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Lucidumone is a recently isolated meroterpenoid displaying interesting biological activity. This natural product possesses a complex structure, including a bicyclo[2.2.2]octane possessing 6 contiguous stereogenic centers. Herein, we discuss strategies to solve this synthetic challenge. In particular, we developed a new method for the inverse electron demand Diels-Alder cycloaddition between 2-pyrones and acyclic enol ethers, as a mean to obtained a "masked" cyclohexadiene. This method allowed an expeditious enantioselective synthesis of (+)-lucidumone through a retro-[4+2] / intramolecular Diels-Alder reaction cascade.

1. Introduction 2. Retrosynthetic considerations on the bicyclo[2.2.2]octane 3. Development of a methodology for enantioselective IEDDA cycloadditions 4. Enantioselective total synthesis of (+)-lucidumone 5. Conclusion

Introduction

In 2019, Cheng et al. discovered a new meroterpenoid after extraction from the fruiting body of Ganoderma lucidum, and decided to name it "lucidumone". 1 This natural product displayed an interesting COX-2 inhibitory activity with a relatively good selectivity compared to COX-1, providing it with a promising therapeutic potential for the treatment of inflammation. 2 Nevertheless, the low extraction yield (1.5 x 10 -8 ) only allowed the isolation of sub-mg amounts of each enantiomer, hampering further biological evaluation. Lucidumone displays a complex caged structure including a pentacyclic skeleton with 6/5/6/6/5 membered rings, with both fused and bridged arrangements (Scheme 1A). Its complexity can be highlighted by the bicyclo[2.2.2]octane scaffold displaying 6 contiguous stereogenic centers. Attracted by the interesting biological activities as well as the synthetic challenge posed by this complex structure, we decided to undertake the enantioselective total synthesis of lucidumone.

The biosynthesis of this meroterpenoid proposed by Cheng et al. involves a phenolic fragment and a terpenic unit, and the complex polycyclic structure is believed to arise from a series of cyclization reactions. In 2022, the group of She reported a synthesis of the racemic skeleton of lucidumone in 18 steps, relying on various cyclization reactions and the assembly of a phenolic fragment with a bicyclo[2.2.2]octane fragment, in what could be considered as a bioinspired strategy. 3 2. Retrosynthetic considerations on the bicyclo[2.

2.2]octane

We hypothesized that a late-stage formation of the bicyclo[2.2.2]octane unit would allow a more straightforward approach towards lucidumone. From the synthetic chemist's point of view, [4+2] cycloaddition reactions are a method of choice to access this scaffold (Scheme 1B). [START_REF] Juhl | reviews on IMDA reactions and their application in total synthesis[END_REF] Nevertheless, these reactions require the involvement of a cyclohexadiene moiety, difficult to handle and notably prone to aromatization. Moreover, for an enantioselective synthesis of lucidumone, this cyclohexadiene should be obtained in an enantioselective fashion, adding up to the challenge of this key disconnection. The way commonly employed to tackle the issue of cyclohexadiene stability is to generate it in situ and directly trap it through the intramolecular Diels-Alder (IMDA) reaction. In this context, oxidative dearomatization of phenolic derivatives is a method of choice for the generation of cyclohexadienes due to its chemoselectivity (Scheme 1C). Thus, it has been used by both Qin and Xu in their respective syntheses of atropurpuran, 5 by Ma in the synthesis of azitine 6 and by Wood in the synthesis of phomoidride D. 7 Nevertheless, as the cyclohexadiene generated by oxidative dearomatization of phenol is inherently achiral, these natural products were synthesized in racemic form. Interestingly, the rest of the molecule may bear stereogenic
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Template for SYNLETT Thieme centers which can be controlled by other means during the synthesis, in which case the oxidative dearomatization / IMDA sequence can be diastereoselective. This was the case for Qin's enantioselective synthesis of (-)-arcutinine, 8 in which a stereogenic center in the linker between the phenolic unit and the dienophile is controlled by enantioselective conjugate addition. More recently, the group of Ding reported an enantioselective synthesis of (+)-davisanol in which the precursor for the key oxidative dearomatization / IMDA sequence is enantioenriched by a chiral resolution process. 9 Nevertheless, none of these approaches allow a stereogenic center on the cyclohexadiene moiety. On the other hand, cyclohexadienes can be generated from bridged bicyclic lactones by retro-[4+2] cycloaddition. Based on this, we imagined a retro-[4+2] / IMDA cycloaddition cascade for the assembly of lucidumone's bicyclo[2.2.2]octane core (Scheme 1D). The main advantage of this strategy is that the bridged bicyclic lactone could be synthesized enantioselectively to control all the stereogenic centers upstream. 

