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Asymmetric allenylation of alkynes mediated by chiral organoselenated reagents under oxidative conditions
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The reactivity of novel chiral lactamide-substituted diselenide-based reagents under oxidative conditions was exploited to develop a metal-free method for the preparation of enantioenriched allenylamides from simple alkynes in good yields, and with enantiomeric excesses up to 99%. The key of the success in this method is attributed to the hydrogen-bonded lactamide appendages that ensure configurational stability of chiral vinylselenoxide intermediates for an optimal enantiotopic β-synelimination step.

Due to their chemical structure made of two consecutive and orthogonal double bonds, allenes are unique molecular motifs possessing a wide range of synthetic applications in organic synthesis. In addition to their highly diverse reactivity features, another interesting aspect lies in their inherent axial chirality when both their sp 2 -carbon termini are properly substituted. While several methodologies exist to generate allenes, 1 notably relying on either prototropic or sigmatropic rearrangements, 2 nucleophilic substitutions on activated alkynes, 3 additions on enynes, 4 [1,2]elimination (or abstraction), 5 Wittig olefination, 6 or even from cyclopropanes (Doering-Moore-Skattebol reaction), 7 to date, still very few approaches are reported without the mediation of heavymetal-based reagents and/or starting from non-functionalized alkynes. In this context, the development of a general procedure based on a chiral organo-selenium-based reagent to generate enantioenriched allenes would represent an interesting progress in the field. β-syn-Elimination of alkylselenoxides 8 is probably amongst the most

used reaction in the selenium organic chemistry tool box, and is often applied to oxidize ketone into enones. 9 This occurs through a two step procedure consisting of a selenylation, followed by a β-synelimination of the alkylselenide moiety under oxidative conditions (i.e. after oxidation to the corresponding selenoxide -Scheme 1). In contrast to alkylselenoxides, the β-syn-elimination of vinylselenoxides to generate allenes is far less reported. This implies the formation of a transient vinylselenide intermediate, which can be oxidized to the corresponding vinylselenoxide before its β-synelimination under thermal activation (Scheme 1). Scheme 1. β-syn-Eliminations of alkyl-or vinylselenoxides / Access to potentially chiral allenes.

While described as a side reaction by Reich in 1980 through thermal activation, 10a the first detailed studies of such an allenylation were reported by Back and co-workers in 1983 and later in 1989 (Scheme 2). 10b,c After a radical mediated sulfoselenylation reaction performed on simple alkynes, followed by the oxidation of the diorganoselenium intermediate using m-CPBA, these authors showed that the β-elimination of the selenium motif could be performed at chloroform reflux to yield the corresponding racemic sulfonic allenes in good yields. In 2016, the Zhang group reported the simple formation of amidovinylselenides from alkynes in presence of a diselenide under oxidative conditions. 11 In this reaction, the oxidant (Nfluorobenzesulfonimide -NFSI) played both the role of an oxidant and a nucleophile as the sulfonamide moiety was added on the activated alkynes. In 2021, inspired by this report and in continuation of their own work on selenium-mediated allylic oxidations using NFSI, 12 the Breder group reported the first (racemic) organo-seleno-catalyzed oxidative allenylation of nonactivated alkynes 13 based on a β-syn-elimination from an amidovinylselenium(IV) intermediate (Scheme 2). The first asymmetric version of a vinylselenoxide β-elimination to generate allenes was reported by the group of Uemura in 1992. 14 This was performed starting from a vinylselenide that, upon asymmetric oxidation (using Sharpless or Davis chiral oxidation conditions), generated enantioenriched
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vinylselenoxides, which were themselves able to evolved in situ at room temperature in 10 to 20 days to the corresponding allenes with 42% e.e. In 1995, the same group improved this approach using a chiral ferrocenyl selenium motif. The diastereoselective oxidation of the selenium atom at low temperature delivered enantioenriched vinylselenoxides intermediates (3 examples), which were able to evolve after 3 days at -20°C to the corresponding allenes with e.e. up to 89% and low yields (Scheme 2). 15 In contrast to previous reports, the allenylation step could here take place at low temperature; the reason for such kinetic differences being the nature of the starting electron-poor vinylselenides, a molecular feature easing the β-elimination step.

