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Introduction

Tiacumicin B (Tcn-B), [1] also known as clostomicin B1, fidaxomicin (Fdx), or lipiarmycin A3 (Figure 1), is a naturally occurring macrolide first isolated in the 70s from an actinobacterium, Actinoplanes deccanensis. [2] Tcn-B possesses antibiotic activities that are of even greater interest as antibiotic resistance rates grow alarmingly. [3] Tcn-B is active against many Gram-positive bacteria and was approved in 2011 by the FDA for the treatment of intestinal infections with Clostridium difficile. [4] This opportunistic pathogen is often of nosocomial origin and used to be fatal in 25% of the cases. Tcn-B has also good in vitro activity against resistant strains of Staphylococcus aureus and Mycobacterium tuberculosis. Recently, its mode of action was revealed by cryo-EM structures of Fdx binding to M. tuberculosis RNA polymerase, an enzyme complex responsible for synthesizing RNA molecules from a DNA template. [5] Upon interacting with the switch region of the RNAP and binding to the sigma subunit, Fdx inhibits the transcription initiation. Tcn-B inhibits bacterial RNAP through binding sites that do not overlap with other antibiotic binding sites so there is no known cross-resistance with the other classes of antibiotics including rifamycins. [6] In this context, designing reliable total syntheses of Tcn-B that could also lead to analogs proves particularly relevant. Tcn-B is composed of an 18-membered macrolide aglycone, which is connected via beta-glycosidic linkage to two rare sugars: D-noviose and D-rhamnose. The glycosylation reactions leading to 1,2-cis derivatives are particularly challenging with these donors. [7] Indeed, as for the D-mannose derivatives, the formation of the a-compound is usually favored for steric and thermodynamic reasons and the C-2 axial configuration precludes the application of anchimeric assistance. In 2015, the Gademann's team was the first to achieve the total synthesis of Tcn-B providing a first answer to the b-glycosylation problem (Figure 2). [8] This study suggested that steric hindrance due to near-OH substituents at C-11 and macrocycle rigidity could together be responsible for the low reactivity of cyclic aglycone towards noviosyl donors, some cases leading to the exclusive formation of a glycosylated α-adduct. To circumvent these issues, the acyclic triene fragment A was glycosylated using a noviosyl bromide donor B following the Helferich protocol [9] yielding the corresponding product (63%) in an α/β ratio of 1/3. After palladium-catalyzed cross-coupling of the vinyl iodide with the boronic ester C, a ring-closing metathesis provided the monoglycosylated aglycone. The fully protected Tcn-B was then obtained by rhamnosylation of the macrolide D using the imidate glycosyl donor E in 62% yield and an α/β ratio of 1/4. We recently achieved the second total synthesis of tiacumicin B by disconnecting its complex structure into fragments F, H, and G (Figure 2). [10] Fragment F was assembled with vinyl bromide G using a Suzuki cross-coupling reaction. Subsequently, this adduct was subjected to a ring-size selective macrolactonization under Shiina conditions, delivering a monoglycosylated aglycone. The latter had an unprotected OH group at C-11 ready for the final bnoviosylation step with fragment H. While studying glycosylation for this project, we discovered a new variant of the Demchenko procedure [11] for which a phenyl sulfoxide leaving group is used in conjunction with a remote directing 3-O-picoloyl group on the donor. This group provided a remarkably efficient H-bonddirecting effect resulting in a high facial selectivities (α/β: 1/20) thus resolving the 1,2-cis glycosylation issue of the complex and sensitive aglycone. These previous successful total syntheses relied on a somewhat counter-intuitive strategy consisting of the late assembly of glycosylated aglycone segments leading to the closure of the sensitive 18-membered polyunsaturated macrolide. In this article, we describe our second synthesis based on a more convergent strategy featuring this time the successive glycosylations of the already closed aglycone core we previously synthesized. [12] This new approach saves steps and has a high modularity allowing easier access to analogs (see Figure 2). To achieve this, the secondary OH at C-11 of the protected aglycone I [12] will first be noviosylated with the sulfoxide donor H to yield the corresponding glycosylated adduct. The C20 primary alcohol will then be deprotected and the compound obtained will be glycosylated with the rhamnosylated donor J. [10] This will lead to the bisglycosylated compound which, after removal of all the protective groups, will end in tiacumicin B.

