 1H), 5.01 (td, J = 9.0, 12.0 Hz, 2H), 4.77 (d,J = 9.0 Hz,1H),2H),1H), 2.06 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H). HRMS (ESI): m/z calc. for C21H23F3NaO9S [M+Na] + 531.0907; found 531.0897.

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((4-cyanophenyl)thio)tetrahydro-2Hpyran-3,4,5-triyl triacetate 3b 78 Rf = 0.3 (EtOAc /cyclohexane: 3/7); White solid, 1 H NMR (300 MHz, CDCl3) δ 7.51-7.58 (m, 4H), 5.24 (t, J = 9.0 Hz, 1H), 5.01 (td, J = 12.0, 9.0 Hz, 2H), 4.81 (d,J = 9.0 Hz,1H),2H),1H), 2.06 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H), 1.97 (s, 3H). HRMS (ESI): m/z calc. for C21H23NNaO9S [M+Na] + 488.0986; found 488.0993.

Scheme 35. synthesis of heteroaryl sulfides by Stadler-Ziegler reaction

As we can see from above protocol, Stadler-Ziegler reaction is a powerful appraoch to C-S bond formation. However, Herein we propose to explore the possibility to develop a such approach to the synthesis of thioglycosides.
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ABSTRACT: Here we report a one-pot Stadler-Ziegler reac-tion towards the synthesis of 1-thioglycosides in good yield from commercially available anilines and (un)protected 1-glycosyl thiols. This simple and mild approach employs the photoredox catalyst [Ru(bpy)3](PF6)2 under visible light.

KEYWORDS:

Phtoredox, thiosugars, aryl diazoniums, Stadler-Ziegler reaction, thioglycosides, anilines, C-glycosides.

Specifically, we focused our attention on the introduction of an approach that tolerates reactive functions on the aryl partners such as halogens, carboxylic acids, or alcohols, which may be subjected to further functionalization. Since arylamines are usually more readily available and less expensive than the corresponding aryl halides, we were interested in using them as coupling partners in the famous Stadler-Ziegler reaction. 111 We hypothesized that highly reactive aryl diazonium salts generated from arylamines would be suitable as arylating agents, able to easily generate aryl radicals which could then be trapped by the thiosugar nucleus. Since the pioneering work by Stadler 99a and by Ziegler, 99b this process has been used in various applications for the synthesis of arylsulfides including industrial manufacturing. 112 Recently, various groups reported modifications of this protocol to achieve improved yields and milder reaction conditions. Among them, the group of Noël reported a mild procedure for the synthesis of arylsulfides by using photoredox catalysis. 113 To avoid the isolation of diazonium salts and to enhance the reaction efficiency, the authors established an elegant one-pot protocol from aryl amines combining the diazotization and coupling steps. 101a,b Based on these recent achievements, and on our ongoing interests in metal-catalyzed functionalization of thiosugars, 114 we propose herein a catalytic photoredox method for Product 3i was isolated after flash chromatography as a white solid (106.5 mg, 73%); Rf = 0.3 (EtOAc /cyclohexane: 1/2); m. p.: 132.8-132.9 °C; [α]D 18 0.66,CHCl3); 1 H NMR (300 MHz, CDCl3) δ 8. 1H),1H),1H),1H),5.23 (t,J = 9.0 Hz,1H),2H),4.77 (d,J = 9.0 Hz,1H),2H),1H), 2.07 (s, 3H), 2.06 (s, 3H), 2.00 (s, 3H), 1.96 (s, 3H); 13 Product 3j was isolated after flash chromatography as a white solid (98.7 mg, 59%); Rf = 0.3 (EtOAc /cyclohexane: 1/2); 1 H NMR (300 MHz, CDCl3) δ 7.84-7.58 (m, 1H), 7.63-7.66 (m, 1H), 7.42-7.46 (m, 1H), 7.01-7.06 (m, 1H), 5.22 (t, J = 9.0 Hz, 1H), 4. 2H),4.69 (d,J = 9.0 Hz,1H),2H),1H) 

