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Three-Component Multi-Catalytic Enantioselective Oxa-Michael/ Aldolization Sequence and Application to (+)-Yashabushitriol Synthesis

 However, despite the considerable progress observed in catalytic enantioselective synthesis notably through

oxime and ketone functions delivered the corresponding 1,3,5triols of interest in a minimum of steps while considerably limiting waste generation. This methodology has been applied to the shortest (4 steps) synthesis of (+)-yashabushitriol, highlighting the synthetic potential of this new multi-catalytic sequence.

aldolization, [START_REF] Trost | For general reviews on catalytic aldolization[END_REF] the rapid construction of such challenging acyclic motifs is still most of the time based on lengthy stepwise processes. In order to minimize the number of steps necessary to create the crucial alcohol backbones, different enantioselective cascade reactions have been successfully developed in the last years. [4] Most notably, strategies based on multiple aldolization [5] or allylation [6] events have considerably decreased the number of operations required for the preparation of a broad range of valuable extended 1,3-polyols motifs.

However, these strategies still suffer from drawbacks such as undesired substrate preactivation, limited scope or stepwise transformation of the cascade adducts to advance towards the desired final polyols. As a result, the discovery of innovative approaches enabling the direct elaboration of enantioenriched polyketides scaffolds possessing the appropriately installed functions is highly desirable and still represents a daunting challenge.

An ideal synthetic route should rapidly assemble simple building blocks directly into the appropriate polyol structure. In this context, we hypothesized that α,β-unsaturated aldehydes could act as pivotal fragments for a cascade oxa-Michael addition/aldolization (Scheme 1.a). [START_REF] Vesely | For work related to one-pot organocatalyzed intermolecular aza-Michael/Mannich[END_REF] After ketone reduction and through the use of appropriate catalysts, this strategy should enable in a straightforward manner the enantioselective preparation of 1,3,5-triols with obvious implications in natural products synthesis.

Scheme 1. Proposed strategy for the rapid synthesis of 1,3,5-triols.

In order to develop such a strategy, efficient and compatible catalytic events should be suitably combined. Most notably, given the known poor stability of the intermediate oxa-Michael adducts, [START_REF] Bertelsen | For the organocatalyzed addition of oximes to α-,β-unsaturated aldehydes[END_REF] an aldolization method occurring rapidly and under mild conditions is mandatory to intercept these species and to irreversibly form the final adduct. To this end, we propose a multi-catalytic sequence combining the known amino-catalyzed oxa-Michael addition of oximes to α,β-unsaturated aldehydes [8a,8b] with a copper-catalyzed decarboxylative aldolization (Scheme 1.b). [START_REF] Pan | For selected reviews on decarboxylative aldolization reactions[END_REF][START_REF] Allen | For general reviews on multicatalysis[END_REF] Simple reduction of both the resulting oxime and ketone functions would generate the desired 1,3,5-triols in a minimum of steps while considerably limiting waste generation. Herein, we present our efforts at developing the proposed transformation in a multi-component fashion and applying it to the only 4 steps synthesis of (+)-yashabushitriol.

We first focused on the identification of a suitable catalyst for the challenging aldolization that should be able to consume the oxa-Michael adduct efficiently (Table 1). After reacting for 4 hours oxime 1a, pentenal (2a), in the presence of diarylprolinol silyl ether (S)-cat-1 and benzoic acid, ketoacid 3a and different second catalysts (cat-2) were directly added to the reaction mixture. It must be pointed out that the low stability of the intermediate oxa-Michael adducts makes it mandatory to perform the one-pot aldolization without isolation of this sensitive intermediate. dr [b] ee [c] 1 quinine 9% 1. [d] Cu(isobutyrate) 2 0% nd nd

[a] Isolated yield after column chromatography. [b] dr determined by 13 C NMR after column chromatography. [c] Enantiomeric excess determined by chiral HPLC after column chromatography. [d] Reaction performed using 1b instead of 1a. nd = not determined.

As for previous examples of aldol reactions on sensitive substrates, [11] use of various tertiary amine organocatalysts [START_REF] Rohr | For early examples of organocatalytic processes[END_REF] did not provide interesting levels of reactivity mainly decomposing the intermediate oxa-Michael adduct potentially through retrooxa-Michael (entries 1-2). For example, using quinine, the final adduct was isolated in only 9% yield and 1.3:1 dr (94 and 84% ee). With these initial results, we next turned our attention to the use of Lewis acids as compatible catalysts for the aldolization. [11] Applying NiCl 2 , MgBr 2 , FeCl 3 , ZnBr 2 complexes did not provide any formation of the desired aldolization product (entries 3-6).

