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We report the selective merging between a Krische-type iridium-catalyzed C-C coupling and an organocatalyzed oxa-Michael addition. Such a general strategy triggers the direct double functionalization of alcohols through a complex multicatalytic pathway merging the two catalytic cycles in one. The iridium catalyst dehydrogenates the alcohol to an aldehyde which is intercepted in an organocatalyzed functionalization. Meanwhile, the generated iridium hydride activates a pro-nucleophile to subsequently create the final chiral alcohol through a stereoselective C-C coupling on the functionalized aldehyde. The disclosed multicatalytic reaction, fulfilling all the principles of redox economy, enables the stereoselective preparation of complex tetrahydropyrans, scaffolds present in numerous natural products and featuring up to three controlled stereogenic centers.

INTRODUCTION

Chiral alcohols are ubiquitous in natural products and drugs, and developing efficient methods for their eco-compatible synthesis represents an ongoing challenge. Due to the inherent lack of electrophilicity of the alcohol-bearing carbon, their construction often relies on chemical modification at the carbonyl oxidation level (e.g. aldehyde). This requires additional and undesirable waste-generating redox steps to adjust the carbon chain oxidation level. [START_REF] Burns | For the concept of redox economy in synthesis[END_REF] Catalytic dehydrogenation of alcohols is an excellent tool to generate in a waste-free manner reactive carbonyl compounds for their in-situ derivatization. [START_REF] Gunanathan | Applications of acceptorless dehydrogenation and related transformations in chemical synthesis[END_REF] Taking advantage of this reactivity, a broad array of transformations directly modifying alcohols through activation by dehydrogenation and subsequent functionalization at the carbonyl oxidation level have been developed. In this context, the group of Krische discovered a wide variety of useful C-C coupling reactions enabling the transformation of primary alcohols into enantioenriched secondary alcohols (Figure 1a). [START_REF] Feng | Enantioselective Alcohol C-H Functionalization for Polyketide Construction: Unlocking Redox-Economy and Site-Selectivity for Ideal Chemical Synthesis[END_REF][START_REF] Kim | Enantioselective Iridium-Catalyzed Carbonyl Allylation from the Alcohol or Aldehyde Oxidation Level Using Allyl Acetate as an Allyl Metal Surrogate[END_REF] These transformations, catalyzed by chiral iridium or ruthenium complexes, are based on mechanisms involving the formation and functionalization of transient aldehydes. Initial dehydrogenation by the metal complex generates the reactive carbonyl compound, while the metal-hydride inserts in the carbon pro-nucleophile, thus generating the nucleophilic organometallic reagent. Stereoselective addition on the aldehyde generates the desired secondary alcohols. Among the numerous advantages of the above-mentioned methods, primary alcohols are directly transformed into enantioenriched secondary alcohols without requiring any stoichiometric redox reagents; the C-C couplings avoid the use of air-, moisture-sensitive and potentially pyrophoric organometallic reagents (Grignard and organolithium reagents, among others); the stereoselectivity of the reactions is usually excellent.

