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Indirect Tertiary Alcohol Enantiocontrol by Acylative Organocatalytic Kinetic Resolution

The stereocontrol of tertiary alcohols represents a recurrent challenge in organic synthesis. In the present paper, we describe a simple, efficient, and indirect method to enantioselectively prepare tertiary alcohols through a chiral isothiourea catalyzed selective acylation of adjacent secondary alcohols. This transformation enables the kinetic resolution (KR) of easily prepared racemic diastereoenriched secondary/tertiary diols providing both monoesters and starting diols in highly enantioenriched forms (s-value >200).

S tereogenic tertiary alcohol is a ubiquitous motif present in natural products and biological active compounds (Scheme 1a). [START_REF] For | Asymmetric catalysis for the construction of quaternary carbon centres: nucleophilic addition on ketones and ketimines[END_REF] Chiral tertiary alcohols can also serve as building blocks to elaborate more complex molecules. The stereocontrol of this functional group remains a modern challenge as demonstrated in the Aggarwal elegant work showing a pathway between optically active secondary and tertiary alcohols. 2 Enantioselective catalytic methods available to obtain tertiary alcohols (Scheme 1b) are confronted to several difficulties. Indeed, the addition of an organometallic species to a ketone, 1 one of the most direct methods, suffers from severe drawbacks. While it is most simple with aldehydes, the addition on less reactive ketones additionally requires to distinguish between two potentially similar R 1 and R 2 groups. Various alternatives such as enantioselective dihydroxylation, [START_REF] Sharpless | The osmium-catalyzed asymmetric dihydroxylation: a new ligand class and a process improvement[END_REF] kinetic resolution (KR) of racemic epoxides, [START_REF] Lebel | Chromium catalyzed kinetic resolution of 2,2-disubstituted epoxides[END_REF] desymmetrization of prochiral tertiary alcohols, 5 or enantioselective αhydroxylation of carbonyl compounds 6 have been developed. However, once again, they all require an efficient discrimination between two to three potentially structurally similar substituents.

An alternative to prepare enantioenriched tertiary alcohols is to start from easily prepared racemic tertiary alcohols. However, the first nonenzymatic catalytic KR 7 of tertiary alcohols 8,9 were only recently investigated. A limited number of studies was reported mainly through direct strategies, i.e., by modification of the alcohol function. Once again, the difficulty to control the chiral environment around the poorly reactive alcohol increases the challenge associated with such an approach (Scheme 2a).

Several KR are based on a stereoablative approach, [START_REF] Mohr | Catalytic enantioselective stereoablative reactions: an unexploited approach to enantioselective catalysis[END_REF] i.e., on the destruction of the stereocenter of one enantiomer of the tertiary alcohol by breaking a C-C bond. 8a-c,e,k Activation of racemic tertiary alcohols by chiral phosphoric acids enabled enantioselective intra-and intermolecular acetalization 8f-h or heterocyclization. 8i,m,n Recently an enantioselective coppercatalyzed silylation of tertiary alcohols was described forming optically active silylethers. 8l Avoiding the challenging reactions directly on hindered tertiary alcohols, indirect control by reacting on an adjacent functionality has been developed (Scheme 2a). In this context, Hoveyda and Snapper showed, on three examples, the possibility to perform an enantioselective silylation of a racemic mixture of primary/tertiary diols. 8d Yamamoto demonstrated, with two examples, the possibility to kinetically resolve tertiary allylic alcohols by enantioselective epoxidation of adjacent alkenes. 8g Recently Hashimoto and Maruoka described an enantioselective alkylation of a racemic mixture of primary/tertiary diols occurring on the primary alcohol. 8j In all these examples, an efficient discrimination between three substituents, required to obtain the enantioenriched tertiary alcohols, considerably limits the scope (Scheme 2a). In order to tackle this challenge, an indirect control through KR of a chiral adjacent functionality could represent a valuable alternative.