A) Introduction

Nucleosides are a very important family of N-glycosides which play various key roles in many biological processes. Although the C-N glycosidic bond in this series is stable under physiological conditions, cleavage of the bond is common and is highly dependent on the nature of the nucleoside and local pH. Thus, replacing the hemiaminal (C-N) connectivity with a C-C bond results in a class of compounds called "Cnucleosides" which are known to be more resistant to enzymatic hydrolysis. Because of these changes, C-nucleosides have been largely used in the study of RNA and DNA processing enzymes, as well as drug design. 131 Example of C-nucleosides feature (hetero)aryl aromatic groups such as 9-deazapurines, pyrazzole, maleimide or other heteroccycles connected by a C-C bond to a sugar (or sugar mimic) as shown in Figure 12. Pseudouridine is a naturally occurring Cnucleoside that was first discovered in the 1950s. Subsequently, many more Cnucleosides were discovered and their medicinal properties evaluated such as the natural antibiotics showdomycin, minimycin and pyrazofurin 132 (Figure 12). In addiotion, the (+)-varitriol isolated from a marine-derived strain of Emericella variecolor, Displays various biological activities in renal, CNS and Breast cancer cell. 133 Synthetic C-nucleosides also show the high medicinal potential such as the antiviral remdesivir with a borad-spectrum antiviral activity. Interestingly, during the Covid-19 pandemic, remdesivir was used against SARS COV-2 by the world health organization.

131 a) Boettcher, T.; Sieber, S. A., J. Am. Chem. Soc. 2010, 132, 6964-6972;b) De Clercq, E., J. Med. Chem. 2016, 59, 2301-2311;c) Teo, Y. N.; Kool, E. T., Chem. Rev., 2012, 112, 4221-4245. 132 Shiraishi, T.; Kuzuyama, T., J Antibiot, 2019, 72, 913-923.

133 Sudhakar, G.; Raghavaiah, J., J. Org. Chem., 2013, 78, 8840-8846. reacted with an excess of indium(0) at 90 o C. Under these conditions, only the β-anomer was obtained (Scheme 39). Scheme 39. Work of N. Lubin-Germain's group Another method to synthesis alkynyl C-nucleosides was reported in 2014 by the group of Dubreuil's 136 reported (Scheme 40). The authors used alkynyl Grignard's reagents in a 1,2 addition on the carbonyl of the open form of the sugar. The β-isomer was found to be the major isomer in this condition (β: α=8: 2). The authors reported also the use of lithium reagent to synthesis of alkynyl C-nucleosides. 137 Under these conditions, the glycosylation is performed at -5 o C to 10 o C. As the same protocol of Grignard's reagents, the second step of this reaction involves the use TsCl and pyridine at 60 o C to remove the hydroxyl group at C1 position. However, the ratio of β and α isomer is 1:1 (Scheme 40). 136 Joshi, U.; Josse, S.; Pipelier, M.; Chevallier, F.; Pradère, J.; Hazard, R.; Legoupy, S.; Huetc, F.; Dubreuil, D., Tetrahedron Lett., 2004, 45, 1031-1033. 137 -Naud, S.; Pipelier, M.; Chaumette, C.; Viault, G.; Huet, F.; Legoupy, S.; Dubreuil, D., Synlett., 2007, 3, 403-406.

Scheme 40 Reactions of Dubreuil's group

The group of Samir Zard reported a contribution to this reaction by using the ketone glycoside and alkynyl lithium reagent. A mixture of BF3Et2O/Et3SiH was used in this case to remove the hydroxyl group at C1 position as second step (Scheme 41). 138