Given the formation of intermediate aldehydes in Krische-type catalytic cycles, it would be of great interest to intercept these transient reactive species in an additional functionalization process. Through strategically merging two catalytic cycles, such a strategy would directly construct chiral secondary alcohols of additional complexity through two distinct -yet interwoven -functionalization events, starting from simple primary alcohols. It is well known that secondary amines are excellent for the selective functionalization of aldehydes through enamine or iminium type catalysis. [START_REF] Melchiorre | Asymmetric Aminocatalysis-Gold Rush in Organic Chemistry[END_REF] Therefore we hypothesized that a multicatalytic strategy, [START_REF] Inamdar | Enantioselective cooperative catalysis[END_REF][START_REF] Quintard | the combination between reversible catalytic alcohol dehydrogenation such as borrowing hydrogen and catalytic carbonyl compound functionalization[END_REF] combining the iridium-catalyzed stereoselective C-C coupling from alcohols with the organocatalyzed interception of the aldehyde intermediate, could trigger the desired alcohol multiple functionalization (Figure 1b). Aside from the potential catalysts and reaction partners compatibilities, an additional, considerable challenge -in this type of merged catalytic cycle mechanisms -lies in the presence of only a small amount of carbonyl intermediate, corresponding at most to the amount of iridium catalyst. This can potentially strongly impact the kinetics of the desired in-situ aldehyde functionalization, [START_REF] Roudier | Triple Iron/Copper/Iminium Activation for the Efficient Redox Neutral Catalytic Enantioselective Functionalization of Allylic Alcohols[END_REF] which should be faster than the direct trapping by the organometallic nucleophile. Moreover, the generated iridium π-allyls are renowned for their elecrophilicity towards the addition of various nucleophilic amines; an additional challenge which could rapidly inhibit the organocatalytic activity. [START_REF] Meza | Amphiphilic π-Allyliridium C,O-Benzoates Enable Regio-and Enantioselective Amination of Branched Allylic Acetates Bearing Linear Alkyl Groups[END_REF] In order to develop the hypothesized reactivity, we decided to focus on an intramolecular approach with functionalization via an oxa-Michael addition, commonly catalyzed by various secondary amine organocatalysts (Figure 2). 10 Developing such a transformation would require to accommodate the presence of an existing chiral secondary alcohol on the starting material. [START_REF] Lu | 1,n-Glycols as Dialdehyde Equivalents in Iridium-Catalyzed Enantioselective Carbonyl Allylation and Iterative Two-Directional Assembly of 1,3-Polyols[END_REF] If successful, it would provide a direct access to scaffolds containing both the chiral secondary alcohol and a tetrahydropyran (THP) core (Figure 2). A reaction of this kind would be of great synthetic interest given the prevalence of this pattern, frequently encountered in bioactive natural products such as Enigmazole A, Phorboxazole A, Spirastrellolide A, or Exiguolide among others. [START_REF] Mandelalide | Mandelalides A-D, Cytotoxic Macrolides from a New Lissoclinum Species of South African Tunicate[END_REF] Herein, we report our success at developing this envisioned transformation, which should pave the way for the invention of other related reactions. 

RESULTS AND DISCUSSION

Optimization of the transformation was performed on the allylation of model enantioenriched (98% ee) diol 2a (Table 1, see supporting information for additional optimization experiments). Among the important parameters, we found that the structure of the chiral iridium complex was crucial for optimal results. While literature reports used iridacycles featuring several electron-withdrawing substituents for optimal allylation kinetics, [START_REF] Feng | Enantioselective Alcohol C-H Functionalization for Polyketide Construction: Unlocking Redox-Economy and Site-Selectivity for Ideal Chemical Synthesis[END_REF][START_REF] Kim | Enantioselective Iridium-Catalyzed Carbonyl Allylation from the Alcohol or Aldehyde Oxidation Level Using Allyl Acetate as an Allyl Metal Surrogate[END_REF] in the present transformation, these catalysts favored a too rapid C-C bond formation, preventing the oxa-Michael addition from taking place (cf. Table S1). Therefore, a single NO2 group on the benzoate ligand was sufficient to induce the reaction with appropriate kinetics for both alcohol dehydrogenation and the resulting aldehyde allylation upon oxa-Michael cyclization. Similarly, the use of BINAP instead of other ligands (such as SEGPHOS) also provided better reactivity, and (S)-[Ir]-cat1 was found to be optimal towards the formation of the expected functionalized cis-THP.

Table 1. Selected optimization experiments. Entry

Organocat.

Cs2CO3

(x mol%)

cis-THP

(dr) [a] trans-THP (dr) [a] NMR Yield [b ] 1 None 1.0 (4.9 : 1) 84% (53% [ c] ) 5 pyrrolidine 80 6.6 (10.3 : 1) 1.0 (8.9 : 1) 48%

6 [d] pyrrolidine 20 20.7 (12.3 : 1) 1.0 (4.6 : 1) 80% [a] dr for the relative configuration at the alcohol stereocenter with respect to the given THP. [b] NMR yield for cis-THP estimated from the 19 F NMR ratio of products. [c] Isolated yield. Isolated dr = 18 : 1. Product isolated in >99% ee. [d] Starting from a 2.6:1 E/Z ratio of starting material (2 equivalents of water).

