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Introduction

2-Alkynylpyridines exhibit interesting biological properties as second mitochondria-derived activator of caspases (SMAC) mimetics. These molecules could be applied for the treatment and prevention of abnormal cell proliferation in cancer diseases [1,2]. Additionally, 2-alkynylpyridines represent synthetically relevant intermediates in organic synthesis, because their triple bonds could readily undergo diverse transformations, such as annulation [3], cyclization [4], or 1,3-dipolar cycloaddition [5]. In this context, these compounds contribute to the construction of a large array of heterocyclic frameworks, including azaindoles [6,7], furo [3,4-b]pyridines [8], indolizines [9], isoquinolines [10], aryl-substituted pyridines [11], and N-metallacycles [12]. As a result, the construction of functionalized 2-alkynylpyridines constitutes an attractive challenge, considering the synthetic and biological aspects of this scaffold.

We have recently developed a practical route to access iodo-selenopyridine derivatives [13]. We envisaged the functionalization of these selenopyridines, through a Sonogashira cross-coupling reaction. First, a reaction was performed with diarylselenium 1a and 1-hexyne (2a). Surprisingly, the desired product 4 was not obtained, but 2-alkynylpyridine 3a was isolated with 91% yield (Scheme 1).

In view of this unexpected result (Scheme 1), we focused our studies around the construction of 2-alkynylpyridines derivatives [14][15][16][17][18][19][20][21][22][23][24][25]. In addition, some DFT calculations were performed to enlighten the origin of this result, thus providing mechanistic insights into this access to the alkynylpyridine pattern.

Results and discussion

In light of the preliminary result, we thus investigated the scope of this reaction in the presence of diverse diarylselenium compounds. As depicted in Table 1, this method allows the access to a wide range of 2-alkynylpyridines from a large array of selenopyridines and diverse aryl/alkyl terminal alkynes. From selenopyridine 1a, alkynylpyridines 3a-e were obtained in good to excellent yields (71-91%, Table 1, entries 1 to 5). The reaction was also well-tolerated in the presence of 2-ethynylpyridine, with 75% yield (entry 6). Cross-coupling reactions [START_REF]Iodo-selenopyridine derivatives 1 (Table 1) were also evaluated in additional cross-coupling reactions. The Suzuki coupling was attempted with 1 (X = indene-1,3-dione) with phenyl boronic acid (2.0 equiv), Pd(OAc) 2 (5 mol%), K 2 CO 3 (3.0 equiv), CataCXium A (0.1 equiv) in DMF (0.3 M) at 90 °C for 48 h, affording the recovered starting material. The Heck reaction was performed with 1 (X = 2,2-dimethyl-1,3-dioxane) in standard conditions (tert-butyl acrylate (3.5 equiv), Pd(OAc) 2 (20 mol%), K 2 CO 3 (1.0 equiv), P t Bu 3 (2.0 equiv)[END_REF], performed in the presence of 1b [START_REF]For the synthesis of 1b-1f[END_REF], provided the desired compounds in 50 to 86% yields (Table 1, entries 7 to 11). The structure of 3i was confirmed by 2D NMR (NOESY experiment, cf. Supporting Information). It is noticeable that the reaction involving phenylacetylene led to pyridine derivatives with lower yields, probably due to steric effects (Table 1, entry 10). A good tolerance was also noted with the selenopyridines 1c and 1d [START_REF]For the synthesis of 1b-1f[END_REF], bearing an oxygen atom or a diketone group, affording the expected alkynylpyridines 3l-o with high yields (68 to 94%). Moreover, the preparation of unsymmetrical alkynylpyridines was envisaged with selenium derivatives 1e and 1f [START_REF]For the synthesis of 1b-1f[END_REF], furnishing the corresponding products 3p and 3q in 97 and 54% yield, respectively. In the course of understanding the mechanism, the reaction between selenopyridine 1a and 1-hexyne (2a) was conducted without copper iodide and palladium catalyst (Table 2, entry 1). No cross-coupling occurred and the starting materials (1a and 2a) were recovered. Moreover, no reaction occurred in the presence of either CuI or PdCl 2 (PPh 3 ) 2 alone (Table 2, entries 2 and 3). With solely CuI, the Glaser homo-coupling product was formed, suggesting that the presence of the homo-coupling diyne product arose from this off-cycle pathway [START_REF] Glaser | [END_REF]29]. An amine base was also required for the reaction, because the desired product 3a was not observed in the absence of triethylamine (Table 2, entry 4).

