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Abstract

:

The series of substituted 1,2,4-selenodiazolium tetraphenylborate complexes were synthesized via cyclization between 2-pyridylselenylchloride, followed by the anion metathesis, and fully characterized. The utilization of tetraphenylborate anion, a strong π-electron donor via its phenyl rings, promoted the formation of assemblies exhibiting selenium–π interactions. The chalcogen bonding (ChB) interactions involving the π-systems of the tetraphenylborate anion were studied using density functional theory (DFT) calculations, where “mutated” anions were used to estimate the strength of the Se···π chalcogen bonds. Moreover, molecular electrostatic potential (MEP) surfaces were used to investigate the electron-rich and poor regions of the ion pairs. The quantum theory of atoms-in-molecules (QTAIM) and the noncovalent interaction (NCI) plot methods based on the topology of the electron density were used and combined to characterize the ChBs. The investigation reported herein disclosed that the formation of symmetrical dimers can be broken by the introduction of a stronger π-acceptor and, consequently, forming stronger Se···π contacts with selenodiazolium cations.
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1. Introduction


Chalcogen bonding (ChB) is a noncovalent interaction where the chalcogen atom acts as an acceptor of electron density from an electronegative atom [1,2,3,4]. It is similar to a classical case of hydrogen bonding (HB), which is widely applied for the creation of supramolecular assemblies and extended structures (i.e., supramolecular organic frameworks (SOFs)) [5,6]. In contrast to HB, ChB has not yet received much attention in the creation of extended structures, although ChB is characterized by a remarkable directionality and strength tunability.



Recently, we discovered novel selenodiazolium salts, which were shown to be able to act as a donor of chalcogen bonds [7,8,9,10]. In some instances, the cations formed Se2N2 squares via two antiparallel Se···N ChB, which potentially could be employed as nodes for the creation of extended supramolecular structures [7,8,9,10]. However, the squares’ formation was not reliable and was dependent on the substituents in the selenodiazolium core. Thus, other noncovalent interactions could be more significant, outcompete Se2N2 squares formation, and define the packing preference. This stimulated us to search for strategies that could allow us to form Se2N2 squares in a rational way. In our recent study, we demonstrated that 1,2,4-selenodiazolium salts, carrying benzylic substituents, with weakly binding anions reliably formed supramolecular dimers featuring four center Se2N2 ChB and two selenium–arene interactions [10].



Following our interest in non-covalent interactions and chalcogen heterocycles [11,12,13,14,15], here we demonstrate that the symmetrical dimers could be broken by the introduction of BPh4 anion, which is a stronger acceptor of ChB and forms stronger Se···π contacts with selenodiazolium cations. This shows that one arene could be predictably substituted by the other one in the ChB interaction pair, if this arene is a stronger electron donor. The strength of the Se···π interactions has been evaluated using density functional theory (DFT) calculations. Computational methods are convenient not only to evaluate the energetic features of the ChB contacts, but also to investigate the physical nature of the interaction using several computational tools based on the analysis of the electron density. Moreover, the molecular electrostatic potential (MEP) surface method allows the identification of the σ-holes and their intensity. It is useful, especially in ChBs where two different σ-holes may exist, in order to analyze the competition between them and rationalize the supramolecular assemblies observed in the solid state.




2. Results and Discussion


Initial 1,2,4-selenodiazolium chlorides 1–4 were simply prepared in 85–93% yields according to our method [7,10]. Compound 2 was recrystallized from CH2Cl2 to give a single crystal, which was analyzed by the X-ray structural analysis, which showed that 2 forms Se2N2 squares in the solid form—the structural motif, which is typical for 1,2,4-selenodiazolium chlorides (Figure 1).



The addition of the saturated MeOH solution of sodium tetraphenylborate to the solution of 1–4 in MeOH resulted in the precipitation of microcrystalline solids of 5–8 (Scheme 1). Isolation and analysis of the solids (see Supplementary Materials) suggested the formation of BPh4 salts 5–8 in high yields.



Crystals suitable for X-ray structural analysis were obtained by the recrystallization of 6–10 in MeOH (Figure 2). The N–Se and C=N separations are typical for the N–Se single and C=N double bonds [16,17,18].



Compounds 6–10 featured multiple Se···π ChB contacts in the solid state; however, the geometry of Se···π interactions was slightly different in all the cases. It should be noted that Se···π interactions are relatively rare, although S···π contacts are better documented [17,18].



Interestingly, the Pr-substituted selenodiazolium salt 6 unexpectedly formed the Se2N2 square when the Cl anion was replaced by the BPh4 (Figure 2). The chloride 1 self-assembles into one-dimensional supramolecular polymers via Se∙∙∙Cl and H∙∙∙Cl interactions in the crystal [8]. This behavior of the Pr-substituted salt was unexpected; so far, we have observed the destruction of the Se2N2 square on the BPh4 addition. For 6 BPh4 anion interacted with the cation via Se···π ChB.



In contrast, the Cyp-substituted compound 7 showed no Se2N2 square formation (Figure 2), while 2 formed a dimer in the solid state (Figure 1). The situation here was opposite to what we observed for the Pr-substituted derivative. The Se atom in 7 interacted with the BPh4 anion via Se···Ph ChB (Figure 2).



