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Triton B-Promoted Regioselective Intramolecular Addition of Enolates to Tethered Ynamides for the Construction of 8-Membered O-Heterocycles

The synthesis of natural products containing eight-membered heterocycles has proved to be highly challenging. In this contribution, an environmentally benign synthesis of benzo-1,5 dioxocines via ynamides is reported. A new class of ynamides was prepared by using a green and mild synthetic pathway. The eight-membered heterocycles fused to aryl groups were obtained from propargylic ynamides by treatment with Triton B via addition of enolates to N-allenamide ethers. Deprotonation of the propargylic methylene group occurred before enolization of the methyl ketone because of the polarization of the triple bond by the amide moiety. Regioselective proximal O-alkylation on the N-allenamide provided shelf-stable eight-membered-heterocycles substituted by an amide in an economic fashion with no byproducts. This transformation is applicable to a wide range of ynamides, expanding significantly the chemical space of benzo-1, 5 dioxocines crucial from a drug design perspective.

Introduction

Heterocyclic eight-membered rings are conspicuous structural motifs that can be found in natural products and bioactive molecules. However, the detrimental enthalpic and entropic barriers imposed by the transition states leading to mediumsized rings [START_REF] Yet | Metal-Mediated Synthesis of Medium-Sized Rings[END_REF] have hampered the development of convenient routes to those compounds. Among eight-membered ring heterocycles, benzo [b] 1,5 dioxocines are particularly valuable. Some examples with interesting biological profiles are penicillide [START_REF] Salituro | Potent, non-peptidic oxytocin receptor antagonists from a natural source[END_REF] and its derivative discovered by Bayer, [START_REF] Bruckner | Dibenzodioxocinones-A new class of CETP inhibitors[END_REF] which act as inhibitors for cholesteryl ester transfer protein (CETP) and thus represent promising therapeutics for the treatment of dyslipidemia (Figure 1). 4 Only a few methods exist for the construction of these heterocyclic compounds. For accessing the benzodioxocine motif, non-metallic systems such as Mukaiyama's lactonization (Scheme 1, c) [START_REF] Zhang | Synthesis and Evaluation of the Analogues of Penicillide against Cholesterol Ester Transfer Protein[END_REF] and hexadehydro-Diels-Alder-generated benzynes have been used (Scheme 1, a). [START_REF] Wang | Intramolecular Capture of HDDA-Derived Benzynes: (i) 6-to 12-Membered Ring Formation, (ii) Internally (vis-à-vis Remotely) Tethered Traps, and (iii) Role of the Rate of Trapping by the Benzynophile[END_REF] Among the metal- Please do not adjust margins Please do not adjust margins hydrofunctionalization of unactivated olefins to prepare eightmembered saturated oxygen heterocycles (Scheme 1, d). [START_REF] Shigehisa | Catalytic Synthesis of Saturated Oxygen Heterocycles by Hydrofunctionalization of Unactivated Olefins: Unprotected and Protected Strategies[END_REF] Ynamides are alkynes directly substituted by an amide. The stability of these substrates is assured by the presence of the electron-withdrawing group on the heteroatom. [START_REF] Dekorver | Ynamides: A Modern Functional Group for the New Millennium[END_REF] The unique polarization of the triple bond facilitates the synthesis of nitrogen-containing molecules. 11 Moreover, ynamides are easily obtained through copper catalysis, leading to a wideranging panel of substrates. [START_REF] Zhang | Copper Sulfate-Pentahydrate-1,10-Phenanthroline Catalyzed Amidations of Alkynyl Bromides. Synthesis of Heteroaromatic Amine Substituted Ynamides[END_REF] The intramolecular addition of enols to alkenes or alkynes known as the Conia-ene reaction represents a versatile synthetic tool to construct challenging scaffolds. [START_REF] Conia | The Thermal Cyclisation of Unsaturated Carbonyl Compounds[END_REF] In this context, Schmid and co-workers reported an intramolecular addition of sodium enolate to tethered alkynes in 2-hydroxyacetophenone derivatives, providing benzoxepinones in moderate yields as a mixture of compounds (Scheme 2, a). [START_REF] Jackson-Mully | 3 -Alkyl-1benzoxepin-5 -on-Derivate und 2 -Alkyl-l,4-naphthochinone aus 2 -Acylaryl -propargylathern[END_REF] Reported Conia-ene reactions of ene-ynamides are scarce. 16 In connection with our ongoing research on ynamides and intrigued by the possibility to explore the reactivity of those substrates, the reactivity of unique ynamides equipped with propargylic ethers in basic media was considered. [START_REF] Lhermet | Intramolecular Carbolithiation of Heterosubstituted Alkynes: An Experimental and Theoretical Study[END_REF] Given the fact that propargylic ethers are prone to isomerize in basic media, we expected an enolate addition to the in situ formed N-allenamide ether. Herein, we present an enolate-N-allenamide addition via ynamides tethered to propargylic ethers to construct functionalized 1,5-benzodioxocines.

A simple three-step, gram scale synthesis of these unique ynamides equipped with propargylic ethers has been developed using commercially available hydroxy-acetophenone starting materials.

