Silver-catalyzed domino reaction of CF 3 -substituted N-allenamides with primary amines for the construction of 2-amido-5-fluoropyrroles.

Maxime Hourtoule, [a] Laurence Miesch * [a] [a] Equipe Synthèse Organique et Phytochimie, Institut de Chimie, CNRS-UdS, UMR 7177, 4 rue Blaise Pascal, CS 90032, 67081 Strasbourg, France E-mail: lmiesch@unistra.fr ABSTRACT: We report herein a domino reaction to construct 2-amido-5-fluoropyrroles from CF 3 -substituted N-allenamides. The in situ generated gem-difluorinated ene-ynamides derived from CF 3 -substituted N-allenamides, when subjected to silver catalysis with a primary amine, undergo simultaneous hydroamination of the ynamide moiety followed by a 5-endo-trig addition/-fluoride elimination sequence, enabling the construction of 2-amido-5-fluoropyrroles. This transformation features excellent functional group compatibility. By employing 2-aminophenols, functionalized benzo-oxazoles were produced.

A survey of structural diversity of pharmacophores in a dataset of small molecules disclosed that the percentage and incidence of nitrogen heterocycles keeps growing. [START_REF] Bhutani | FDA Approved Drugs from 2015-June 2020: A Perspective[END_REF] From 2015 to 2020, 38 drugs containing one or more fluorine atoms on an aromatic ring system have been approved by the Food and Drug Administration (FDA). Moreover, the survey pinpointed that drugs with a tactical introduction of a fluorine atom on aromatic moieties increases the therapeutic potential. 1

Figure 1. Bioactive agents containing pyrroles.

In this regard Pyrroles that are 5-membered nitrogencontaining heterocycles are key components in chlorophyll, hemoglobin, and cytochrome and thus play a vital role in a diverse array of living systems. [START_REF] Wang | Phosphine-Catalyzed Dearomative [3 + ] Cycloaddition of Benzoxazoles with a Cyclopropenone[END_REF] This cyclic motif can also be found in pharmaceutical compounds as illustrated in Figure 1. 3 Among this family, fluoropyrroles have been identified as valuable pharmacophores exhibiting significant biological activities. 4 Despite their attractive features, only limited protocols have been developed for the synthesis of fluoropyrroles (Scheme 1). Fluorinated pyrroles are currently predominantly generated through functionalization of pre-existent pyrroles. 4,5 For example, fluoro-decarboxylation of pyrrole acids by 1chloromethyl-4-fluoro-1,4 diazoniabicyclo [2.2.2]octane bis(tetrafluoroborate) (F-TEDA-BF 4 ) in a two phase CH 2 Cl 2aqueous NaHCO 3 system led to the corresponding fluoropyrroles with modest yields. [START_REF] Wang | Fluoro-Decarboxylation of Pyrrolecarboxylic Acids by F-TEDA-BF 4a Convenient General Synthesis of Fluoropyrroles[END_REF] An elegant method wherein gemdifluoropropyl ketones have been transformed through proximal ring opening and exposed to nitriles provided 2fluoropyrroles smoothly. [START_REF] Yang | A Novel Reaction of Gem-Difluorocyclopropyl Ketones with Nitriles Leading to 2-Fluoropyrroles[END_REF] A tandem S N 2'/S N v on trifluoromethyl-substituted ,-unsaturated carbonyl compounds followed by treatment with LiCl in DMF at 165 °C provided access to a 2-fluoropyrrole. [START_REF] Yang | Synthesis of 2-Fluoro-2-Pyrrolines via Tandem Reaction of α-Trifluoromethyl-α,β-Unsaturated Carbonyl Compounds with N-Tosylated 2-Aminomalonates[END_REF] Another example of late stage functionalization is given through hydroamination and cyclization of 2-trifluoromethyl-1,3-enynes followed by treatment with N-fluorobenzenesulfonimide (NFSI), leading to the corresponding fluoro-pyrrole in 47% yield. [START_REF] Zhou | Silver-Catalysed Tandem Hydroamination and Cyclization of 2-Trifluoromethyl-1,3-Enynes with Primary Amines: Modular Entry to 4-Trifluoromethyl-3-Pyrrolines[END_REF] Although effective, the major obstacle of these transformations lies in the extended syntheses of the requisite precursors, the lack of selectivities, and the modest yields obtained (Scheme 1). In view of the limited approaches for the incorporation of fluorine on pyrroles and our interest in ynamide chemistry 10 , we envisioned that gem-difluorinated ene-ynamides 11 could be employed to generate fluorinated pyrroles via hydroamination followed by cyclization. Herein we report that 2-amido-5-fluoropyrroles are obtained from CF 3 -substituted N-allenamides with primary amines in a domino process. Given the regioselective reactivity of ynamides and inspired by literature precedents on the hydroamination of ynamides, [START_REF] Kramer | Highly Regioselective Au(I)-Catalyzed Hydroamination of Ynamides and Propiolic Acid Derivatives with Anilines[END_REF] we examined first the possibility of exploiting silver catalysts for a regioselective addition of primary amines on ene-ynamides. Scheme 2. Synthesis of 2-amido-5-fluoropyrrole in a sequential process.

