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Asymmetric [3,3]-Sigmatropic Rearrangement of Sulfoniums for the Synthesis of Quaternary Center-Containing Polycyclic Molecules: Application to the Total Synthesis of Myrmenaphthol A

The asymmetric total synthesis of myrmenaphthol A, a natural product isolated from a Hawaiian sponge of the genus myrmekioderma, has been achieved in 12 steps. The key transformation of this synthesis is a gold-catalyzed [3,3]-sigmatropic rearrangement of sulfonium, starting from a chiral sulfoxide substrate and propargyl silane. The development of the methodology included the synthesis of benz[e]inden-2-one derivatives with quaternary centers (51-78% yield, 90-99% ee).

Steroids and their analogues are a unique class of natural products, found as active pharmaceutical ingredients (APIs) and present in many therapeutic agents. [1] Indeed, natural and synthetic steroids offer treatment possibilities for various cancers, inflammatory and cardiovascular diseases, among other pathologies. [2] In the present study, we were particularly interested in partially aromatic steroids (Scheme 1a). [3a] Undeniably, equilenin (6,8-didehydroestrone) (I) is the bestknown member of this subclass of natural molecules. In addition to being a component in conjugated estrogens, this product is the first sex hormone to be synthesized by organic chemists, in 1939 by the group of Bachmann. [3b] In medical chemistry, this tetracyclic skeleton has also proven to have very interesting biological properties, notably as estrogen receptor  agonist (ER EC50 = 21 nM). [4a] The molecule (II) has been synthesized by Micalizio and coworkers, via a metallacycle-mediated annulative cross-coupling reaction/cyclopropanation/rearrangement cascade process. [4] On the other hand, the natural product myrmenaphthol A 1, was isolated in 2019 from a Hawaiian sponge of the genus myrmekioderma. [5] This chiral molecule has some features that makes it a target of choice for organic chemists: (1) the presence of a quaternary stereocenter, (2) a hydroxyl group at the C2-position, while natural steroids, such as equinolin, estradiol or testosterone, have usually the C3 position oxidized;

(3) the presence of the naphthol core, which is unprecedented in a non-terrestrial natural steroidal product. Seduced by these features, we designed an asymmetric total synthesis of myrmenaphthol A 1 starting from readily available starting materials. In our retrosynthetic analysis (Scheme 1b), the free naphthol ring could be formed via demethylation of the corresponding methoxy group of (R)-7. The generation of the exocyclic olefin was designed by applying aldol condensation with acetaldehyde and subsequent dehydration. The enolic unit should be formed by an oxidation reaction of (R)-4f. As key step of this synthesis, we propose to synthesize (R)-4f using a new asymmetric gold(I)-catalyzed methodology, starting from proparyl silane and sulfoxide substrate (R)-2f. Finally, compound 2f would be synthesized in 3 steps from commercially available or easily accessible 6-methoxy-3,4-dihydrophenanthren-1(2H)-one S1. Scheme 1. Partially aromatic steroids, including myrmenaphthol A, and proposed strategies for its total synthesis.