Scheme 2. Allenylations of vinylic-Se(IV) substrates by (stereocontrolled) β-Hsyn-eliminations.

Concomitantly to the efforts by Breder and co-workers, our group has initiated in 2019 a research program focusing on the enantioselective synthesis of allenes from non-activated alkynes using chiral diselenide reagents. [START_REF] Wirth | For reviews on Chiral Se Reagents[END_REF] The main challenge was thus to be able to reach high levels of enantioselectivities using chiral vinylselenoxides that can β-eliminate only at elevated temperature (Scheme 2). Indeed, as mentioned above, 10b,c,13 βelimination from vinylselenoxides bearing non-electron withdrawing substituents requires thermal activation; a feature incompatible with a perfect conservation of the chirality at a selenoxide center. 17 Our goal was thus to design chiral selenium-based reagents that could: 1-stabilize the absolute configuration of the selenium (IV) atom (and so, even at elevated temperatures) in order to, 2-promote a general reagent-controlled diastereoselective vinylselenoxyde β-synelimination towards highly enantioenriched allenylamides (Scheme 2).

Herein, we wish to disclose our own efforts, which ultimately resulted with the production of allenylamides from alkynes in good yields and with e.e. up to 99%.

Optimization of the reaction conditions using achiral diselenide reagents

Our work started with the optimization of the reaction conditions for the efficient preparation of vinylselenoxides from simple alkynes. This was done on 4-octyne, and initially required two steps consisting of: 1-a Zhang amidoselenation 11 performed with 68% yield in the presence of NFSI and o-anisyldiselenide, [START_REF]racemic model in view of the later implementation of stereodiscriminating motifs on the phenol[END_REF] and 2-a 82% yield m-CPBA mediated-oxidation of the transient vinylselenide 1. Interestingly, our investigations led us to consider the possibility of performing these two steps in a onepot procedure employing an excess of NFSI during the amidoselenylation step (See SI for further information on the optimization). Accordingly, this excess of NFSI allows the generation of a transient vinylic Se(IV) intermediate 2 that could be hydrolyzed by a 1M aqueous solution of sodium bicarbonate to furnish the desired vinyselenoxide 3 in 89% yield. With this one-pot alkyne amidoselenoxidation optimized, we next studied the β-syn-elimination of the arylselenoxide motif under thermal activation (Table 1). The first attempt was done according to literature precedents: 10a heating of 3 at 95°C (sealed tube) for 2h in benzene (0.1M) delivered the allenylamide 4 in 20% yield (Entry 1). The vinylselenoxide being moderately soluble in benzene, the reaction was run in CHCl3 and yielded 34% of allene 4 (Entry 2). While the starting material went to full conversion in these first two attempts, it should be noted that the allenylamide 4 was systematically isolated along with the reduced vinylselenide 1 as the sole side-product (isolated in 51% and 47%). To our delight, working under more diluted conditions (0.01 M) resulted in the formation of allenylamide 4 with 68% yield, and strongly decreased the undesired reductive reaction leading to 1 (Entry 3). As reported by Reich, 10a the addition of base (1 equiv. of DABCO) was finally evaluated, and delivered an optimal isolated 98% yield of the allene 4 with no detectable amounts of 1 (Entry 4). Remarkably, in this last experiment, the o-anisyldiselenide (See Scheme 3) was recovered in 65% yield. This corresponds to a nearly maximal recovery, as this reagent can theoretically be only reformed in 66% through the dismutation [START_REF] Gancarz | [END_REF] of the released phenylselenenic acid (ArSeOH converts readily in solution into Back (1983 & 1989) Racemic allenylations using vinylic Se(IV) intermediates equimolar amounts of ArSeSeAr and arylseleninic acid). Ultimately, a last attempt was perfomed under these last best conditions, but at room temperature instead of 95°C (Entry 5). No traces of allenylamide 4 were then observed, even after 7 days. This again confirms that thermal activation is mandatory for the β-syn-elimination to occur on such electron-rich substrates. Yield
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1 [a] 1 Benzene 0.1 M / 20% 51% 2 CHCl3 0.1 M / 34% 47% 3 CHCl3 0.01 M / 68% 21% 4 [b] CHCl3 0.01 M 1 equiv. 98% - d 5 [c] CHCl3 0.01 M 1 equiv. - d - d
[a] Isolated yield, [b] o-dianisyldiselenide was recovered in 65% yield, [c] reaction run at room temperature over 7 days, [d] not observed.