To support our idea, we subjected gem-difluorinated eneynamide 2a [START_REF] Hourtoule | Regio-and Stereoselective Addition to Gem -Difluorinated Ene-Ynamides: Access to Stereodefined Fluorinated Dienes[END_REF] to addition of benzylamine in the presence of silver bistriflimide (AgNTf 2 ) to activate the ynamide moiety according to our previous observations. 10a Surprisingly, we obtained directly the corresponding 2-amido-5-fluoropyrrole 3a in 37% yield. These observations can be linked to Ichikawa's pioneering work on silver-catalyzed vinylic bond activation. Indeed, addition-elimination reactions of 1,1difluoroalkenes with nucleophiles can be achieved via silvercatalyzed activation and -fluoride elimination. 13 A short screening of silver salts revealed that silver nitrate (AgNO 3 ) [START_REF] Zhou | Silver-Catalysed Tandem Hydroamination and Cyclization of 2-Trifluoromethyl-1,3-Enynes with Primary Amines: Modular Entry to 4-Trifluoromethyl-3-Pyrrolines[END_REF] is more suitable in terms of purity of the reaction mixture (Scheme 2). Encouraged by the outcome of this reaction, we attempted this transformation by adding the base, the catalyst, and the primary amine into the same pot directly to the CF 3 -substituted N-allenamide. We were pleased to obtain the desired 2-amido-5-fluoro-pyrrole with a similar yield (Table 1, entry 1). X-Ray analyses of 3a confirmed the structure of the fluorinated pyrrole 3a obtained (CCDC 2223314 contains the supplementary crystallographic data for the structure). 14 Notably, this domino process encompassed four different reactions, i.e., deprotonation of trifluoromethylated N-allenamides/extrusion of fluoride and hydroamination of the ynamide moiety followed by a 5-endo-trig addition/-fluoride elimination sequence. This transformation therefore constitutes a very efficient access to 2-amido-5-fluoropyrroles. To optimize the reaction conditions further, we screened different solvents. The domino process is more effective in dichloromethane (Table 1, entry 2). We observed an erosion of the yield in DMF, 2-methyl-THF, and DMSO (Table 1, entries 3-5). In acetonitrile and THF, 2-amido-5-fluoropyrrole 3a was obtained at 0 °C, but in the latter solvent the product was isolated with impurities (Table 1, entries 6-7). Although we obtained a clean compound in toluene, raising the temperature and the reaction time in this case was detrimental for the outcome of the reaction (Table 1, entries 8-9). In acetone, only degradation of the starting material was perceived ( [c] 4 AgNO 3 2-MeTHF 4 19

5 [d] AgNO 3 DMSO 1 17

6 [e] AgNO 3 MeCN 2 23 [f] 7 [e] AgNO 3 THF 2 42 [f] 8 [e] AgNO 3 PhMe 4 45 9 AgNO 3 PhMe 20 27

10 [e] AgNO 3 acetone 20 - [f] 11 AgNTf 2 CH 2 Cl 2 3 23

12 [e] Ag 2 CO 3 CH 2 Cl 2 2 16 13 Au(Me 2 S)Cl [h] /AgNTf 2 CH 2 Cl 2 5 24 [f] [a] Reaction conditions: to a solution of 1a (0.15 mmol) in solvent (3 mL), t-BuOK (3 equiv), benzylamine (3 equiv) and cat (20 mol %) was added at 0 °C. [b] isolated yields. [c] 24% of 2a was recovered. [d] reaction was performed at rt. [e] reaction was performed at 0 °C. [f] isolated with impurities. [g] degradation of the starting material was observed.

[h] 10 mol% of catalysts were used.

With suitable reaction conditions in hand (Table 1, entry 2), we investigated the scope of the reaction (Scheme 3). We first examined the substituents on the nitrogen atom. Linear alkyls (3b), cyclic alkyls (3c-3d), as well as aryl derivatives (3a,3j-3n) on the nitrogen atom were accommodated. Gratifyingly, functionalized side chains suitable for late-stage transformations could be installed on the pyrrole ring through this transformation. In particular, unsaturated side chains with different carbon linker chains (3e-3f), nitriles (3h), protected aldehydes (3i), and trifluorinated side-chains (3j) were successfully adapted. Good yields were also obtained through modification of the electron-withdrawing group on the nitrogen atom (3b,3p-3q)

We also focused on the modification of the primary amine. Consequently, a wide functional group compatibility was witnessed on the nitrogen atom of the pyrrole ring. Substituents such fluorinated benzyl (3k), unsaturated side chains (3f, 3g), cyclopropyl (3l), methyl ester (3m), difluoroethyl (3n), and morpholine derivatives proved to be efficient and produced the corresponding pyrroles (3o-3q). Scheme 3. Scope of the synthesis of 2-amino-5fluoropyrroles.