Replacing the -SeArI functional group by -SeMes delivered 3a in 42% yield under the same reaction conditions demonstrating that the iodo group is not mandatory for the transformation.

To explain the preferred alkynylation of the C Se bond of the 2-selenopyridyl moiety compared to the classic alkynylation of the C I bond in the methodology described herein, DFT calculations were performed. Pd(0)(PMe 3 ) 2 , 2-iodophenyl-2-pyridylselenide A and the preformed copper acetylide MeC CCu(THF) B were used as computational models. Three different pathways were investigated (Scheme 2) and are discussed thereafter.

The first pathway relies on a Cu(I)/Cu(III) cross-coupling catalytic cycle involving a key oxidative addition step of the copper catalyst into the C Se bond, excluding any role of the palladium in the catalytic process (Scheme 2a) [START_REF] Font | For recent examples of Cu(I)/Cu(III) catalytic cycles involving the formation of C Se bonds[END_REF]. A high 32.7 kcal•mol -1 barrier has been computed for this pathway, which would be challenging to overcome under the reaction conditions. This explains why no reactivity is observed when the copper catalyst is used alone (Table 2, entry 2). . Taking into account of these mechanistic investigations, a plausible catalytic cycle for the transformation reported in this work is thus suggested in Scheme 4. This catalytic cycle displays two interconnected cycles, the first one relying on palladium catalysis, leading to the activation of the C Se bond of the substrate, the second one relying on the formation of the copper acetylide involved in a key copper-to-palladium transmetalation step.

Conclusion

In summary, the unexpected formation of 2-alkynylpyridines obtained from iodo-selenopyridines through a palladium/copper co-catalytic system was reported. This transformation provides a broad array of substrates in good to excellent yields. Mechanistic studies demonstrated that the key step of this transformation is a selective activation of the C Se bond of the starting iodo-selenopyridine, which undergoes oxidative addition of the palladium(0) catalyst, whereas the C I bond remains unreactive. DFT calculations suggest that this selectivity originates from the existence of a low-energy Meisenheimer intermediate obtained in the course of the C Se bond activation. This intermediate evolves toward a pyridylpalladium(II) species. A copper-to-palla dium transmetalation between the latter and an acetylide copper(I) species followed by a reductive elimination leads to the 2-alkynylpyridine product. 
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Experimental