Results and Discussion

The procedure for the synthesis of donor H was slightly modified from the previously published one (Scheme 1). [10] Starting from diol 1, [10] and after the prior formation of the stannylene 2 having a 1 C4 chair conformation, the selective mono-alkylation at the O- 2 position was carried out with NAPBr and CsF in DMF giving alcohol 3 in 75% yield. Following esterification of the latter with picolinic acid, the direct replacement of the TBS group by an isobutyrate was attempted upon treatment by (i-PrCO)2O in MeCN with a catalytic amount of Sc(OTf)3. [13,10] Unfortunately, no reaction took place probably due to the complexation of scandium with the nitrogen atom of the picoloyl group. Deprotection of the TBS group on this substrate using usual fluoride reagents (TBAF, TBAF/AcOH, HF•NEt3) led to deprotection and/or migration of the picoloyl group. However, the deprotection with HBF4 in acetonitrile proceeds smoothly giving 6 that reacted with isobutyric anhydride in the presence of DMAP in pyridine to yield 5 in 81% overall yield. Oxidation of the sulfide with m-CPBA in DCM led to sulfoxide donor H. We then applied our modified Demchenko glycosylation conditions adapted to the use of sulfoxide donors (Scheme 2). Tf2O activation of the noviosyl donor H in CH2Cl2 at -70°C in the presence of the acceptor I, 2,6-di-tert-butyl-4methylpyridine (DTBMP), and 4-allyl-1,2-dimethoxybenzene (ADMB) allowed us to obtain the corresponding glycosylated adduct 7 in 58% yield and we observed here also a very good facial selectivity (α/β ratio of 1/20). The primary TBS group at O-20 was successfully removed in the presence of CSA in a mixture of MeOH/DCM leading to compound 8 in 77% yield. The latter was further rhamnosylated with J using the same conditions providing 9 in a lower yield of 32%, which was not optimized. Here again however, the selectivity remains very good, the α/β ratio reaching 1/20. This decreased yield could be explained by interference with the other picoloyl group present on the first introduced novioside moiety. DDQ oxidative protective groups removal was then carried out in CH2Cl2/H2O followed by the hydrolysis of the two picoloyl groups with Cu(OAc)2 in CH2Cl2/MeOH giving the known 10 in 32% yield (5 protective groups removed in two steps). This constitutes a formal synthesis of tiacumicin B since 10 has been converted to it by removal of the two NAP groups on the orsellinate using Pd2(dba)3 in combination with PPh3, 1,3-dimethylbarbituric acid (NDMBA) and pyridine in DMF at 80 °C. [10] Thus, having confirmed that a novel total synthesis approach is possible, we investigated the feasibility of generating tiacumicin B analogues with other sugars while preserving the aglycone core Scheme 3. Preparation of the mannosyl sulfoxide donor 17. Reagents and conditions: (a) 2-(dimethoxy)naphtalene (1.2 equiv), CSA (0.08 equiv), CH3CN, 50 °C, 5 h, 96%; (b) TBSCl (3 equiv), imidazole (2.6 equiv.) DMAP (0.03 equiv), DMF, rt, 1 h; (c) 60% NaH (2 equiv), MeI (2.5 equiv), THF, rt, 5 h, 78% for two steps; (d) Et3SiH (6 equiv), Cu(OTf)2 (0.1 equiv) CH3CN, 0 °C, 2 h; (e) ) 0.25 M HBF4 (1 equiv), CH3CN, rt, 1.5 h, 48% for two steps. (f) 14 (1.06 equiv.) 60% NaH (5 equiv), THF, 40 °C, 6 h, 55%. (g) NAPBr (1.2 equiv), K2CO3 (1.2 equiv), DMF, rt, 18 h. (h) Picolinic acid (1.4 equiv), DCC (1.5 equiv), DMAP (0.2 equiv), DCM, rt, 18 h, 89% for 2 steps; (i) NaHCO3 (1.2 equiv), 75% m-CPBA (1.05 equiv), DCM, -78 °C, 2 h, then -30°C over 2 h, 81%.

structure. With compound 8 in hand we could showcase, for the first time, the possibility of accessing tiacumicin B analogues through total synthesis. Of note that all the other known analogs came from semi-synthesis [14] or biosynthetic diversifications. [15] Thus we performed a glycosylation with the mannosyl donor 17 prepared from phenyl a-D-thiomannoside in a few steps (Scheme 3). Not only is D-mannose much more accessible and cheaper than D-rhamnose but it could also alter the physical properties of the molecule thanks to the extra hydroxy group. After protection of the 4,6-O-positions by a (2naphthyl)methylene acetal, the 3-O position was selectively protected as a TBS ether. To this end, 11 was treated with TBSCl in the presence of imidazole and a catalytic amount of DMAP for one hour to yield the corresponding 3-O mono-silylated adduct in 95%. It should be noted that a longer reaction time (18 h) resulted in the formation of the 2-O mono-silylated compound in a yield of 37% through migration of the silyl group from O-3. [16] After Omethylation at position 2, the ring-cleavage of the acetal was performed with triethylsilane in acetonitrile with a catalytic amount of copper triflate. [17] Since the reaction produced a mixture of the desired 6-O-methylnaphthyl adduct along with the corresponding 3-O-desilylated product 13, the obtained mixture was treated with HBF4 in acetonitrile to yield only the diol 13 in 48% for the two steps. Esterification of this diol using homodichloroorsellinate ester 14 [10] and NaH in THF led to compound 15 in 55% yield. The freed orsellinate phenol was then protected as 2-NAP ether, the O-3 position of the mannoside was esterified with picolinic 

