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Total Synthesis of (-)-HM-3 and (-)-HM-4 using an Asymmetric Gold-Catalyzed [3,3]-Sigmatropic Rearrangement of Sulfonium

The asymmetric total synthesis of two sesquiterpenoids, (-)-HM-3 and (-)-HM-4, isolated from phytopathogenic fungus has been developed using as key step a gold-catalyzed [3,3]-sigmatropic rearrangement of sulfonium. During this transformation, an excellent chirality transfer was observed between the chiral sulfoxide substrate and the newly formed quaternary stereogenic center, with 96% enantiomeric excess. The implementation of this efficient methodology allowed to isolate the two natural products in only 7-8 chemical steps with overall yields reaching 12-16%.

 It appeared that the compound HM-4 was also isolated in several liverworts and that these sesquiterpenoids and other derivatives could possess interesting biological activities as anti-oxidant and antibiotics. [3] Scheme 1. Structure of natural products (-)-HM-3 and (-)-HM-4.

Despite their interesting chemical structures and potentially relevant biological properties, it was not until 2014 that the first asymmetric total synthesis of these compounds was accomplished. [4] Indeed, Yoshida's group described a methodology based on a palladiumcatalyzed hydroarylation of enantioenriched allenic alcohol, following by an Eschenmoser-Claisen rearrangement, for the isolation of enantioenriched natural products (-)-HM-3 and (-)-HM-4. Although using a very elegant synthetic approach in the synthesis of these densely functionalized molecules, we thought that they could be isolated in fewer chemical steps and increased the overall yields (15 steps, 3.7% overall yield for (-)-HM-4, and 16 steps, 3% overall yield for (-)-HM-3). [4] The proposed retrosynthetic analysis for the isolation of (-)-HM-4 and (-)-HM-3 was described in Scheme 2.

Scheme 2. Proposed retrosynthetic strategy to access (-)-HM-3 and (-)-HM-4.

Firstly, (-)-HM-3 (1) could be obtained by the selective acylation of (-)-HM-4 (2). In the retrosynthetic strategy, we planned to access (-)-HM-4 from the -dimethylated cyclopentenone (R)-7, coming from enantioenriched cyclopentenone (R)-6, possessing a C4quaternary stereocenter (Scheme 2). It is noteworthy that these intermediates are common with the strategy previously proposed by Yoshida. [4] This compound 6 could come from the intermediate 5 via an aldolization reaction. The desired chiral 4-oxopentanal derivative 5 will be easily accessible by a gold-catalyzed asymmetric [3,3]-sigmatropic rearrangement, [START_REF] Smith | [END_REF] starting from chiral vinyl sulfoxide (R,Z)-3 and propargyl silane 4. Indeed, we have planned to use our recently developed asymmetric methodology [6] to directly access this key building block. We also postulated the formation of the stereocenter with a high enantiomeric excess, with transfer of the chirality from the sulfur atom to the newly formed quaternary carbon center.