Synthesis of chiral diselenides reagents

With both the amidoselenylation and allenylation reactions optimized, we then focused on the development of an asymmetric version of this transformation. Inspired by the impressive applicability of iodoarenes bearing lactacte(s) or lactamide(s) motif(s) 20 in the field of hypervalent iodine chemistry, we decided to adapt this strategy to diselenide chemistry. Four diselenides bearing ortho-lactate-or lactamidebased functional groups were then synthesized in 5 to 7 steps with overall yields ranging from 49% to 71% (Scheme 4). This was notably done by the initial selenylation of in situ generated organomagnesium intermediates bearing mono-o-or bis-o-MOM-protected phenols with PMBSeCN, yielding 8a and 8b in 78 and 98%, respectively. These arylselenides intermediates were then MOM-deprotected before the installation of the lactacte(s) motif(s) was done thanks to a (bis)Mitsunobu reaction providing the chiral arylselenides 10a or 10b in 88% and 90% yield. Once isolated, these intermediates were finally PMBdeprotected using PIFA, and furnished the chiral C1-or C2symmetrical diselenides 11a and 11b. Interestingly, the PMBprotected intermediates 10a and 10b also served as points of synthesis divergence as they could be saponified, activated by isobutylchloroformate, and amidified with 2,4,6-trimethylaniline to yield the corresponding mono-or bis-lactamic arylselenides 12a and 12b with 78 and 72%. As for their ester counterparts, these arylselenides bearing lactamides motifs were finally PMBdeprotected under oxidative conditions to yield the desired mono-or bis-lactamide aryldiselenides 13a and 13b with yields above 90%.

Scheme 4. Synthesis of chiral diselenides bearing lactates or lactamides motifs. a) from 6a : MOMCl (1.5 equiv.), DIPEA (2 equiv.), CH2Cl2, 0°C, 2h; b) from 6b : MOMCl (2.5 equiv.), DIPEA (4 equiv.), CH2Cl2, 0°C, 2h; c) from 7a : iPrMgCl (1.1 equiv.), Et2O, 0°C, 1h, followed by PMBSeCN (1.2 equiv.), 0°C, 1h; d) from 7b : nBuLi (2.2 equiv.), THF, -40°C to 0°C, 2h, followed by PMBSeCN (1.2 equiv.), r.t., 2h; e) from 8a : i-Et3SiH (3 equiv.), TFA (20 equiv.), CH2Cl2, r.t., 3h, ii-9 (2 equiv.), DIAD (2 equiv.), Ph3P (2 equiv.), THF, 0°C to r.t., 12h; f) from 8b : i-Et3SiH (6 equiv.), TFA (40 equiv.), CH2Cl2, r.t., 3h, ii-9 (4 equiv.), DIAD (4 equiv.), Ph3P (4 equiv.), THF, 0°C to r.t., 12h; g) from 10a : i-NaOH (2N), THF/MeOH, r.t., 2h, ii-N-methylmorpholine (4 equiv.), isobutylchloroformate (2 equiv.), CH2Cl2, 1h, followed by 2,4,6-trimthylaniline (3 equiv.), r.t., 12h; h) from 10b : i-NaOH (2N), THF/MeOH, r.t., 2h, ii-Nmethylmorpholine (8 equiv.), isobutylchloroformate (4 equiv.), CH2Cl2, 1h, followed by 2,4,6-trimthylaniline (6 equiv.), r.t., 12h; i) PIFA (0.5 equiv.), CH2Cl2, r.t., 1h.