In the absence of any secondary amine organocatalyst, the cis-THP was observed in only 51% NMR yield and with a moderate 3.5:1 ratio with the trans-THP (Table 1, entry 1). In the presence of chiral (S)-Org, the process was considerably improved, providing the selective formation of the cis-THP over the transone in 76% NMR yield. Interestingly, despite its inherent nucleophilicity, the secondary amine organocatalyst is compatible with the reaction conditions, and most importantly, the diastereocontrol towards the formation of the cis-THP was considerably improved to a 22.3:1 ratio (entry 2). A clear mismatch effect was observed with (R)-Org, leading to a lower 58% NMR yield (entry 3). However, despite the lower reactivity, the formation of the cis-THP was still favored in a 21.8:1 ratio. This result indicates the stereocontrol mode of action by the organocatalyst. Through the formation of the iminium ion, the organocatalyst does not control the enantiofacial discrimination during the cyclization, but favors the equilibrium towards the more stable cis-THP through accelerated reversible oxa-Michael cyclization. 10 This was confirmed when pyrrolidine was used as organocatalyst (entry 4). Use of this achiral catalyst provided an optimal 84% NMR yield (53% isolated) and excellent 24.8:1 cis-THP / trans-THP ratio. Through all this study, the difference between NMR and isolated yields is due to partial products loss during the silica gel chromatographic separation with the minor impurities. Importantly, the product was isolated in 99% ee, confirming the absence of racemization of the chiral benzylic alcohol by the iridium complex. The effect of pyrrolidine was further confirmed when increasing the amount of base to 80 mol% (entry 5) which provided a lower 6.6:1 cis-THP / trans-THP ratio, possibly through a rapid and irreversible, base-induced oxa-Michael cyclization. In agreement with the described catalyst effects, modifying the (S)-[Ir]-cat1 / pyrrolidine ratio (see Table S6), also strongly impacted the diastereocontrol. Finally, starting from a diol substrate with 2.6:1 E/Z ratio, provided with equal efficiency the same cis-THP as starting from a diol substrate with 7.6:1 E/Z ratio (entries 4 and 6). This confirms a mechanism involving the formation of the intermediate α,β-unsaturated aldehyde, rapidly equilibrating through the action of pyrrolidine to the cis-THP prior to the C-C bond formation. [START_REF] Williams | The rapid isomerization can occur through trans-THP/cis-THP equilibration by retro-oxa-Michael addition or directly at the α,β-unsaturated aldehyde level through E/Z isomerization[END_REF] With the optimal conditions using allyl acetate in hand, the scope of the transformation was studied using various diol substrates and carbon pro-nucleophiles. The multicatalytic conditions triggered the efficient formation of a wide variety of THP scaffolds.

Scheme 1. Allylation scope of the multicatalyzed process.

Using allyl acetate 1 as pro-nucleophile and (S)-[Ir]-cat1 (Scheme 1), cis-THP 3a-d were generated with equal efficiency from various benzylic alcohols. An aliphatic secondary alcohol was also well tolerated, constructing 3e possessing an additional ether functional group. Finally, the multicatalytic reaction was tested on a challenging substrate possessing two primary alcohols, one aliphatic and one allylic. Gratifyingly, the expected cyclization /allylation product 3f was generated selectively, indicating a strong preference for the dehydrogenation of the allylic alcohol over the aliphatic one. In addition, the configuration at the phenyl-bearing carbon induced a selective ring closure, favoring the formation of the THP with all substituents in equatorial positions.

Inverting the configuration of the iridium complex, the diastereodivergence of the transformation was confirmed, leading to the opposite configuration at the alcohol stereocenter. Using (R)-[Ir]-cat1, all corresponding products 5af were obtained with similar efficiency, indicating a perfect catalyst control during the C-C bond-forming step. These multi-functionalized products were obtained in more than 99% ee, confirming that the stereochemical integrity of the secondary alcohols is preserved during the transformation.

In addition, since the starting diols were not enantiopure (89-98% ee), this perfect enantioselectivity is indicative of an amplification of chirality during the chiral iridium catalyzed C-C bond forming event.

The crotylation of alcohols was then performed employing racemic 1-methylallyl acetate 6 as crotyl donor (Scheme 2). It was found that the use of (S)-[Ir]-cat2 was mandatory to observe the formation of the expected multiple functionalization product, indicative of a slower C-C bond formation with this more hindered pro-nucleophile. Through the multicatalytic pathway, a great variety of valuable chiral tetrahydropyrans was generated through the control of three new stereogenic centers. Most importantly, the stereoselectivity of the crotylation was once again controlled in a diastereodivergent manner using either (S)-or (R)-[Ir]-cat2.

