Gold(I)-catalyzed 7-exo-dig Cyclization: A Key Step to Access the Bicyclo[4.2.1]nonane Skeleton of Vibsatin A, a Neurotrophic Diterpenoid

Inspired by Sawamura's works, the generation of the bicyclic backbone was smoothly achieved through a Conia-ene derived 7-exodig cyclization from an enantiomerically enriched TIPS-based silyl enol ether. The reaction, catalyzed by a sensitive gold(I) complex, was efficiently performed on large scale by glove-box free techniques. Furthermore, the shape of this system was exploited for subsequent installation of all the stereogenic centres.

Developing straightforward approaches towards the construction of various complex and polycyclic architectures in three dimensions is essential for the synthesis of biologically active products. In this context, the efficient synthesis of rigid bridged bicyclo [4.2.1]nonane skeletons encountered in significant natural alkaloids and terpenoids such as ajmaline, 1 isokopsine, 2 echinopines, [START_REF] Dong | Sesquiterpenoids Possessing an Unprecedented Skeleton from Echinops spinosus[END_REF] and vibsatins 4 can afford opportunities to investigate new methodologies and their limits.

Our group cultivated interest for developing an effective chemical route towards the 5/7 bridged core of vibsatin A 1. This vibsane-type diterpenoid, isolated in 2014 from the Chinese plant Viburnum tinus cv. variegatus by Zhao et al, was found to induce significant neurite outgrowth. [START_REF] Gao | Two New Tetranorvibsane-Type Diterpenoids from Viburnum tinus cv. variegatus[END_REF]5 Moreover, if different synthetic studies were accomplished towards the elaboration of various vibsane natural substances, 6 no synthesis of this new sub-type was reported to date. Herein, the asymmetric construction of the bicyclo [4.2.1]nonane skeleton of vibsatin A 1 and the stereocontrolled introduction of all the stereogenic centres is reported.

Taking advantage of the bicyclic shape of the molecule, the envisioned strategy is based on the enantioselective installation of a single stereocentre which would induce the stereocontrol of all others. Thus, accessing the bicyclo [4.2.1]nonane skeleton 4 of vibsatin A 1 in a stereoselective manner appeared of primary interest, although the synthesis of medium size carbocycles like 7-membered rings is renowned to be highly challenging (Scheme 1). In 2010, Sawamura's group developed a bulky semihollow-shaped phosphine which, in association with gold(I), allowed the unprecedented gold catalysed formation of 7-membered rings through a Conia-ene derived 7-exo-dig process, from alkyne-tethered silyl enol ethers. 7,8 Though this work represented a remarkable advance, it was achieved on a very small scale (0.1 mmol scale ≈ 20 mg) and required glovebox techniques, thus restricting its application field.

Hence, it has been foreseen to develop this carbocyclization in order to access bicyclic ketone 4, from enantiomerically enriched silyl enol ether 5. Although an adaptation of the procedure was required, this reaction would enable, in a single step, the construction of the desired [5-7]-bicyclic bridged backbone in the right configuration at C2 and C11. An asymmetric Michael addition from 2-methylcyclopentanone 6 would provide the (R) configuration at C11 required for the substrate 5 of the cycloaddition step. Then, oxidations and deoxygenation of the bicycle 4 would allow the formation of the α,βunsaturated ketone 3. Further 1,4-addition was expected to functionalize the Si-face of the double bond leading to a 10(S) configuration. Subsequent C-allylation would position an allyl chain at C5 in a trans-fashion leading to 2 and to the setting of the last stereogenic centre present in vibsatin A. The synthesis of vibsatin A 1 would then be completed by a Wacker oxidation at the double bond and a Wittig olefination for the installation of the lateral chain (Scheme 1).

Scheme 1. Synthetic strategy. The first goal was the synthesis of the alkyne-tethered silyl enol ether 5 from 2-methylcyclopentanone 6. In order to control the quaternary stereocentre at C11, we choose to rely on the works of d'Angelo and Desmaële. 9 The known enantioenriched keto ester (R)-7 was easily obtained in 93% yield and 91% e.e., by deracemizing Michael addition of the imine derived from 2-methylcyclopentanone 6 and (S)-1phenylethylamine on methyl acrylate. After protection of the ketone as a dioxolane group and reduction of the ester, 10 the corresponding alcohol 8 was transformed into its tosylate derivative 9. Subsequent displacement of this group by lithium-acetylide followed by acidic treatment provided ketone 10 in high yield. [START_REF] Schäfer | Intramolecular Reductive Ketone-Alkynoate Coupling Reaction Promoted by (η 2 -Propene)Titanium[END_REF] This seven step sequence from 2methylcyclopentanone 6 resulted in 50% overall yield thus delivering 24.6 grams (0.15 mol.) of ketone 10. At this stage, two different silyl groups were introduced with the formation of the TBS-based silyl enol ether 5a and the bulkier TIPSderivative 5b, in quantitative yields (Scheme 2).