The key reaction of this synthesis involves sulfonium intermediates and a [3,3]-sigmatropic rearrangement, [6] followed by an aldolization/elimination step (Scheme 1c). This approach is based on the precedents described in the literature on gold-catalyzed processes, [7] charge-accelerated [3,3]-rearrangements developed via interrupted Pummerer reaction/sigmatropic rearrangements [8] and our work in the synthesis of cyclopentenones with a C4-quaternary stereocenter. [9] The mechanism of this transformation includes several key-steps, such as: i) the gold-activation of propargyl silane; ii) the subsequent addition of vinyl sulfoxide 2 to the Au(I)activated alkyne leading to sulfonium intermediate (III); iii) [3,3]sigmatropic rearrangement to form the thionium ion and the hydrolysis and protodemetallation steps delivering the chiral compound 4' and finally iv) the aldol condensation leading to the desired products 4. As a preliminary work, we have envisaged first to apply this goldcatalyzed transformation to the formation of chiral tetrahydro-2Hcyclopenta[a]naphthalen-2-one derivatives 4a-e (Scheme 2). [START_REF] Nicolaou | Examples of quaternary center-containing [6.6.5]-tricarbocyclic skeleton in natural products: a)[END_REF][START_REF] Snyder | Asymmetric syntheses of such complex tricyclic molecules: a)[END_REF] Based on our previous results [9] and the Au(I)-catalyzed transformation depicted in Scheme 1c, the present study was initiated by using 10 mol% of (Johnphos)Au(MeCN)SbF6 gold catalyst and the enantioenriched sulfoxide substrate (S)-2a (99% ee), [START_REF] Mukaiyama | sulfur atom in the presence of mCPBA. b) Enantioenriched sulfoxide substrates: synthesis of vinyl bromide using Cu-mediated oxidation, starting from tetralones: b)[END_REF] in the presence of 2.0 equivalents of propargylic triisopropylsilane 3 at 30 °C. After 16 hours, the 1,4-diketone intermediate 4' was formed in more than 80% conversion by 1 H NMR. This seems to indicate a much higher reactivity of the cyclic olefinic bond in the [3,3]-sigmatropic rearrangement step, in comparison with precedent reactivity with acyclic vinylsulfoxides. [9b] Due to the complex mixture of 1,4-diketone containing both TIPS-substituted and desilylated products, the reaction mixture was dried under vacuum and mixed directly with NaOH in an ethanol/water solvent mixture, at 70 °C for 16 hours. The desired tricyclic compound (S)-4a was isolated in high yield (70% yield over 2 steps) and 90% ee (Scheme 2a). Increasing the reaction temperature to 40 °C gave similar results, in a shorter reaction time (16 h vs 36 h, 72% yield and 89% ee). Substrate (S)-2b, with an electron-donating methoxy group, exhibited a comparable reactivity, with a better chirality transfer (product 4b, 75% yield and 93% ee). Bulkier alkyl and aryl groups at the R 2 position, such as n-butyl, benzyl and phenyl substituents (substrates 3c-e) were well tolerated, providing the desired products 4c-e in 51-78% yields and 96-98% ees. It is interesting to note that substrates with longer alkyl chains or aryl groups gave a good reactivity, with a slightly better chirality transfer than vinyl sulfoxides with -methyl substituent (up to 98% ee vs 90% ee). Overall, the expected chiral polycyclic backbones 4a-e were synthesized in synthetically useful yields with high to excellent enantioselectivities. Importantly, the absolute configuration of vinylsulfoxides guides stereospecifically the direction of chirality transfer in the sulfonium intermediate and then determines the absolute configuration of quaternary centers in the ring-fused molecules 4.