While the enantioselective acylation of secondary alcohols is quite well established, as for the other above-mentioned KR, the acylation of tertiary ones is more challenging. Using enantioselective organocatalyzed processes, only three reports of direct acylation bypass the inherent limited reactivity of such alcohols (Scheme 2b). Miller 9a used oligopeptides to perform the enantioselective acylation of tertiary alcohols bearing an acetamide functionality as recognition group. Zhao 9b and Smith 9c used respectively chiral NHC and chiral isothiourea to catalyze the acylation of isatin derivatives. The Smith's study revealed a privileged interaction between the adjacent CO and the acylated catalyst leading to an efficient discrimination between the three substituents. In addition, in 2020, Smith explored acyclic substrates with s-values up to 140. 9d In this context, we hypothesized that kinetic resolution of a chiral secondary alcohol could control a beforehand diastereoselectively easily generated adjacent tertiary alcohol (Scheme 2a and 2c). These secondary/tertiary diols are easily accessible through direct diastereoselective nucleophilic addition on the corresponding ketones and such structure is present in numerous natural products (see erythromycin A and fostriecin in Scheme 1a). This strategy would take advantage of the excellent enantiocontrol observed in the KR of a variety of diversely functionalized secondary alcohols, i.e., the enantiodiscrimination between two groups. The presence of the tertiary alcohol should provide a huge steric hindrance close to the reactive center leading to an improved discrimination between the substituents of the secondary alcohol resulting in excellent selectivity, i.e., with selectivity (s) above 20. In this manuscript, we report our findings on this KR indirect process to isolate tertiary alcohols with almost perfect enantiocontrol. In this process, the enantiodiscriminating event takes place only on the secondary alcohol and leads to a broad scope of synthetically relevant products.

A first screening of commercially available isothiourea catalysts [START_REF] For Reviews ; Merad | Enantioselective Catalysis by Chiral Isothioureas[END_REF] was performed at room temperature on diastereopure diol 1a (Table previous studies on acylation of diols where a double acylation occurs leading to an amplification of enantioselectivity, 12 a single acylation occurred on the secondary hydroxyl group with high level of selectivity, while no tertiary alcohol acylation was observed. However, according to our hypothesis, this single acylation event was sufficient to provide excellent selectivity. Tetramisole (TM) (entry 1), benzotetramisole (BTM) [START_REF] Birman | Benzotetramisole: A Remarkably Enantioselective Acyl Transfer Catalyst[END_REF] (entry 2), and homotetramisole (HBTM) [START_REF] Zhang | Effects of Methyl Substituents on the Activity and Enantioselectivity of Homobenzotetramisole-Based Catalysts in the Kinetic Resolution of Alcohols[END_REF] (entry 3) gave promising results with respectively s = 31, s = 110, and s = 32 using propionic anhydride as the acylating reagent.

Rigidifying the catalyst structure in HyperBTM 15 enabled an increase of the s-value up to 179 (entry 4). When decreasing the temperature to -20 °C, with the same catalyst, a higher svalue >200 was obtained (entry 6). Solvents screening did not improve the s-values (entries 7 and 8). Smaller acylating reagent decreased the selectivity (entry 9), while use of the bulkier isobutyric anhydride provided an excellent s-value at the expense of a low conversion (entry 10). These results prompted us to keep the more reactive propionic anhydride and conditions depicted in entry 6 as standards.

With optimized conditions in hand, we explored the scope of this catalytic KR (Scheme 3). The influence of the nature of the aromatic substituents was investigated first. Comparable results were obtained with a diol bearing two phenyl groups such as diol 1b. The highest selectivity was observed with diol 1c presenting two different aryl groups reaching a s-value >200 meaning that the recovered diol and the produced monoester are obtained nearly enantiopure at 50% conversion. A drop of selectivity was observed with diol 1d, bearing two furan groups, probably due to a lower recognition of the furan by the catalyst. In contrast excellent results were achieved by functionalizing the allylic side chain as shown with diols 1e and 1f. X-ray diffraction analysis of crystals of enantiopure diol 1e confirmed the absolute stereochemistry. [START_REF]CCDC 2012311 (isobutyrate) and CCDC 2012308 (optically active diol 1e) contain the supplementary crystallographic data available at the Cambridge Crystallographic Data Centre[END_REF] It is in accordance with the stereochemical model of the transition state where the aromatic substituent linked to the secondary alcohol is the recognizing motif interacting by π-π or cation-π interaction. [START_REF] Birman | Benzotetramisole: A Remarkably Enantioselective Acyl Transfer Catalyst[END_REF] The KR of several diols (1g, 1h, 1i), with a propargylic tertiary alcohol, was then investigated (Scheme 3). Surprisingly, the nature of the alkyne substituent influenced significantly the KR outcome. Indeed, terminal alkyne 1g gave an s-value of 43. Substitution with a trimethylsilyl group (1h) improved the selectivity to s = 70, while substitution with a phenyl group (1i) reduced the selectivity to s = 6. We also explored different hybridizations (sp, sp 2 , sp 3 ) of the tertiary alcohol substituents in substrates 1i, 1j, and 1k. The presence of the styrenyl group in diol 1j is deleterious to the selectivity, while a sp 3 substituent improves the results as shown with diol 1k. Collectively, these results suggest that competing πinteractions can decrease the selectivity if an extended conjugated system is adjacent to the tertiary alcohol. Moving to AcOEt as solvent limits these undesired interactions as demonstrated in the KR of diol 1j where an increased s-value of 15 is observed. Finally, the KR of the two diastereomers 1l and 1m was examined. Gratifyingly, both diastereomers provided a good selectivity factor above 20, confirming the largely predominant role of the secondary alcohol configuration on the stereochemical outcome. Observation of a higher selectivity for one of the two diastereomers also suggests that secondary interactions possibly with the free alcohol might slightly modulate the catalyst control.