The reaction scope included tetrahydropyrans 7a-e,g and 8a-e,g prepared from benzylic or aliphatic alcohols. As was the case for the allylation/cyclization, engaging a substrate containing two primary alcohols proved to be selective for the formation of tetrahydropyrans 7f and 8f. 4-substitution of the tetrahydropyran's core, which could provide scaffolds of different natural products such as Phorboxazole A, Exiguolide or Enigmazole A was then studied. Preparation of the challenging 4-substituted tetrahydropyrans 7h and 8h featuring an additional unprotected chiral secondary alcohol proved more difficult and provided lower conversion even though the expected product was isolated with good stereocontrol. Substituting the 4-position with a dithiane, gave rise to complex spiro-tetrahydropyrans 7l-j and 8l-j, despite the presence of the thioethers, renowned for potentially interfering with transition metal-catalyzed processes.

Reverse prenylation using 1,1-dimethylallene, [START_REF] Han | Enantioselective Carbonyl Reverse Prenylation from the Alcohol or Aldehyde Oxidation Level Employing 1,1-Dimethylallene as the Prenyl Donor[END_REF] constructed the cis-THPs 10b-11b possessing a new quaternary center (Scheme 3). This reaction occurs under mild conditions and -unlike the transformations described previously -does not require an exogenous base. Controlled by the organocatalyst, the cis-THP is selectively generated with perfect diastereocontrol while the iridium complex controls the stereochemistry on the newly formed alcohol albeit with lower efficiency (3:1 dr). Most importantly, a control experiment in the absence of pyrrolidine once again confirmed the crucial role of the organocatalyst for the rapid oxa-Michael addition. Indeed, excluding this catalyst only provided the product of direct C-C bond formation 12.

Moreover, the E/Z ratio of the alkene was kept unchanged confirming the role of the organocatalyst over the alkene isomerization. Finally, first attempt at using an achiral alcohol with this system did not provide any enantiocontrol by a chiral organocatalyst (See Supporting Information).

Scheme 2. Crotylation scope of the multicatalyzed process.

Altogether, these experiments confirm the general mechanism shown in Scheme 4, describing the allylation reaction, based on the well-studied iridium catalyzed C-C coupling. [START_REF] Kim | Enantioselective Iridium-Catalyzed Carbonyl Allylation from the Alcohol or Aldehyde Oxidation Level Using Allyl Acetate as an Allyl Metal Surrogate[END_REF] From the iridium precatalyst [Ir]-Cat, coordination of the alcohol and release of propene provides the alkoxide complex. Dehydrogenation forms the iridium hydride in equilibrium with the anionic iridium complex. Accumulation of acetic acid is not detrimental to the favored formation of this specie, subsequently generating the required nucleophilic π-allyl upon insertion on allyl acetate. On the other side, the secondary amine reacts with the liberated aldehyde. This generates the electrophilic iminium ion prone to the oxa-Michael addition, affording after organocatalyst liberation, the aldehyde featuring the cis-THP ring. This aldehyde then reacts with the iridium π-allyl to generate in a diastereoselective manner the desired secondary alcohol upon ligand exchange with a new molecule of starting alcohol. As a result, in this mechanism clearly distinct from a sequential multicatalytic cycle, the two catalytic cycles are merged in one, to provide through the different catalytic intermediates, complex alcohols by a double functionalization of allylic alcohols. 

CONCLUSION

To conclude, by appropriately merging two compatible catalytic cycles, alcohols have been functionalized twice to construct directly complex adducts featuring up to three stereogenic centers controlled in a diastereodivergent manner. This multicatalytic strategy is possible by interlocking an iridium-catalyzed C-C coupling starting from an alcohol, forming a small amount of aldehyde with an iminium type organocatalytic cycle intercepting the aldehyde and increasing its complexity.

The demonstration of such a principle in an intramolecular oxa-Michael addition enables the generation of functionalized tetrahydropyrans, scaffolds of interest present in numerous bioactive natural products. The reaction was found to be general and selectively functionalizing the allylic hols. The discovery of such multicatalytic combinations should rapidly find implications in the exploration of other couplings, in natural product synthesis, but should also inspire chemists to investigate new synthetic strategies merging several catalytic cycles.

Scheme 4. Proposed general mechanism of the multicatalytic reaction.
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 1 Figure 1. Using alcohols for reductive couplings (a) and proposed multicatalytic functionalization (b).
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 2 Figure 2. Developed transformation and importance of the obtained scaffolds.
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 3 Scheme 3. Reverse prenylation multicatalyzed process. 3:1 dr arising from the lower stereocontrol during the iridium catalysed C-C bond formation. Reaction leading to 10b performed on a 1 mmol scale.
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