Development of a methodology for enantioselective IEDDA cycloadditions

The [2.2.2]bicyclic lactone motif is usually obtained by inverse electron demand Diels-Alder (IEDDA) cycloaddition from 2pyrone derivatives and enol ethers. [START_REF]For reviews on 2-pyrones in IEDDA reactions[END_REF] Until recently, enantioselective variants of this reaction were limited to unsubstituted enol ethers (Scheme 2). 11 Only in 2019 did the group of Cai report enantioselective IEDDA reactions between 2pyrones and substituted enol ethers. 12,13 Nevertheless, all these reactions involved cyclic enol ethers, which considerably simplified the challenge of diastereoselection. On the other hand, examples involving acyclic dienophiles were scarce. 14 Therefore, we decided to develop a method for diastereo-and enantioselective IEDDA reaction between 2-pyrones and acyclic enol ethers.

Scheme 2 Enantioselective IEDDA reactions involving 2-pyrones

After extensive screening of Lewis acid catalyst, ligand, solvent and temperature, we found that the use of a cationic source of Cu II with a BOX ligand could efficiently induce the cycloaddition with good yield, diastereoselectivity and enantioselectivity. 15 Various 2-pyrone derivatives could react efficiently, including C 4 -and C 5substituted 2-pyrones, with both alkyl (3b-3c) and aryl (3e-3f) substituent being well-tolerated. C 3 substitution was limited to esters, although both non-bulky and more sterically (3d) demanding esters performed well. Regarding the enol ether's substitution pattern, classical protecting groups such as Bn or TBS could be tolerated, as well as various alkyl side chains (3g-3i).
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Scheme 3 Selected cycloadducts with diverse substitution patterns

Compound 3g possessed the required functionalities to be used as a fragment for the synthesis of lucidumone.

Enantioselective total synthesis of lucidumone

With the enantioenriched bicyclic lactone in hand, the stage was set for an enantioselective total synthesis of lucidumone. The indanedione fragment was prepared starting from commercially available dicyanodihydroquinone 4. 16 The dicyanide was hydrolyzed and converted into anhydride 5. Condensation with acetyl acetate led to the formation of indanedione 6, and the phenolic positions were protected as TBS ethers. On the other hand, the primary alcohol of fragment 3g was deprotected using TBAF. The bicyclic lactone and indanedione moieties were assembled under Mitsunobu conditions, affording advanced intermediate 9. Heating 9 in chlorobenzene allowed the proposed retro-[4+2] / IMDA cascade cycloaddition, thus assembling the pentacyclic skeleton 10. Unfortunately, direct conversion of the methyl ester into a methyl ketone proved unsuccessful. Nevertheless, this could be achieved in a 4-step sequence involving exhaustive reduction of the carbonyl moieties, reoxidation, selective addition of a methyl Grignard reagent onto the aldehyde and final reoxidation. Hydrogenation of 11 allowed olefin reduction as well as cleavage of the benzyl ether, affording 12 in high yield. Finally, the TBS groups were cleaved using TBAF, allowing completion of the first enantioselective synthesis of (+)-lucidumone.

Scheme 4 Total synthesis of (+)-lucidumone

Conclusion

In this work we have reported the first enantioselective total synthesis of lucidumone. A key retro-[4+2] / IMDA cycloaddition cascade, allowed to assemble the bicyclo[2.2.2]octane scaffold bearing 6 contiguous stereogenic centers. The bicyclic lactone required for this retro-[4+2] cycloaddition was assembled by a Cu-catalyzed enantioselective IEDDA reaction which was developed in our lab. The enantioselective total synthesis of lucidumone was achieved in 13 steps, on gram scale.

With the increasing number of approach to synthesize diversely substituted bicyclic lactones by enantioselective IEDDA reactions, we anticipate that the retro-[4+2] / IMDA cycloaddition cascade will found numerous application in the total synthesis of natural products bearing bicyclo[2.2.2]octane units.
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