General procedure for the synthesis of 2-alkynylpyridines

In a round-bottom flask, PdCl 2 (PPh 3 ) 2 (20 mol%) and CuI (10 mol%) were solubilized in THF (1.5 mL) and NEt 3 (1.5 mL). The yellow solution was stirred for 10 min. A mixture of selenopyridine 1 (1.0 eq) and alkyne 2 (4.0 eq) in THF (1.5 mL) and NEt 3 (1.5 mL) was then added. The reaction was stirred at 50 °C for 8 h. The crude mixture was then quenched with a saturated aqueous solution of ammo nium chloride. The organic layer was extracted with ethyl acetate (x3), washed with water, dried over MgSO 4 , filtered and concentrated under reduced pressure. The residue was purified by flash chromatography over silica gel to afford the corresponding alkynylpyridines. 
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 1 Scheme 1. Synthesis of 2-alkynylpyridine 3a.
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 1 Subsequently, we sought to compare the respective barriers of the C I (Scheme 2b) and C Se (Scheme 2c) bond activation by oxidative addition at the Pd(0) catalyst. Computation of the oxidative addition of Pd(0)(PMe 3 ) 2 onto the C I bond of A occurs through a classic three-center oxidative addition transition state (TS 2 , Scheme 2b) with a modest 14.3 kcal•mol -1 barrier, leading to the stable palladium(II) adduct D (exothermicity of 24.1 kcal•mol-1 with respect to the reactants). Interestingly, the analysis of the potential energy surface for the oxidative addition occurring at the C Se bond (Scheme 2c) revealed that a pre-complex involving the diarylselenide A as a σ-acceptor ligand to the Pd(0) center could be formed in an endothermic step (formation of E, with a computed 11.3 kcal•mol -1 barrier). Complex E then evolves in a barrierless process toward the formation of a Meisenheimer-type intermediate F, stabilized by 1.4 kcal•mol -1 with respect to E, which involves a palladium(II) center obtained by quaternization of the C 2 atom of the pyridyl ring (Scheme 2c). Accordingly, an analysis of the Mulliken charge borne by the palladium atom and by the pyridyl moiety in reactants A and Pd(0)(PMe 3 ) 2 on one hand and on the stable Meisen heimer adduct F on the other hand supports the hypothesis of a charge transfer from the palladium center of Pd(0)(PMe 3 ) 2 onto the pyridyl ring in the course of formation of F. Charge borne by palladium indeed evolves from +0.04 |e| in Pd(0)(PMe 3 ) 2 to +0.48 |e| in F, whereas the charge borne by the pyridyl group evolves from +0.09 |e| in A to -0.30 |e| in F. Adduct F prefigures the breaking of the C Se bond, which increases from 1.93 Å in E to 2.31 Å in F. Evolution of F finally provides the diarylpalladium(II) species G, which formally represents the oxidative addition product of Pd(0)(PMe 3 ) 2 into the C Se bond of A. It is interesting to note that G is obtained with a small exothermicity with respect to the reactants (overall exothermicity of 2.3 kcal•mol -Scheme 2c): this echoes the similar trend for the activation of C S bonds by oxidative addition of nickel(0) complexes, which proved to be easily reversible [31]. Comparison of the three pathways computed in Scheme 2 shows that the activation of the C Se bond of A is preferred over the activation of the C I bond by ca. 3 kcal•mol -1 (which corresponds to the free energy difference between the rate-determining steps in Scheme 2b and c, respectively leading to the formation of TS 2 and E). This can explain the selective functionalization of the C Se bond observed in this report. These results in hand, the following pathway has been computed for the formation of the observed 2-alkynylpyridine from species G (Scheme 3). B can undergo a transmetalation reaction with G, affording the palladium(II) pyridyl-acetylide H, as well as copper(I) selenide (2-C 6 H 4 ISe)Cu(THF). The latter can then enter a new copper catalytic cycle to later afford copper(I) acetylide B. H finally affords the observed 2-alkynylpyridine I via TS 3 (with a computed 14.3 kcal•mol -1 barrier), with a global exothermicity of 26.0 kcal•mol -1
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 323 Scheme 2. Competitive pathways investigated by DFT computation.
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 2 DFT calculations DFT calculations were performed using the Gaussian 09 code. See Gaussian 09, Revision D.01, M. J. Frisch et al., Gaussian, Inc., Wallingford CT, 2013, and see SI for additional details.
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 4 Scheme 4. Postulated reaction mechanism.

Table 1

 1 Tran et al. Catalysis Communications xxx (xxxx) xxx-xxx Synthesis of 2-alkynylpyridines via palladium-catalyzed cross-coupling.a

	Entry	Product	Yield (%) b	Entry	Product	Yield (%) b
	1	3a	91	10	3j	50
	2	3b	80	11	3k	72
	3	3c	82	12	3l	68
	4	3d	81	13	3m	89
	5	3e	71	14	3n	88
	6	3f	75	15	3o	94
	7	3g	72	16	3p	97
	8	3h	80	17	3q	54
	9	3i	86			

a Reaction conditions: 1 (0.1-0.3 mmol), 2 (4.0 equiv), PdCl 2 (PPh 3 ) 2 (20 mol%), CuI (10 mol%), NEt 3 (3 mL), THF (3 mL), 50 °C, 8 h. b Isolated yield.

Table 2

 2 Coupling reaction for mechanistic insights with selenopyridine 1a.

	Entry	Reaction conditions
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