Conclusion

This work demonstrates that the use of donors armed with a phenylsulfoxide leaving group in conjunction with a 3-O-picoloyl directing group can facilitate the successive introduction of two glycosides on the tiacumicin B aglycone in high b selectivity. This has allowed a formal total synthesis of Tcn-B with a first noviosylation step having a good efficiency of 58% and a a/b selectivity of 1/20. The second glycosylation has a lower yield but still exhibits excellent selectivity. Despite this difficulty, this approach saves steps and enhance the convergence and the modularity of our total synthesis. Additionally, we have demonstrated that analogs can be synthesized using this strategy, such as one in which the rhamnoside moiety has been replaced by a mannose derivative. This non-natural analog constitutes a structural modification which is difficult to attain by semi-synthesis. This approach that diversifies the tiacumicinone core via chemical glycosylations could also allow the straightforward synthesis of complex glycosylated molecules useful to study the influence of the glycosylation on the drug properties. [18] b) DDQ c) Cu(OAc) 2 67% for the 2 steps 
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A formal total synthesis of the antibiotic tiacumicin B is described as well as an analog with a D-mannose moiety in place of Drhamnose. The challenging b-selectivity of the key glycosylation steps has been achieved by using donors bearing a phenyl sulfoxide leaving group and a 3-O-picoloyl group that enables remote facial diastereocontrol via H-bond-mediated aglycone delivery.
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Figure 1 .

 1 Figure 1. Structure of tiacumicin B.

Figure 2 .

 2 Figure 2. Retrosynthetic pathways for the total synthesis of tiacumicin B (past and present studies).

Scheme 1 .

 1 Scheme 1. Modified preparation of the noviosyl sulfoxide donor H. Reagents and conditions: (a) Bu2SnO (1.1 equiv), toluene, reflux, 4 h; (b) NAPBr (1.5 equiv), CsF (2 equiv), DMF, rt, 18 h, 75% for 2 steps; (c) Picolinic acid (1.4 equiv), DCC (1.5 equiv), DMAP (0.2 equiv), DCM, rt, 18 h, 96%; (d) 50% HBF4 (10 equiv), CH3CN, rt, 4 d; (e) isobutyric anhydride (5 equiv), DMAP (1 equiv) pyridine, rt, 5 h, 81 % for 2 steps; (f) NaHCO3 (1.2 equiv), 75% m-CPBA (1.05 equiv), DCM, -78 °C, 3 h, 90%. DCC = N, N'-Dicyclohexylcarbodiimide, DMAP = 4-Dimethylaminopyridine, m-CPBA = meta-Chloroperoxybenzoic acid, NAPBr = 2-bromomethyl)naphthalene.

6 NAPScheme 2 .

 62 Scheme 2. Successive glycosylations of I and deprotection reactions. Reagents and conditions: (a) I (2.1 equiv), H (1 equiv), DTBMP (4.7 equiv), ADMB (4.2 equiv), Tf2O (1.9 equiv), 4Å MS, DCM, -70 °C for 2 h then -70 °C to -60 °C over 1 h, 58%; (b) CSA (0.2 equiv), MeOH/water (4:1), 0 °C, 2 h, 77%; (c) J (2.1 equiv), 8 (1 equiv), DTBMP (4.7 equiv), ADMB (4.2 equiv), Tf2O (1.9 equiv), 4Å MS, DCM, -70 °C for 2 h then -70 °C to -60 °C over 1 h, 32%; (d) DDQ(7 equiv), DCM/water (20:1), 0 °C, 1 h then rt for 1 h 30; (e) Cu(OAc)2 (2 equiv), DCM/MeOH (95/5), rt, 2 h, 32 % for 2 steps. DTMBP = 2,6-Di-tert-butyl-4methylpyridine, ADMB = 4-Allyl-1,2-dimethoxybenzene, CSA = Camphor sulfonic acid, DDQ = 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone, NDMBA = 1,3-Dimethylbarbituric acid.
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