Scheme 41 Reactions of Zard's group

A stereoselective and efficient approach to alkynyl C-nucleosides by using of organotrifluoroborates and ribofuranosyl fluorides has been reported by Liu and coworkers 139 . Under the influence of promoter BF3OEt2 1.3 equiv, the cross-coupling of organotrifluoroborates and ribofuranosyl fluorides was performed in 0.3 h at room temperature, and in most of case, the product is obtained in high yield and good αselectivity (Scheme 42). 138 Cordero-Vargas, A.; Quiclet-Sire, B.; Zard, S. Z., Org. Biomol. Chem., 2005, 3, 4432-4443. 139 Zeng, J.; Vedachalam, S.; Xiang, S.; Liu, X., Org. Lett., 2011, 13, 42-45. Scheme 42. Synthesis of alkynyl C-nucleosides by using of organotrifluoroborates A multi-steps transformation of ribofuranosyl aldehydes into alkynyl C-nucleosides was reported by Shinya Harusawa and coworckers. 140 This transformation involves the formation of cyanophosphates as key intermediates which react with NaN3-Et3N•HCl to result in the formation of azidotetrazoles. Under microwave irradiation, successive fragmentation of the azidotetrazoles generates alkylidene carbenes that undergo [1,2]rearrangement and than transformed into alkynes. Treatment with TMSN3 and Bu2SnO as catalyst in toluene at reflux can also directly yields the corresponding alkynyl Cglycosides (Scheme 43).

140 Yoneyama, H.; Numata, M.; Uemura, K.; Usami, Y.; Harusawa, S., J. Org. Chem., 2017, 82, 5538-5556. (5.6 mg, 2.5 mol%), CuOAc (4.6 mg, 20 mol%), CsOAc (78 mg, 2 equiv), (±)-trans-1, 2-Diaminocyclohexane (4.9 mg, 20 mol%), and then DMA (2 mL) was added. The mixture was pre-mixed for 1 min at room temperature. After that, the mixture was placed in the photoreactor vessel ~5-7 cm away from the blue LEDs, and allowed to stirred vigorously for 24 h at rt. Afterward, H2O (10 mL) was added to the crude and the mixture was extracted with EtOAc (3 x 10 mL), washed with brine (3 x 10 mL). 

General Procedures

A glass tube equipped with a stir bar was covered by a rubber with syringe needle (size:

1.2x40 mm) which was charged with carbohydrate acid (2 equiv), alkyne (1 equiv), [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 (2.5 mol%), CuOAc (20 mol%), CsOAc (2 equiv), (±)trans-1, 2-Diaminocyclohexane (20 mol%), and then DMA (0.1 M) was added. The mixture was pre-mixed for 1 min at room temperature. After that, the mixture was placed in the photoreactor vessel ~5-7 cm away from the blue LEDs, and allowed to stirred vigorously for 24 h at rt. The temperature of the reaction was maintained at approximately 25 o C via a fan. Afterward, H2O (10 mL) was added to the crude and the mixture was extracted with EtOAc (3 x 10 mL), washed with brine (3 x 10 mL). Organic 

(2R,3R,4S,5S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-((4-methoxy-2methylphenyl) ethynyl) tetrahydrofuran (3o):

According to general procedure, (2R, 3R, 4S, 5S)-3, 4-bis (benzyloxy)-5 -((benzyloxy) methyl) tetrahydrofuran-2-carboxylic acid 1a (179.4 mg, 0.4 mmol, 2 equiv) and 1ethynyl-4-methoxy-2-methylbenzene 2o (29.2 mg, 0.2 mmol, 1.0 equiv) were allowed to react for 24 h. Product 3o was isolated after flash chromatography as a colorless oil According to general procedure, (3aR, 4R, 6R, 6aR)-6-((benzoyloxy)methyl)-2, 2dimethyltetrahydrofuro [3, b4-d][1, 3]dioxole-4-carboxylic acid 1e (128.9 mg, 0.4 mmol, 2 equiv) and 1-ethynyl-4-methoxybenzene 2a (26.4 mg, 0.2 mmol, 1.0 equiv) were allowed to react for 24 h. Product 3ea was isolated after flash chromatography as a colorless oil (44.1 mg, 54%). Rf = 0.4 (EtOAc /cyclohexane: 1/4); colorless oil; 1 H NMR (300 MHz, CDCl3) δ 7. 92-8.02 (m, 2H), 7.44-7.51 (m, 1H), 7.30-7.37 (m, 2H), 7.18-7.26 (m, 2H), 6.72-6.79 (m, 2H), 4.85-4.89 (m, 1H) m, 4H), 4.05-4.13 (m, 2H), 3.73 (s, 3H), 3.55-3.60 (m, 1H), 3.44-3.49 (m, 1H) 