Turning to different copper complexes restored the reactivity in this aldolization. Use of Cu(OTf ) 2 considerably improved the results forming 4 in a promising 40% yield and 92% ee (entry 7). It must be pointed out that the first stereocenter generated during the oxa-Michael addition is poorly discriminating over the second one providing 4 in 1:1 dr. [13] While Cu(acac) 3 reduced the yield to 30% (entry 8), use of Cu(isobutyrate) 2 improved the reactivity generating the desired product in optimum 58% yield, 1.1:1 dr and > 92% ee (entry 9). Changing from
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European Journal of Organic Chemistry copper to Fe(acac) 3 slightly improved the diastereocontrol albeit at the expense of the reactivity forming 4 in 43% yield and 1:3 dr (entry 10). In addition, minor racemization of the oxa-Michael intermediate must occur since the product is isolated with this catalyst in 90% ee. A final attempt to improve the diastereocontrol was performed using pyridine containing oxime 1b (entry 11). However, even though the oxa-Michael reaction took place the aldolization was completely inhibited by the coordinating pyridine.

Having identified Cu(isobutyrate) 2 as the best catalyst for the aldolization, we subsequently applied the conditions of entry 9 to other aldehydes and ketoacids relevant in the context of natural products synthesis (Scheme 2). Gratifyingly, the reaction tolerated various substitution patterns on the starting α,β-unsaturated aldehydes. Different branched, short linear or long aliphatic chains, as well as phenyl-substituted ones, provided the final products with equal efficiency. Oxa-Michael/aldolization products 4-9 were formed in 48 to 68% yield, 1:1 to 1.25:1 dr and 85 to 94% ee. Besides 3-oxo-3-phenylpropanoic acid (3a), electron-rich p-OMe aromatic of great synthetic potential also formed the expected alcohols 6-9 in good yield and enantiocontrol. The use of an aliphatic ketoacid also provided a good reactivity in the aldoli-zation forming compound 10. However, it was found that the final adduct suffered from poor stability preventing its isolation from the crude reaction mixture. Finally, thioester 3d did not provide any reactivity in the aldolization.

In order to highlight the synthetic potential of our approach, we decided to focus on the synthesis of (+)-yashabushitriol. This natural diarylheptanoid was isolated from alnus sieboldiana flowers. [14] Its 1,3,5-triol structure has exalted the curiosity of the synthetic community and for now, four synthetic routes have been reported for its preparation. [15] However, the challenge associated with the creation of the three alcohol functions has led to its enantioselective elaboration in lengthy 9 to 11 steps sequences.

Retrosynthetic disconnection of (+)-yashabushitriol following our approach would provide a highly convergent assembly from oxime 1a, enal 2b easily prepared in one step [16] and ketoacid 3a (Scheme 3). Scheme 3. Retrosynthetic analysis of (+)-yashabushitriol.

Thanks to our bi-catalytic multi-component protocol, 5 could be formed in 61% yield, 1.25:1 dr and 93% ee (Scheme 4). Direct simultaneous reduction of both oxime and ketone functions using Pd(OH) 2 /C provided the shortest route to the (+)-yashabushitriol scaffold 13. However, all our efforts to separate the mixture of diastereomers obtained through this two steps sequence failed. Alternatively, chemoselective reduction of the ketone [17] enabled the separation of the major diastereomer from the obtained crude mixture. As a result, 12 could be isolated in 41% yield after recrystallization (1:0.1:0.03:0.03 dr). Final palladium promoted hydrogenolysis of the oxime afforded the expected (+)-yashabushitriol in 81% yield (95% of the major dia). As a
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To conclude, by combining mutually compatible amino-and copper-catalysts we have been able to develop a new threecomponent oxa-Michael/aldolization sequence. This eco-compatible approach enables the enantioselective condensation of oximes and ketoacids on central α,β-unsaturated aldehydes. Control of the stereochemistry by the organocatalyst enabled the formation of the corresponding adducts with excellent enantiomeric excesses (85-94% ee). Even though the levels of diastereocontrol remain low, we have demonstrated that postfunctionalization could enable the isolation of the major diastereomer.

Thanks to the strategic one-pot assembly of these three building blocks, considerable shortcuts were obtained in the preparation of 1,3,5-triols. These synthetic economies were demonstrated in the shortest synthesis to date of (+)-yashabushitriol.

We are now focusing our efforts on improving reaction efficiency through the use of chiral copper complexes [18] and applying other adducts to natural products synthesis.
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 1 Figure 1. Examples of 1,3-polyols containing molecules.
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 2 Scheme 2. Scope of the multi-catalytic oxa-Michael/aldolization.
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 4 Scheme 4. Concise (+)-yashabushitriol synthesis.

Table 1 .

 1 Optimization of the oxa-Michael/aldolization.
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