To demonstrate the applicability of our method, we also explored the scalability of this transformation on the gram scale with the racemic diol 1c (Scheme 4). Under the same conditions, similar results were obtained on this preparative scale using only 11 mg of HyperBTM (1 mol %). Indeed, enantioenriched diol 1c was recovered in 48% yield (481 mg) with an er = 95.4:4.6 and the corresponding monoester was obtained in 37% yield (443 mg) with an er = 99.6:0.4.

To explore the limitation of this methodology, secondary/ tertiary 1,3-diol 1n was also tested under the optimized enantioselective acylation conditions. Interestingly, despite the remoteness of the tertiary alcohol decreasing the favorable With this methodology in hand, we explored the synthetic potential of the highly enantioenriched building block 1c bearing a tertiary alcohol (Scheme 6). Secondary alcohol oxidation using pyridine-SO 3 complex in the presence of triethylamine afforded hydroxyketone 3, possessing exclusively a tertiary alcohol, in 76% yield. [START_REF] Parikh | Sulfur trioxide in the oxidation of alcohols by dimethyl sulfoxide[END_REF] This result demonstrates the power of our approach to control the configuration of such challenging tertiary alcohols in a traceless manner. Treatment of diol 1c with molecular iodine in acetonitrile led to the diastereoselective formation (dr >20:1) of the highly substituted tetrahydrofuran 4 in 65% yield.

In conclusion, we described a synthetically useful method to perform a catalytic kinetic resolution of secondary/tertiary 1,2diols. It constitutes an indirect acylative alternative to control the stereochemistry of tertiary alcohols known as a relevant synthetic problem. This simple and scalable protocol showed high s-values providing highly enantioenriched valuable chiral building blocks.

Table 1 .

 1 1, entries 1-4). In contrast with our Scheme 1. (a) Natural Products Containing Stereogenic Tertiary Alcohols; (b) Main Catalytic Enantioselective Preparation of Tertiary Alcohols Scheme 2. Direct and Indirect Enantiocontrol of Tertiary Alcohols by Acylative Catalytic KR Optimization of the KR

	entry	R	solvent	catalyst	temp (°C)	C a (%)	s a
	1	Et	CH 2 Cl 2	TM	20	50	31
	2	Et	CH 2 Cl 2	BTM	20	49	110
	3	Et	CH 2 Cl 2	HBTM	20	48	32
	4	Et	CH 2 Cl 2	HyperBTM	20	49	180
	5	Et	CH 2 Cl 2	HyperBTM	0	49	170
	6	Et	CH 2 Cl 2	HyperBTM	-20	49	>200
	7	Et	MeOCO 2 Me	HyperBTM	+6	48	140
	8	Et	t-AmOH	HyperBTM	-10	34	10
	9	Me	CH 2 Cl 2	HyperBTM	-20	52	140
	10	i-Pr	CH 2 Cl 2	HyperBTM	-20	21	>200

a Determined using Kagan's equations: C = ee substrate /(ee substrate + ee product ) and s = (ln (1 -C (1 + ee product )))/(ln (1 -C (1ee product ))).
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