General conclusion

Glycosides show a diverse range of potential applications in chemical biology and medicine chemistry. During my PhD research program, I was focused on developing new methodologies to synthesis thio/selenoglycosides as well as alkynl C-glycosides from easy prepared or commercially available coupling partners (such as aryl/alkenyl/alkynyl halides, amines or alkynes). These methods involve the use of versatile synthetic tools such as photoredox reaction, electro-chemistry and traditional Pd-catalysis reaction. Finally, we are able now to propose a tool-box to the chemistry community and particulary for the glycochemistry for the synthesis of these family of glycosides.

In chapter 1, a Pd-catalyzed synthesis of 1-(Hetero)aryl Selenoglycosides reaction has been reported in methodology 1. To the best of our knowledge the C(sp 2 )Se bond of (hetero)aryl selenoglycosides was formed, for the first time, directly by a Pd-catalyzed cross-coupling of selenosugar with aryl halides at room temperature. Because of the mildness of the reaction conditions, this protocol tolerates a wide range of functional groups and proceeds in good to excellent yields. This method opens news opportunities for using glycosyl selenolate in synthetic methodology and medicinal chemistry.

Sialylated glycoconjugates are play important roles in biological, immunological and pathological processes. However, due to the hindered and disfavored tertiary anomeric center, sialyation was regared as one of the most challenging reactions. Because our reported mild reaction conditions tolerate various of functional groups and showed good anomeric selectivity, the perspective of this study isthe extension of this method to the coupling of selenosialic acids with aryl iodide or p-I-Phe-containing peptides (Scheme 55). A second activation process was developed involving electrochemical coupling of various anomeric glycosyl thiols with aryl bromides. This method demonstrates unprecedented reactivity with regard to bromide partners (heteroaryl, alkenynyl and alkenyl bromides) and selectivity, including reactions with unprotected thiosugars, and cysteine amino acid.

Due to extreme challenges for functionalization of peptides and proteins, the powerful protocols for modification of peptides is required. The reactions we reported opened a new way to the late-stage functionalization of peptides and proteins. Studies on the applications of this method in the S-arylation of more complex polysaccharides and cysteine containing peptides are ongoing in the group (Scheme 56).

Scheme 56. Functionalization of peptides and proteins

Due to thiosialic acids shows excellent properties in cell-adhesion and tissueengineering applications. There is a strong impetus to develop a mild and efficient protocol for synthesis of thiosialic acids. As another perspective, the extension of these methods (photoredox reaction and electrochemical reaction) to the functionalyzation of thiosialic acids is ongoing (Scheme 57).

Scheme 57. Synthesis of thiosialic acids

In Chapter 2, we described the first catalytic approach for the alkynylation of anomeric furanosyls with various terminal alkynes via a cooperative photoredox/copper catalysis strategy. This method provides an unprecedented access to alkynyl C-nucleosides under mild conditions with high efficiency and diastereoselectivity (30 example and yield up to 96%.)

We could see that when pyranosyl carboxylic acids derived were employed during this decarboxylation reaction, there is no desired compound formed. Thus, while the efficiency of this protocol depends on the strcture of carboxylic acids, we could find a new decarboxylative alkynylation system to achieve alkynylation of pyranosyl carboxylic acids successfully. In this case, the perspective of this study will be focused in exploring the reactivity of pyranosyl carboxylic acids as the source of anomeric radicals to achieve alkynylation as well as arylation reaction under photoredox or electrosynthesis conditions (Scheme 58).