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Mesoionics are an old, intriguing class of dipoles often considered as exotic structures, even within the heterocyclic community. As a consequence, their chemistry and reactivity have been only sporadically explored; a rapid survey of literature indicates that less than 5% of the possible mesoionic structures have been described. [START_REF] Lopchuk | For reviews on mesoionics[END_REF] These compounds were originally defined as dipolar five-membered heterocycles with multiple aromatic resonances that cannot be satisfactorily represented without charge separation. Pioneering investigations into this class of compounds began in the early 1930s [START_REF] Earl | The Action of Acetic Anhydride on N-nitrosophenylglycine and Some of its Derivatives[END_REF] and were significantly furthered by Huisgen in the 1960s who worked extensively on sydnones and münchnones. [START_REF] Huisgen | 1,3-Dipolar Additions of Sydnones to Alkynes. A New Route into the Pyrazoles Series[END_REF] These two mesoionics are still the most described in the literature and have been essentially used as dipoles in non-catalyzed, thermal cycloaddition reactions. [4] Recently, we reported that copper salts are able to catalyze the 1,3-dipolar cycloaddition of sydnones with terminal alkynes leading to 1,4-pyrazoles under mild conditions and with complete control over regioselectivity. [5] The reaction involves the copper-controlled [3+2] cycloaddition followed by a retro-Diels Alder (rDA) step leading to pyrazole with the concomitant extrusion of CO2 (Figure 1). Given that the reactivity of mesoionic compounds is still largely unexplored, we questioned whether other mesoionics would react under copper catalysis in presence of terminal alkynes. In this contribution, we designed and used a MS-screening approach to explore the capability of a library of selected mesoionics to undergo the [3+2]/rDA sequence with terminal alkynes under copper-catalysis. The screening allowed the identification of the unprecedented ligand dependent reactivity of aza-iminosydnones to access N-2-aryl-1,2,3-triazoles and hydrazineylidene-propanal derivatives. The screening method consists in attaching a MS-tag to the alkyne molecule to allow rapid and specific detection of tagged molecules by ESI-MS. [6] After reaction in the presence of mesoionics and copper catalysts, the MS-tagged products can be directly detected without work-up (Figure 1b). The core experiment was conducted with a series of 24 designed mesoionics 1-24 (Figure 2b) which were mixed with the tris (2,4,6,-trimethoxyphenyl)-phosphonium TMPP-tagged terminal alkyne. Most of these mesoionics are known to undergo thermal cycloaddition with alkynes at elevated temperatures. [1a] Each combination was then exposed to one set of reaction conditions in presence of a copper complex obtained after addition of CuSO4, sodium ascorbate and one of the nine selected ligands A-I. The corresponding 216 reactions were run overnight at room temperature and screened in few hours by direct MS analysis of the crude reactions. The results, indicated in Figure 2d, confirmed the reactivity of N-phenyl-sydnones 2 and 3 but also revealed new mesoionics 4, 8, 11, 13, 18 and 19, which were able to react with terminal alkynes in the presence of copper salts. However, only two, the iminosydnone 4 and the aza-iminosydnone 13 afforded reasonable yields under the tested conditions and were therefore the subject of our attention. Both reactions were reproduced in flask, on mmol scale with phenylbutyne as model alkyne, to isolate and identify the products.

Reaction of 4 with one equivalent of phenylbutyne, copper and ligand B gave two products, a pyrazole together with an urea product, in low yields at room temperature and moderate yields upon heating at 60 °C (Scheme 1a). Attempts to improve the reaction efficiency were unsuccessful. (Scheme 1b). In both cases, iPr-isocyanate R2 was formed as released product. To our delight, we found that the reaction was still efficient with only catalytic amounts of copper at room temperature (for optimization studies see Tables S1 andS2); attempts to improve the catalytic system by MSscreening of a library of 11 metals (including Au, Ag, Ru, Zn and Ni salts) and 29 ligands (used with 1:1 and 1:5 ratios compared to metal) were unsuccessful (Figures S9 andS10). We next investigated the influence of substrate structures and found that the reaction is highly dependent on the structure of both the mesoionic and the alkyne substrate. (Table 1).

Scheme 1.

Interesting reactions revealed by MS-screening.

[a] isolated yields, [b] ratio determined by NMR of the crude reaction mixture.

Table 1. Influence of Cu-ligands and substrates on the reaction [a] Entry R R' Ligand Yield [b] C2 : C3 [c] [a] Experiments were carried out overnight at 0.1 M with 0.2 equiv. of copper and ligand, 1.5 equiv. mesoionic, 1 equiv. of triethanolamine and Na. Asc. [b] Global (C2 + C3) isolated yields.

[c] C2/C3 ratios were determined by NMR on crude reaction mixture.

Bulky tert-butyl substitution on the hexocyclic nitrogen atom of the mesoionic was found particularly important for the efficiency of the process and no reaction took place when an aryl or a benzoyl is linked at this position (entries 1-6 in Table 1). Alkynes bearing a heteroatom in propargylic position and the use of ligand E favoured the formation of product C3 (compare entries 7-9 and 10-12 in Table 1) whereas regular alkynes and ligand A favoured the formation of triazoles C2 in good yields and selectivity. With this information in our hands, we looked at the scope of the reactions under the optimized conditions. As illustrated in Scheme 2, the reactions showed good function tolerances and the desired triazoles or hydrazono-aldehydes products were obtained as the major products when using the proper copper ligand.