With this retrosynthetic approach in mind, we first studied the synthesis of vinyl sulfoxide substrate 3 using a Horner-Wadsworth-Emmons olefination reaction (Scheme 3a). Starting with diethyl ((p-tolylsulfinyl)methyl)phosphonate S1 [7] and commercially available 1- (2,3-dimethoxy-4-methylphenyl)ethan-1-one S2, in the presence of n-butyllithium in diethylether, the two olefinic compounds, (R,Z)-3 and (R,E)-3, were synthesized in quantitative yield in approximately 1/1 ratio. A simple column chromatography on silica gel allowed the isolation of pure isomers, and the measurement of enantiopurity was ascertained by the use of chiral HPLC analysis (see ESI for details). Then, these two substrates were engaged separately in the key step of the synthesis, namely the gold(I)-catalyzed [3,3]sigmatropic rearrangement/ aldol condensation sequence (Scheme 3b). Vinyl sulfoxide (R,Z)-3 reacted with triisopropyl(prop-2-yn-1yl)silane 4, in the presence of 10 mol% of commercially available JohnPhosAu(MeCN)SbF6 as gold(I) catalyst, in 1,2-dichloroethane. The use of 5 mol% gold catalyst [8] or a Brønsted acid such as triflimide (HNTf2) decreased the reaction yield. After completion of the [3,3]-sigmatropic rearrangement/hydrolysis step, the solvent was removed. At this stage, the crude mixture was directly used for the intramolecular aldol condensation/elimination reaction. To this end, an inorganic base such as potassium carbonate (K2CO3) was added in tert-butanol to the crude mixture and this two-step procedure afforded (R)-6 in 67% yield and 96% ee. The same one-pot transformation starting from vinyl sulfoxide (R,E)-3 furnished compound (S)-6 in 55% yield and 96% ee. Concerning the mechanism of this transformation (Scheme 4a), we first have the coordination of the propargyl substrate 4 [START_REF] Eberhart | Selected uses of substrate 4 in synthesis and sigmatropic rearrangements: a)[END_REF] to the cationic gold(I) catalyst. The generation of such carbocationic intermediates (I / II) was favored by the stabilization brought by the silicon atom, also called silyl effect. [10] Subsequently, nucleophilic O-addition of vinyl sulfoxide 3 to this intermediate could take place smoothly to form the sulfonium intermediate (III). The latter could then undergo a [3,3]-sigmatropic rearrangement, to form thionium intermediate (IV) and in the following, hydrolysis, protodemetallation and protodesilylation steps should provide the desired chiral 4-oxopentanal derivative 5. Furthermore, the stereospecific formation of chiral quaternary carbon centers will be based on the sulfur-directed chair-like transition state of sulfonium (IIIa) and (IIIb) (Scheme 4b). In these intermediates, the orientation of the methyl and aryl substituents were determined by the double bond geometry of vinyl sulfoxides (Z)-3 and (E)-3. Consequently, starting with the same R-sulfoxide 3, the absolute configuration of the new carbon stereogenic center will depend of the E/Z-geometry of the olefin. Due to the terminal hydrolysis of the thionium ion, the chiral sulfoxide auxiliary may be considered as a "traceless auxiliary", which makes this asymmetric transformation even more interesting. To complete the total syntheses, we started from enone (R)-6 and introduced two methyl substituents in -position of carbonyl function in 75% yield, using classical conditions (NaH, MeI, THF/DMF) (Scheme 5). Next, sulfuration of carbonyl function of (R)-7, using Lawesson's reagent and one-pot reduction (Raney nickel, H2, EtOH) gave the cyclopentane derivative. This strategy has replaced favorably the multi-step reduction strategy, as described in previous reports. [4] Meanwhile, using our protocol, the sulfur product was obtained after filtration over a pad of silica gel and was then immediately subjected to hydrogenation. Scheme 5. Total synthesis of (-)-HM-3 1, (-)-HM-4 2 and formal synthesis of aquaticenol 8.

After a complete reduction of both C=S bond and C=C olefinic bond, the product was then isolated after filtration without the need for further purification. Finally, demethylation of methoxy-aryl substituents was promoted by treatment with BBr3 at -40 °C. Consequently, (-)-HM-4 (2) was delivered in 60% yield over 3 steps. Overall, this natural product was isolated in 7 steps and 16% yield. 1 H and 13 C NMR data were in complete agreement with those reported for both the natural and the synthetic product. [1,4] However, the []D value corresponds to the average values reported in the literature: {[]D 20 -44.6 (c 1.0, CHCl3); lit.: []D 20 -24.6 (c 0.16, CHCl3) [1] and []D 20 -57.4 (CHCl3) [4] }.

Finally, regioselective acetylation of the most exposed hydroxyl group was conducted at room temperature with the use of acetic anhydride (Ac2O) and pyridine, providing (-)-HM-3 (1) in 73% yield. Overall, (-)-HM-3 was synthesized in 8 steps and 12% yield. The 1 H and 13 C NMR spectra and []D 20 were in accordance with those of natural product {[]D 20 -33.4 (c 0.60, CHCl3); lit. [4] : []D 20 -33.3 (c 0.44, CHCl3)}. Furthermore, the straightforward asymmetric synthesis of (-)-HM-4 (2) may provide a direct access to the dimeric natural product aquaticenol, isolated from Lejeunea aquatica. [3c] Indeed, starting from 2, and after the addition of AlCl3 in nitromethane and then DDQ, Asakawa et al. isolated the axially chiral biaryl natural product aquaticenol 8, as a mixture of diastereoisomers. [3c,11] In conclusion, the second asymmetric synthesis of two natural products, (-)-HM-3 and (-)-HM-4 was achieved by a shorter route, with higher overall yields and high optical purity. This synthetic pathway allowed a formal synthesis of the disesquiterpenoid aquaticenol. The synthetic protocol described in this study clearly indicates that the development of a new, efficient and concise methodology has been beneficial in significantly improving the speed and effectiveness of these total syntheses.

Scheme 3 .

 3 Scheme 3. Synthesis of chiral vinyl sulfoxide substrates 3 and enantioenriched cyclopentenones 6. [Au] = JohnPhosAu(MeCN)SbF6, TIPS = triisopropylsilyl, p-Tol = para-tolyl, DCE = 1,2-dichloroethane.
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