(See Supporting Information).

Results and discussion

At first, we developed a protocol for the synthesis of external ynamides 5 and 6 under green and mild reaction conditions (Scheme 3). 2-hydroxy acetophenones 1 reacted with propargyl bromide 2 providing the propargylic ethers 3. After bromination of the triple bond, Hsung's copper cross-coupling reaction was used to obtain the desired external ynamides 5 and 6 in very good yields. [START_REF] Zhang | Copper Sulfate-Pentahydrate-1,10-Phenanthroline Catalyzed Amidations of Alkynyl Bromides. Synthesis of Heteroaromatic Amine Substituted Ynamides[END_REF] Notably, the first two steps proceeded without any purification.

Scheme 3 Synthesis of external ynamides 5 and 7.

The investigations began with the reaction of Ynamide 5a in the presence of Cs 2 CO 3 (Table 1, entry 1) in THF. Surprisingly, we observed the formation of benzo [b] 1,5 dioxocine 6a in 20% yield. This unique 8-membered O-alkylation compound raised our curiosity and prompted us to optimize this transformation. The use of other bases such as trimethylamine and 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) helped to form the desired product 6a, albeit with similar moderate yields (Table 1, entries 2, 3). Potassium tertbutoxide (t-BuOK) provided only traces of the desired compound 6a (Table 1, entry, 4). Inspired by our quaternary ammonium saltpromoted formation of enolates, [START_REF] Beltran | Spirocyclization of ketoynesulfonamides promoted by quaternary ammonium salts[END_REF] we wondered whether Triton B would be [c] 11 THF TBAF (2) 12 h Traces [c] a Ynamide derivative was treated with base in solvent under argon atmosphere at room temperature. b Isolated yields. c Starting material 1a was fully recovered.

beneficial for this transformation. A solution of 40% Triton B in water led to a poor yield (Table 1, entry 5). However, this base proved to be very efficient in methanol by using THF as solvent, providing the desired 8-membered heterocycle 6a in 63% yield (Table 1, entry 6). A slight increase in the amount of Triton B led to a perceptible increase of the yield ( Next, the scope of this metal free, ammonium salt-promoted cyclization to eight-membered scaffolds was tested. At first, the substrate scope was elaborated by altering the amine moiety of the ynamide (Scheme 4). Different types of ynamide derivatives (5a-5p) were prepared by varying the side chain as well as the electron-withdrawing group. Linear alkyls (6a, 6b) and cyclic alkyls (6c, 6d, 6e) on the nitrogen atom reacted efficiently to produce the desired product under the optimized conditions. Sulfonamides bearing an aryl substituent (6f, 6g, 6h, 6i) as well as unsaturated side chains (6j, 6k) were accommodated. Notably, even functionalized side chain such as protected aldehydes (6l) was also compatible, producing the corresponding cyclic product. The influence of more labile electron-withdrawing groups on the nitrogen atom, such as methyl sulfonyl derivative (6m), tri-isopropyl phenyl sulfonyl derivative (6n), sulfamoyl (6o), or the more hindered cyclic sulfonamide (6p) were accommodated in this transformation.

We then investigated the influence of the variation of the acetophenone moiety for this transformation (Scheme 5). Accordingly, acyl-aryl propargyl ethers tethered to ynamides (7a-7f) were prepared by using different substituted acetophenones. Both electron-donating (-CH 3 ) and electron-withdrawing (-F, -Cl) substituents on the aromatic ring reacted successfully under the standard reaction conditions to afford the corresponding 8-membered cyclic compounds 8a-8f with good yields (Scheme 4). It was more interesting to see that not only the acetophenone but also propiophenone (8g, 8h) and 1,3diphenylpropan-1-one (3i) derivatives tethered to ynamides were equally effective, producing the corresponding benzo-1,5dioxocines (8g-8i) in the presence of Triton B under the optimized conditions.

Scheme 5 Scope of the synthesis with regard to the acetophenone part.

Additionally, the reaction was found to be effective in a millimolescale synthesis, which indicated its potential for practical application (Scheme 6).

Scheme 6 Preparative scale synthesis.

Furthermore, when the 8-membered cyclic product 6p was treated with a catalytic amount of aqueous hydrochloric acid, hydration took place, leading to the formation of 2-hydroxy acetophenone 9 and α, β-unsaturated aldehyde 10 (Scheme 7).

Scheme 7 Acid catalyzed hydratation of 6p.