Scheme 2. Synthesis of acetylenic silyl enol ethers 5a-b. With the substrates 5a-b in hands, the 7-exo-dig cyclization reaction was examined. For practical reasons, an adaptation of Sawamura's procedure 8b to glove-box free conditions for subsequent application on large scale constituted our main objective. Synthesis of the bulky triethynylphosphine 11 was realized in three steps starting from 30 grams of bromophenol derivative in an overall yield of 53% (see Supporting Information). The 7-exo-dig cyclization necessitated an important optimization process. In order to run these reactions on a simple vacuum line, tailor-made Schlenk tubes were designed (see Supporting Information). This specific glassware allowed the in situ generation of the active gold catalyst [( 11)Au]NTf2 without the need for a glovebox at the crucial ligand exchange step. Our study started by investigating the 7-exo-dig cyclization on 0.3 mmol of 5a and 5b; most significant results are combined in Table 1. The first attempt from 5a, at room temperature, in the presence of 5 mol% catalyst and one equivalent of tBuOH in dichloromethane, with a substrate concentration of 0.02 M, resulted in total cleavage of the silyl enol ether function, regenerating ketone 10 (100% conversion, 4/10 8:92, Entry 1). Unlike Sawamura's report, moving toward the TIPSbased silyl enol ether 5b provided better results. Hence, a first trial, at room temperature, resulted in the total conversion of the substrate into the bicyclic target molecule 4 and an isolated yield of 80% was reached (Entry 2). With this good result in hands, concentration was raised to 0.05 M, affording 4 in 92% yield (Entry 3). Further increase in the reaction concentration ([M] = 0.1 M) finally afforded the best result in terms of isolated yield (95%) (Entry 4). Ultimate application of these optimized conditions to a large scale cyclization reaction allowed the transformation to operate from more than 8 g (25 mmol) of TIPS-based substrate 5b, to provide desired bicyclic product 4 in 95% yield (Entry 5). Lastly, in order to investigate the mandatory utilization of the Sawamura phosphine 11, a reaction was carried out with a commonly employed phosphine in Au(I) catalysis, such as JohnPhos (Entry 6). However, a low 10% conversion was observed. Lengthening the reaction time and/or increasing the temperature did not improve the conversion. The functionalization of the bicyclic skeleton 4 constituted the next focus. Several strategies have been studied and we present herein the sequence having allowed the installation of all stereocentres in the most straightforward manner, by taking advantage of the cage bicyclic structure of the molecule, as previously mentioned. Ketone 4 was stereoselectively reduced to corresponding alcohol in 96% yield and the hydroxyl group was protected as a benzyl ether 12. This compound readily underwent allylic oxidation promoted by SeO2 and subsequent Dess-Martin oxidation, affording α,β-unsaturated ketone 13 in 70% yield over two steps. The dihydroxylation reaction at the C3-C18 double bond, performed in the presence of a catalytic quantity of potassium osmate dihydrate (K2OsO4•2H2O), NMO and pyridine, stereoselectively delivered the diol 14 in 90% yield. [START_REF] Hernando | Studies towards the Taxoid Diterpene ABC-Ring System: Practical Access to Highly Functionalized Enantiomerically Pure Analogues of Major Group Representatives[END_REF] The C3 configuration of 14 was elucidated by performing NOE NMR experiments. The excellent substrate stereocontrol in these functionalizations validated our hypothesis regarding the stereocontrolled set-up of the stereogenic centres from enantiomerically enriched bicyclo [4.2.1]nonane skeleton of 4. Acetonide 15 was then readily obtained in 95% yield from diol 14. The introduction of a phenylselenyl group at C10 of 15 and subsequent selenoxide elimination in the presence of H2O2 and pyridine, produced the desired α,βunsaturated ketone 16 in 78% yield over two steps (Scheme 3). 13 Scheme 3. Synthesis of the ketones 17 and 18.