Based on these experiments, we wondered whether a combination of both functional groups (an alcohol and a primary amine) in the same molecule would be effective in this process. Thus, we conducted this transformation with ethanolamine instead of a simple primary amine. Remarkably, we observed the formation of oxazole 4a, featuring a subsidiary addition of an alkoxy group during the process. Although attractive, this reaction took place with a modest yield of 38% (Scheme 4).

Scheme 4. Synthesis of oxazole 4a.

In contrast, when we exposed either the Z-or E-configured monofluorinated ene-ynamides substituted with a primary amine to silver catalysis, we observed a more efficient formation of the same oxazole 4b (Scheme 5). X-ray analyses of 4a obtained (CCDC 2238832 contains the supplementary crystallographic data for the structure). 15 Scheme 5. Synthesis of oxazole 4b from monofluorinated ene-ynamide 5b.

In addition, when a mixture of E-and Z-configured monofluorinated ene-ynamides 5b was subjected to the silver catalyst, oxazole 4b was solely formed with 63% yield (Scheme 6). The benzopyrrolo-oxazole scaffold embedded herein is a relevant substructure of many bioactive compounds. 16 This process gains in flexibility because it is possible to circumvent the fastidious separation of the diastereoisomers 5b-E and 5b-Z as they both lead to the same oxazole 4b. With establishment of this viable process, we explored the scope of this approach. It was possible to substitute the phenyl ring of the aminophenol (4c-4d), and the naphthalene substrructure (4e) was readily accommodated. Functionalization of the side chain on the nitrogen atom was compatible as well (compound 4f), although 2-amino-benzenethiol (4g) was not a suitable substrate for this transformation.

Scheme 6. Scope of the synthesis of oxazoles.

Regarding the domino reaction providing pyrroles, we wondered whether it would be possible to include an iodination step in the process to enhance the functionality of the targeted molecule. 17 The CF 3 -substituted N-allenamide was converted directly into highly functionalized iodo-5-fluoropyrrole 6 in 44% yield through a five-step process (Scheme 7).

Scheme 7. Domino reaction for the synthesis of iodopyrroles

Additionally, the requisite functionalized fluoropyrroles 3f and 3g were directly transformed into medium-sized ring systems via metathesis reactions to form pyrrolo [1,2-a][1,3]diazepines 7 and diazonines 8 with good yields (Scheme 8). 12c

Scheme 8. Post-functionalization reactions.

Based on our experimental findings, we postulate the following mechanism. The reaction starts with the deprotonation of trifluoromethylated N-allenamides and the extrusion of fluoride, providing gem-difluorinated ene-ynamides 2. [START_REF] Hourtoule | Regio-and Stereoselective Addition to Gem -Difluorinated Ene-Ynamides: Access to Stereodefined Fluorinated Dienes[END_REF] Silver-catalyzed activation of the ynamide moiety allows addi-tion of the primary amine on the ketene-iminium ion A, 10a,12a,12c leading to difluorinated diene B. The coordination of Ag(I) to vinylic C-F induces 5-endo-trig addition of the amino-group to form the nitrogen-containing five-membered ring D. -Elimination of AgF 13a delivers the 2-amido-5fluoropyrroles 3. When amino-phenols are employed addition of the phenolate to the difluorinated alkene moiety resulted in the formation of monofluorinated ene-ynamide substituted with an alkoxy group 5. [START_REF] Hourtoule | Regio-and Stereoselective Addition to Gem -Difluorinated Ene-Ynamides: Access to Stereodefined Fluorinated Dienes[END_REF] Hydroamination of the ynamide moiety provides the eight-membered benzoxazole F. Subsequent transannular reaction causes the formation of oxazole 4 (Scheme 9).

In conclusion, we present a hydroamination followed by a 5endo-trig addition/-fluoride elimination sequence of gemdifluorinated ene-ynamides with primary amines. The latter were obtained though base-promoted treatment of CF 3substituted N-allenamides. This transformation exhibits high modularity, allowing straightforward access to a wide range of highly functionalized 2-amido-5-fluoropyrroles. Good yields were obtained for this operationally simple process involving four reactions in one pot. An intramolecular version of this process led to the synthesis of tricyclic oxazoles from monofluorinated ene-ynamides bearing a primary amine. Scheme 9. Proposed reaction mechanism.

Late-stage functionalization is possible, but additionally metathesis reactions were carried out on appropriate substrates to provide access to medium-sized nitrogen-containing frameworks.

ASSOCIATED CONTENT

Supporting Information. The Supporting Information is available free of charge on the ACS Publications website. General methods, synthetic procedures, characterization data and copies of 1 H, 13 C and 19 F NMR spectra and X-ray crystallography data.

CCDC 2223314 and 2238832 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

Scheme 1 .

 1 Scheme 1. Synthetic routes to fluorinated pyrroles.
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 1 entry 10). Moderate yields were noticed when AgNTf 2 , Ag 2 CO 3 , or even a gold catalyst was used (Table1, entries 11-13).

Table 1 . Optimization of the reaction conditions. [a]

 1 

	entry	cat	solvent	time	yield [%]
				(h)	[b]
	1	AgNO 3	DCE	4	34
	2	AgNO 3	CH 2 Cl 2	4	58
	3	AgNO 3	DMF	4	22
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