Asymmetric allenylations of alkynes

The novel chiral diselenides 11a, 11b, 13a, 13b were then engaged in the aminoselenoxidation of 4-octyne using our optimized conditions (Table 2). The corresponding vinylselenoxides were then formed in yields ranging from 80 to 89% with low to moderate diastereoselectivities. In the case of the vinylselenoxides possessing lactates substituents, both 14 and 15 were isolated as mixtures (Table 2, Entries 1 &2). On the contrary, the vinylselenoxides bearing lactamides chiral appendages (Table 2, Entries 3 & 4) were perfectly separable on simple normal-phase silica gel chromatography, yielding each (R se )-and (S se )-diastereomers of 16 and 17 with the exact same yields of 41%, thus indicating no diastereoselectivity control of the selenoxidations step in these cases. A remarkable observation was then made on the isolated vinylselenoxides 17: the perfect enantiomeric stability 17 of the selenium absolute configuration. Indeed, no epimerization was noticed after their isolation, and so even after prolonged storage (up to 12 months) of the powderous isolated compounds. Next, in view of determining the precise absolute configuration at the selenoxide stereocenter, several attempts were undertaken to try to obtain exploitable single crystals from each respective pure for 11a : 56% (5 steps) 11b : 71% (5 steps) 13a : 49% (7 steps) 13b : 55% (7 steps)
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(90%) (72%) (91%) (84%)
selenoxydes. Unfortunately, none of these efforts led to suitable X-ray structures, and only electronic circular dichroism experiments allowed a formal attribution of the absolute configurations beard by the selenium atom on each isolated diastereoisomer of 17 (See SI for more information). [a] Isolated yield, [b] Separation of both diastereisomers was performed on normal phase silica gel chromatography.

With this configurationally stable selenoxides in hands, their allenylations by a β-syn-elimination were investigated (Scheme 3). [START_REF]When heated in our best conditions, the mixture of monolactates 14 yelds 71% of the allene 18 with 12% e.e[END_REF] With this higher level of stereocontrol attained using the bislactamides-based vinylselenoxides, we were then eager to decipher the precise mechanism explaining such enantioselective β-syn-elimination step, and we were confident that this important question could be addressed by modeling the reaction mechanism using Density Functional Theory (DFT).

As expected, such calculations showed a 5-center concerted βelimination-type mechanism leading to the formation of the allenylamides 4 through well-organized Transition States (TSssealed by H-bonding type interaction with the selenoxide motif), along with the extrusion of the corresponding arylselenenic acids (See Figure 1). Moreover, depending on the chirality displayed by the selenium atom and the substitutents (i.e. mono-or bislactamides), TSs with significantly different energies were obtained when considering the β-elimination step, depending on the abstracted proton (Ha or Hb). As can be seen on Figure 1 for the vinylsenoxide (R Se ,R,R)-17, these energy differences are in fact explained by the positioning of the propyl chain, which can fit into a less sterically demanding pocket for TS-A (favored) than for TS-B [START_REF]DFT calculations starting from (R Se ,R)-16 or (S Se ,R)-16[END_REF] (disfavored due to steric clashes with one of the lactamide unit). Thereby, from (R Se ,R,R)-17, a 4,29 kcal/mol difference was calculated for the deprotonation of Hb vs. Ha, which implies that this (R Se ,R,R)-17 leads majoritarily to the allenylamide (R)-4, as experimentally observed. Similarly, a significant difference (1,68 kcal/mol) was obtained when starting from (S Se ,R,R)-17, whose selenium-β-elimination strongly favors the allenylamide (S)-4 (not shown on Scheme 4, for more information see SI). Moreover, if these DFT results strongly support the major influence of the chirality at the Se(IV) atom on the H-abstraction, a slight positive match effect of the (R)lactamides motifs was thus also determined towards the formation of the (R)-allene 4 [and a miss-match for the (S)-allene 4]. As for 4-octyne, the diastereoselectivity of the amidoselenoxidation was low to moderate on the alkynes tested. Of note, in the case of substrates 18d and 18k, only one diastereomer could be observed. Once isolated, each diastereomerically pure vinylselenoxides was then heated in CHCl3, in the presence of DABCO at 95°C for 2h. Complete conversions were observed in all cases, delivering allenes 20a-k in yields ranging from 51 to 99%. [START_REF]VCD studies performed on allenes (-)-20a and (-)-20i have show that their absolute configurations were (R)-configuration, which is in perfect accordance with (-)-(R)-4. Thereby, by extension, every laevorotary allenes (-)-20 along this sequence were assigned to be (R), and every dextrorotary[END_REF] The level of enantiocontrol was found to be excellent, especially on the substrates bearing ortho-substituted aromatic moities, such as 18a (88% & 84% e.e.), 18b (84% & 82% e.e.), 18c (96% & 92% e.e.), 18e (99% & 82% e.e.), 18i (92% & 82% e.e.), and 18k (82% e.e.). Intriguingly, the result on the p-methoxynapthyl derivative 18k was very different to the one gathered on the o-methoxynaphthyl substate 18j (4% & 8% e.e). This kind of motif present on 18j thus appears to correspond to a limitation of the method, probably due to too hindered o-and o'-positions. A second limitation identified in the course of this scope was the detrimental effect of the meta-functionalization of the aromatic moiety. This could be clearly seen on alkyne 18d, as the corresponding allene 20d was isolated in 98% yield, and with only 47% e.e. Finally, a last indication can finally be taken out of this substrate scope: a slight match effect towards the (R)allenes when the lactamide bears a (R)-configuration. This confirms the tendency identified by DFT calculations when starting from (R Se ,R,R)-17.