Indirectly, this transformation provides evidence for the formation of benzo-1,5 dioxocine 6p and allows the formation of tertiary enamides substituted with an aldehyde 10. Notably, this unsubstituted enaminal 10 is challenging to obtain selectively and with good yields. [START_REF] Wagner | Ligand-Controlled Regiodivergent Hydroformylation of Ynamides: A Stereospecific and Regioselective Access to 2-and 3-Aminoacroleins[END_REF] X-Ray analyses of 10 confirmed the structure of This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins the α, β-unsaturated aldehyde obtained (CCDC 2132416 contains the supplementary crystallographic data for the structure). 20 To gain insight into the reaction mechanism, we used the more basic metal hydride NaH in the reaction. In this case, we obtained the corresponding benzofuran 12 with an embedded amide, thus indicating that for ynamides tethered to propargylic ether in basic media, the deprotonation of the propargylic methylene group occurs first, followed by an intramolecular addition of the obtained propargylic anion 11 to the methyl ketone (Scheme 8). After migration of the methoxide group from the allene moiety to the acyl moiety giving rise to III-A', a second deprotonation provides the enolic compound IV-A. This latter step requires an activation energy that is less than 1 kcal/mol providing the highly stable deprotonated compound IV-A. A regioselective O-cyclization on the N-allenamide moiety, that requires an activation energy of 24 kcal/mol, forms the final product 6a after protonation. Regarding pathway B, to obtain the desired benzo-1,5-dioxocine 6a, a proton shift of intermediate IV-B has to take place, that is computed as the most energetically demanding step of pathway B, with an energy barrier close to 32 kcal/mol. Overall, the two computed energy profiles clearly show that pathway A can be considered as the preferential one essentially due to the lower activation energy and a slightly more favourable initial deprotonation step.

Conclusions

In conclusion, a metal-free synthesis of benzo [b] 1,5 dioxocines from unique ynamides tethered to propargylic ethers was developed. According to DFT calculations, a regioselective O-alkylation is favored, with the enolate adding to the proximal side of the N-allenamide to provide eight-membered rings with two embedded enols and a hemiaminal. The tether on the terminal side of the ynamide as well as both substituents on the nitrogen atom could be modified, highlighting the potential of this transformation to access diverse, highly functionalized substructures. This method constitutes a sustainable and green approach to access shelf-stable eight-membered O-
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Fig. 1

 1 Fig. 1 Bioactive benzo [b] 1,5 dioxocines.

Scheme 1

 1 Scheme 1 Construction of eight-membered O-heterocyclic rings

Scheme 8 :

 8 Scheme 8: Acid catalyzed hydratation of 6p.

Fig. 2

 2 Fig. 2 Computed energy profiles (in terms of ΔG kcal/mol) for the reaction pathways A and B.

Table 1

 1 Optimization.

	Entry	Solvent	Base (equiv)	Time	Yields (%) [b]
	1	THF	Cs2CO3 (2)	3 h	20
	2	THF	Et3N (3)	12 h	25
	3	THF	DBU (2)	12 h	22
	4	THF	t-BuOK (2)	12 h	Traces [c]
	5	THF	Triton B (2.5) 40% in H2O	1 h	10
	6	THF	Triton B (2) in 40% MeOH	3 h	63
	7	THF	Triton B (2) 40% in MeOH	1 h	68
	8	Dioxane	Triton B (2) 40% in MeOH	1 h	65
	9	MeCN	Triton B (2) 40% in MeOH	3 h	52
	10	MeOH	Triton B (2) 40% in MeOH	12 h	-

Table 1

 1 as well as a non-protic, apolar solvent such as THF seems to be crucial to allow an appropriate deprotection of the propargylic methylenes (Table1, entry 10). By using another quaternary ammonium salt such as tetra-n-butylammonium fluoride (TBAF), the starting material was predominantly isolated, and only traces of the desired heterocycle 6a were obtained (Table1, entry 11), probably because of the water present in TBAF.

, entry 7). Changing the solvent to dioxane and acetonitrile led to a slight erosion of the yield (Table

1

, entries 8, 9). When we used Triton B in methanol as solvent, only starting material was recovered. A minimal quantity of Please do not adjust margins Please do not adjust margins methanol Scheme 4 Scope of the synthesis with regard to the amine moiety.

Scheme 9

 9 Plausible reaction mechanisms.To validate this hypothesis, both mechanisms were studied using Density Functional Theory (DFT) approaches. The level of theory used and all computed structures are reported in the Supporting Information. In all steps, one molecule of methanol and one molecule of methoxide were explicitly considered to stabilize possible intermediates and transition states. Bulk solvent effect were also included using an implicit solvation model (see Computational Details in the Supporting Information) Computed pathways in term of Gibbs free energy (ΔG) are reported in figure2. Corresponding total energy profiles together with ΔG profiles on a larger scale are reported in the Supporting Information. First of all, we can note that compound I-A is 4.26 kcal/mol more stable than compound I-B. These two systems differ regarding the position of the coordination of the methanol and the methoxide molecules, the latter being close to the propargylic methylene group for pathway A and close to the acyl group in the case of pathway B. From these starting points, deprotonation can occur via first

transition states (TS 1-A, TS 1-B, respectively) leading to the deprotonated intermediates (II-A, II-B), pathway A being always more stable than pathway B. At this point, intermediate II-B undergoes O-cyclization on the ynamide moiety with an activation barrier of 22 kcal/mol leading to intermediate IV-B after protonation of the eight-membered ring. On the other hand, intermediate II-A leads after protonation, with an activation energy of only 5 kcal/mol to N-allenamide III-A.
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