We next focused on the conjugate addition step at C10. Initial attempts to introduce a MOMOCH2 group employing the protocol previously described by Williams in the total synthesis of vibsanin E, proved to be unsuccessful. [START_REF] Schwartz | Asymmetric [4 + 3] Cycloadditions between Vinylcarbenoids and Dienes: Application to the Total Synthesis of the Natural Product (-)-5-epi-Vibsanin E[END_REF] The addition of a cyanide anion was foreseen as a good alternative. Thus, α,βunsaturated ketone 16 was treated with 1.1 equiv. of Et2AlCN (1M sol. in toluene) [START_REF] Tanaka | Synthetic Study of Pyrrocidines: First Entry to the Decahydrofluorene Core of Pyrrocidines[END_REF] at -20 °C. Under these conditions, the desired -cyanoketone 17 was smoothly delivered in 70% yield as a single diastereomer. The configuration of the newly formed C10 stereocentre of 17 was confirmed to be 10(S), i.e. the same configuration as the vibsatins, through NOE NMR experiments. In parallel, a vinyl group was introduced by means of a Lipshutz's modified Gilman cuprate. [START_REF] Lipshutz | Higher Order" Cyanocuprates R2Cu(CN)Li2: Discrete Reagents or "Lower Order" LiCN-Modified Gilman Cuprates?[END_REF] Practically, a mixture of four equivalents of CuCN and eight equivalents of vinyllithium 17 was reacted with 16 at -78 °C for 2 h, affording the required -vinylketone 18 in 70% yield as a single diastereomer. The configuration of the C10 centre was established by NOE NMR experiments and the structure was unambiguously confirmed by X-ray crystallography (Scheme 3); interest of such compound was highlighted below. 18,19 In order to complete the installation of the five stereocentres of the vibsatin skeleton, our attention has been turned to the allylation reaction at the C5 position of ketones 17 and 18. This reaction revealed to be much more challenging than expected. Various trials were attempted to perform the reaction on ketones 17 and 18 and most significant results are presented in Table 2. Noteworthy, only the treatment of 17 with KHMDS (1.5 equiv.)/DMPU (30 equiv.) and quench with allyliodide, at -50 °C for five hours, delivered the desired product 24 albeit in very low yield (15%), along with unreacted starting material 17 (24%) and degradation products (Entry 1). Under more drastic conditions, the product 25 featuring the allyl chain at C5 position but in the opposite configuration was obtained in 30% yield (Entry 2). Only degradation was observed by treatment of 17 with NaHMDS (1.2 equiv.)/DMPU (15 equiv.) (Entry 3). Moving towards LiHMDS/DMPU or LDA/HMPA systems led to the compound 26 with the allyl chain at C10 in -position to the nitrile group (respectively in 70 and 63% yields) (Entries 4 and 5). 20 a: allyl-I (1.5 equiv.) b: [allyl-Br (7 equiv.), TBAI (0.5 equiv.)] instead of allyl-I (1.2 equiv.).

To circumvent these results, we considered vinyl ketone 18 as starting material. 21 Surprisingly, no conversion was observed in the presence of LiHMDS or NaHMDS/DMPU and allyliodide (Entries 6 and 7). Fortunately, by treatment of 18 with LDA/HMPA and allyliodide, the O-allyl enolate 19 was isolated in 53% yield (70% conversion) (Entry 8). 22 Subsequent microwave-assisted Claisen rearrangement in toluene at 190 °C stereoselectively afforded the desired C-allylated product 20 in 89% yield. [START_REF] Schwartz | End Game Strategies towards the Total Synthesis of Vibsanin E, 3-Hydroxyvibsanin E, Furanovibsanin A, and 3-O-Methylfuranovibsanin[END_REF] Noteworthy, this procedure set the presumably most favorable trans-relationship between the vinyl and allyl groups. Then, a Wacker oxidation under optimized conditions allowed the formation of the methyl ketone 21 in 80% yield along with aldehyde 22 (8%). [START_REF] Schwartz | Asymmetric [4 + 3] Cycloadditions between Vinylcarbenoids and Dienes: Application to the Total Synthesis of the Natural Product (-)-5-epi-Vibsanin E[END_REF]24 The configuration at the C5 stereocentre of both compounds 20 and 21 was validated by NOE NMR experiments. Furthermore, the structure of 21 was confirmed by X-ray crystallography which proves the configuration of all stereocentres. 25 Finally, hydrolysis of the acetonide group in acidic medium led to diol 23 in 89% yield (Scheme 4). 26 Scheme 4. Synthesis of the diol 23.

In conclusion, we have developed an efficient method for the asymmetric construction of the bicyclo[4.2.1]nonane core of vibsatin A 1, a new neurotrophic vibsane-type. Thus, a Coniaene derived 7-exo-dig cyclization catalysed by a gold(I) complex permitted the generation of the [5-7]-bicyclic bridged backbone, from an enantiomerically enriched TIPS-based silyl enol ether. The reaction was performed on large scale and constraints formerly associated to glovebox techniques were suppressed. Furthermore, the shape of this framework authorized the installation of all the stereogenic centres without requiring any chiral reagents.
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Table 1 . 7-exo-dig Cyclization: generation of the catalyst, screening of the substrates and reaction parameters.
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	[(11)Au]NTf 2 (5 mol%) tBuOH, MS4Å CH 2 Cl 2 , rt, 5 min 11 (5 mol%) (Me 2 S)AuCl R = TBS 5a R = TIPS 5b (5 mol%) + In situ generation of the	O 4 CH 2 Cl 2 , rt, 30 min Me 2 S catalyst [(	+ (11)AuCl (7.5 mol%) O 10 CH 2 Cl 2 , rt, 10 min AgCl AgNTf 2	[(11)Au]NTf 2

11)Au]NTf 2 11

  

					P	Si tBu OMe tBu OMe tBu tBu tBu tBu OMe	3
	Entry	Subs-trate	[M]	Conver-sion a (%)	4/10 a	4 (Isol. yield %)
	1	5a b	0.02	100	8:92	-
	2	5b b	0.02	100	≥ 95:5	80
	3	5b b	0.05	100	≥ 95:5	92
	4	5b b	0.10	100	≥ 95:5	95
	5	5b c	0.6	100	≥ 95:5	95
	6 d	5b b	0.05	10	≥ 95:5	-

a: 1 H NMR conversion. b: 0.3 mmol.0 scale. c: 25 mmol. scale. d: JohnPhos was used instead of 11.

Table 2 . Synthesis of the allylated products 24 and 19: Screening of reaction parameters.
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