To conclude, this work describes a method to generate enantioenriched amidoallenes from simple alkynes using novel chiral diselenide reagents under oxidative conditions. The success of our approach is based on the precise design of the chalcogenic reagent, and more specifically on the installation of chiral secondary amide substituents enabling the formation of configurationally-stable chiral selenoxide intermediates. To the best of our knowledge, such H-bonding-based stabilization of a selenoxide chirality is unprecedented, and thus opens new opportunities for future applications in asymmetric synthesis. Once isolated, these enantiopure selenoxides (which could be stored several months after isolation) could be engaged in thermal β-syn-elimination reactions leading to the corresponding allenes in good yields and with high enantiomeric excesses. Importantly, the diselenide reagents could be partly recovered at the end of each reaction, which minimizes the atomic cost of the method. Efforts to extend the use of these selenium-based reagents towards a catalytic asymmetric version 13 of this reaction are currently underway in our laboratory, and will be reported in due course. 

alkyne

Ar-Yield [b] 19 Yield [b] 19' (-)-(R)-20 (+)-(S)-20 18a 40% 45% 79% yield [b] 88% e.e. [c] 93% yield [b] 84% e.e. [c] 18b 45% 28% 70% yield [b] 84% e.e. [c] 64% yield [b] 82% e.e. [c] 18c 43% 26% 69% yield

[a] 96% e.e. [c] 95% yield [b] 92% e.e.

[c] 18d

Not observed 17% -98% yield [b] 42% e.e. [c] 18e 30% 33% 82% yield

[a] 99% e.e. [c] 74% yield [b] 82% e.e. [c] 18f 36% 29% 99% yield [b] 82% e.e. [c] 57% yield [a] 82% e.e. [c] 18g 42% 41% 61% yield [b] 86% e.e. [c] 63% yield

[a] 82% e.e. [c] 18h 46% 38% 67% yield [b] 72% e.e. [c] 69% yield [a] 36% e.e. [c] 18i 44% 44% 84% yield

[a] 92% e.e. [c] 83% yield [b] 82% e.e. 4% e.e. [c] 51% yield [b] 8% e.e. [c] 18k

Not observed 35% -66% yield [b] 82% e.e. [c] [a] CHCl3, DABCO (1 equiv.), 95°C (sealed tube), [b] Isolated yield, [c] Determined by chiral HPLC. 
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 3 Scheme 3. Facile amidoselenoxydation of 4-octyne.
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  Scheme 3. Stereocontrolled β-syn-elimination towards enantioenriched allenes.

Figure 1 .

 1 Figure 1. DFT-calculated TS structures associated to the abstraction of either Ha or Hb starting from selenoxide (R Se ,R,R)-17.

Table 1 .

 1 Optimization of the allenylative vinylselenoxide-β-syn-elimination conditions.

	Entry	Solvent	Concentration	DABCO	Yield 4	[a]

Table 2 .

 2 Chiral selenoxides syntheses using diselenides 11a,b and 13a,b.

	Entry	R1	R2	Yield	[a,b]
	1		H	80% (14a and 14b, 42/58 ratio, unseparable)
	2			89% (15a and 15b, 31/69 ratio, unseparable)
	3		H	16a (41%)+ 16b (41%)

4

17a (41%) + 17b (41%)

Table 3 .

 3 Scope of substrates using chiral diselenide 13b.
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