Scheme 2. Scope of the reactions. Reactions were carried out at 0.1 M with 0.2 equiv. of copper and ligand, 1.5 equiv. of mesoionic, 1 equiv. of triethanolamine (TEA) and 1 equiv. of sodium ascorbate (Na. Asc.). % values correspond to isolated yields of the major product. C2/C3 ratios were determined by NMR on the crude reaction mixtures.

In general, the use of ligand A allowed the formation of the desired triazole with excellent selectivity. The presence of substituents on the aromatic moiety of the mesoionic did not affect reactivity. On the other hand, the presence of ligand E and an oxygen or nitrogen atom in propargylic position highly favored the formation of the corresponding aldehyde C3, suggesting a possible internal coordination with the copper center. In addition, the peculiar structures of C2-14

and C3-8 were unambiguously confirmed by X-ray crystallography. Both reactions proceeded well with multi-functionalized substrates such as sugars (C2-16, C3-5 and C3-6) and peptides (C2-15 and C3-2), derivatization of the nonsteroidal anti-inflammatory drug indomethacin was also effective (C3-7). However, the reactions showed also some limitations in term of alkyne substrate scope: disubstituted alkynes were found inactive and ynamides, hindered or sulfur containing alkynes were poor substrates for the reaction (Figures S11-12). With the exception of these types of alkynes, the reaction was found quite effective on a large panel of substrates. It is worth noting that the development of practical and efficient methods for both N-2-substitued-1,2,3-triazoles C2 [7] and aldehydes derivatives C3 [8] received only limited attention. Compared to these known methodologies, the described reaction presents milder conditions and better functional group tolerance therefore representing an interesting alternative method to prepare these products known for their photo-physical and biological properties. [9] Interestingly, we then found that aza-iminosydnones are not reactive toward activated or strained alkynes: no reaction took place when mixing aza-iminosydnones with the cyclooctyne bicyclo-[6.1.0]-nonyne (BCN) or with dimethylacetylene dicarboxylate (DMAD) even at elevated temperatures. We therefore designed and synthesized the bifunctional compound 25 bearing azide and aza-iminosydnone moieties (Scheme 3). Reaction of 25 with BCN was very clean and afforded quantitatively the corresponding triazole without affecting the mesoionic structure demonstrating the perfect orthogonality of the Cucatalyzed aza-iminosydnone/alkyne reaction towards the strained-promoted azide/alkyne cycloaddition reaction (SPAAC). [START_REF] For Reviews On | From Mechanism to Mouse: A Tale of Two Bioorthogonal Reactions[END_REF] After this SPAAC step, the product was successfully converted to either bis-triazole C2-17 using the Cu-Ligand A system or to the aldehyde product using the Cu-Ligand E system which was subsequently derivatised by oxime ligation to afford C3-10. Although the obtained yield was moderate (25% for 3 steps), this experiment showed the possibility to use the Cu-catalyzed azaiminosydnone/alkyne reaction for triple ligation reactions.

To investigate the mechanism of the reaction we performed a series of experiments using isotopically enriched substrates (see supporting information for their synthesis). As shown in Scheme 4a, the use of 15 N-enriched aza-iminosydnones and 13 C-enriched heptyn-1-ol proved that the copper-catalyzed reactions are completely regioselective. In all cases, only one single labeled product was obtained demonstrating that a C-N bond is formed between the terminal sp-carbon of the alkyne and the nitrogen atom in position 4 of the mesoionic, the second formed C-N bond involving the nitrogen in position 2. The results indicated also that the formation of products C3 involves a loss of nitrogen in position 4 while experiments conducted in presence of D2O or H2 18 O suggest hydrolysis of an intermediate to form products C3 (Scheme 4a). Based on these results and on established mechanisms involving copper(I) acetylide species, [START_REF] Fokin | Enhanced Reactivity of Dinuclear Copper(I) Acetylides in Dipolar Cycloadditions[END_REF] we postulated a Reactions were carried out at 0.1 M with 0.2 equiv. of copper and ligand, 1 equiv. of TEA and 1 equiv. of Na. Asc.; IE = isotopic enrichment; b) Proposed mechanism for the Cu-catalyzed azaiminosydone-alkyne reactions.

In summary, we described in this paper the first example of a Cu-catalyzed reaction allowing both ligation of two substrates and release of a fragment molecule. The reaction involves azaiminosydnones, a family of mesoionic compounds rarely described in literature, [START_REF] Finnegan | L. 1-(Alkylamino)-guanidines[END_REF] which generate 1,2,3-triazoles or 2-hydrazineylidene-propanal derivatives depending on the Cu-ligand and the alkyne used, together with an isocyanate release product. The reaction is wide in scope, uses mild conditions and shows very good function tolerance. Besides its synthetic interest, the excellent orthogonality of the reaction with the SPAAC reaction may also find nice applications in the field of ligation reactions. Mesoionic ring systems represent a fascinating and still under-exploited collection of putative 1,3-dipoles useful for cycloaddition chemistry. This study showed how the exploration of this chemical space using high-throughput screening conducted to interesting discoveries.
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 1 Figure 1. Cu-catalyzed alkyne-mesoionic reactions, a) Cu-catalyzed sydnone-alkyne reaction;
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 2 Figure 2. Parallel reactions were carried out at 25 °C in 40 µL total volume of DMSO : H2O (60 :
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  Scheme 4. Mechanistic investigations. a) Experiments with isotopically labelled substrates.
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