[a] Reaction conditions: 2 (1.0 equiv), 3 (2.0 equiv), JohnphosAuSbF6•MeCN (10 mol %), water (3.0 equiv), dichloroethane (0.05 M) at 30-40 °C for 16-60 h. After solvent evaporation the residue was treated with NaOH (19 equiv) in a mixture EtOH/H2O, at 70 °C for 16 h. [b] Isolated yield after purification by column chromatography on silica gel. [c] Enantiomeric excesses determined by HPLC (High Performance Liquid Chromatography) analysis using a chiral stationary phase. Scheme 2. Substrate scope of the one-pot transformation for the formation of quaternary center-containing polycylic molecules 4a-f. [a] Consequently, starting with substrates (R)-2c and 2e gave after the one-pot transformation the corresponding tricyclic molecules (R)-4c and 4e in 52-72% yield and 95-99% ees (Scheme 2b). With the use of the optimized reaction conditions, substrate (R)-2f (98% ee) reacted at 40 °C to furnish after the rearrangement/aldol condensation sequence the key intermediate for the total synthesis of myrmenaphthol A. We had the great pleasure to isolate (R)-4f in 58% yield and 90% ee, at 0.10 mmol scale (Scheme 2c). It was again confirmed that the reaction temperature has a remarkable influence on the reaction rate (16 h at 40 °C vs 60 h at 30 °C). We then scaled up the synthesis of (R)-4f, using 0.32 mmol of vinyl sulfoxide (R)-2f and 7.5 mol% of gold complex. To our delight, a better isolated yield of 70% was obtained, while maintaining the same degree of chirality transfer. To continue the total synthesis of 1, and for the introduction of the enolic unit on the cyclopentenone part of the molecule, we first tried an epoxidation/opening reaction. Despite the different oxidants screened (H2O2, tBuO2H, DMDO) and in the presence of different base (NaOH, Triton B, K2CO3) at different temperatures, the desired product 7 was not obtained. We then decided to promote the epoxydation step by reducing the carbonyl function of 4f to the corresponding allylic alcohol 5 (Scheme 3). It is noteworthy that this alcohol is not stable on silica gel and it is directly transformed into the corresponding diene. Consequently, the crude allylic alcohol 5 was directly treated with m-CPBA, resulting in a 4:1 ratio of over-oxidized α,α'-dihydroxy ketone 6' and the epoxide ring opening α-hydroxy ketone 6. Due to the difficulty of separating these two compounds, the mixture was oxidized directly with Dess-Martin periodinane, to afford the formation of 1,2-dicarbonyl tertiary alcohol 7' and enol (R)-7 in the same 4:1 ratio. It was then envisaged that the deoxygenation of α-hydroxy ketone could promote the transformation of 7' to (R)-7. Fortunately, treatment with trimethylsilyl iodide (TMSI) [13] in chloroform converted the crude mixture to the expected -ketoenolic product (R)-7, in 54% yield over 4 steps. We subsequently envisaged to install the exocyclic double bond in compound 9, starting from 7 (Scheme 4). After deprotonation of enol (R)-7 with freshly prepared lithium diisopropylamide (LDA), dienolate intermediate was trapped by acetaldehyde, furnishing β-hydroxy ketone 8 in 61% yield as a 1/1.4 mixture of two diastereoisomers. The conversion was not complete and 35% of the starting keto-enolic compound 7 was recovered. Unfortunately, many attempts to improve this conversion have failed. The dehydration step was then performed under reflux with KOH in methanol, giving the Z/E mixture of the desired olefinic product 9 in a 1/3.8 ratio. Finally, it was decided to finish the total synthesis by direct demethylation of the methoxyl group, starting from this isomeric mixture. Unexpectedly, much effort has been devoted to the final demethylation step. No reaction occurred in the presence of BBr3, and partial or total decomposition was observed using BCl3 or TMSCl/NaI as reagents. However, a ray of hope has appeared with the use of pyridine•HCl at 165°C for 4 hours. Using such harsh reaction conditions allowed the isolation of myrmenaphthol A (E-1). The minor Z-isomer of the natural product was also isolated and characterized after separation on silica gel. 1 H and 13 C NMR spectra of the synthetic sample of myrmenaphthol A were consistent with those of the natural product. A negative optical rotation value of [α] D 20 -212 (c 0.40, CHCl3) was obtained, which is consistent with that of the literature (lit. [5a] : [α] D 20 -79 (c 0.2, CHCl3), despite a higher absolute value, confirming the (S) absolute configuration for the natural product.

To resume, Myrmenaphthol A 1 was obtained from 6-methoxy-3,4-dihydrophenanthren-1(2H)-one S1 in 12 chemical steps.

In conclusion, molecular complexity has been successfully introduced into the chemistry of asymmetric sulfonium [3,3]sigmatropic rearrangement, to reach quaternary stereocentercontaining complex polycyclic backbones. This methodology was validated by the synthesis of different tricyclic chiral compounds in 51-78% isolated yields and 90-99% ees. It is important to note the excellent chirality transfer from sulfur to carbon atom in all cases. The practicability of our new methodology was underlined by the first asymmetric total synthesis of myrmenaphthol A. In the future, it might be interesting and meaningful to examine this sulfonium chemistry with more complex molecules in order to establish an efficient toolbox to the synthesis of even more complex natural products.

A small library of tricyclic natural product-like molecules with quaternary stereocenters was rapidly synthesized. We observed an excellent chirality transfer from sulfur to carbon atom, furnishing the desired products in 90-99% enantiomeric excesses and 51-78% isolated yields. Furthermore, the feasibility of our new asymmetric methodology was highlighted by the asymmetric total synthesis of myrmenaphthol A

Scheme 3 .

 3 Scheme 3. Formation of the keto-enol compound (R)-7 from (R)-4f.
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