The Bn and CH2Naphth derivatives 8 and 9 also did not form Se2N2 squares in the solid state (Figure 2), and this was expected. Earlier we showed that the replacement of the chloride by weakly binding anions invoked the formation of supramolecular dimers showing Se2N2 squares with two Se⋯π interactions [10]. The replacement of the Cl by the BPh4 expectedly did not result in the formation of Se2N2 squares since Se···π ChB with the BPh4 is stronger than with the neutral aryl of the selenodiazolium cation.



Finally, compound 10 also featured Se···π ChB with the BPh4; however, in contrast to the previous cases, the Se atom interacted with two BPh4 anions in a η6 fashion (Figure 2).



For the Cyp selenodiazolium derivative 11 with AuCl4 anion, we also managed to obtain single crystals and characterize them by means of the X-ray structural analysis (Figure 3). The addition of NaAuCl4 to 2 in MeOH resulted in the formation of a microcrystalline precipitate of 11 (Scheme 2). Isolation and analysis of the solids (see SI) suggested the formation of AuCl4 salt.



The structural analysis revealed that 11 also featured form Se2N2 squares in the solid state (Figure 1). A weakly binding AuCl4 anion did not invoke the square rupture in contrast to the BPh4.



In order to better understand the Se⋯π ChB in 7–10, we carried out density functional theory (DFT) studies. As a starting point, the molecular electrostatic potential (MEP) surfaces of the anion and two selenodiazolium cations (Cyp and Bn-substituted) were computed. The MEP surfaces are plotted in Figure 3, along with the values at the phenyl rings of the anion and both σ-holes of the selenium atom. Regarding the anion, the MEP surface reveals that the MEP minimum is located in the region under the influence of two phenyl rings of the anion (−103 kcal/mol) see Figure 4a. The MEP is less negative at the opposite side of the phenyl rings −89 kcal/mol. In both cations, the deeper σ-hole (124 kcal/mol) is found to be the opposite to the N–Se due to the overlap with the positive and adjacent H-atom of the pyridyl ring (see Figure 4b,c). The MEP value at the other σ-hole (opposite to C–Se bond) is almost identical in both cations and around 25 kcal/mol less positive than that opposite to the N–Se bond.



The QTAIM and NCIplot analyses combined in the same plot of the Se···π ion-pair dimers of compounds 7–10 are shown in Figure 5, accompanied by the interaction energies. For simplicity, only intermolecular interactions are represented in the QTAIM and NCI plots. In Figure 5, the bond critical points (CPs) are represented as red spheres, and bond paths are represented as orange lines. The reduced density gradient (RDG) isosurfaces (s = 0.45) are overlapped with the QTAIM analysis. Remarkably, the existence of the Se···π ChBs in all ion-pair dimers is confirmed by both QTAIM and NCIplot analyses. The QTAIM analysis shows the existence of only one bond CP and bond path connecting the Se-atom to one carbon atom of the phenyl ring. The Se···π nature of the interaction is better described by the NCIplot analysis. That is, the shape and extension of the RDG isosurfaces in all compounds are typical of π-interactions as they embrace most of the π-cloud of the aromatic rings. The interaction energies range from –54.6 kcal/mol in 7 to –65.6 kcal/mol in compound 10. These large interaction energies are due to the ion-pair nature of the dimers; that is, the existence of strong and non-directional coulombic forces. The QTAIM and NCIplot analyses also disclose the existence of additional contacts with other parts of the anion, which are CH···N,Se H-bonds in 7, π(phenyl)···π(selenodiazolium) interactions in 8 and 9, and CH···Cl H-bond in 10, all of them characterized by the corresponding bond CPs and green RDG isosurfaces. In an effort to estimate the relative contribution of the Se···π interaction without the participation of the strong coulombic forces and rest of the contacts, we have computed the dimerization energies using modified dimers. The modification consists of the replacement of the interacting phenyl ring of the anion by a hydrogen atom. As a consequence, the Se···π interaction in the ion-pair dimers is not established but the coulombic force is maintained, as well as the contacts with the other phenyl. In the modified dimers, the interaction energies are moderately reduced (see values at the bottom of Figure 5). The energy differences between the unmodified and mutated dimers correspond to a rough estimation of the Se···π energies, which range from −7.3 kcal/mol in 9 to −11.1 kcal/mol in 7. For compound 10, where two Se···π interactions are established, we have computed two mutated dimers by replacing either the phenyl group labeled A or the one labeled B with an H-atom (see Figure 5d). The Se···π energies are −7.3 kcal/mol for the phenyl A and −10.4 kcal/mol for phenyl B, in line with the relative intensity of the σ-holes opposite to C–Se, and N–Se disclosed by the MEP surface analysis.




3. Materials and Methods


Computational details. The calculations of the ion pair dimers of compounds 7–10 were performed using the Turbomole 7.2 program [19] and the X-ray coordinates. Consequently, vibrational analysis was not performed. The PBE0-D3/def2-TZVP [20,21,22,23] level of theory was used as it has been successfully used for studying similar interactions. The default convergence criterion was used for the calculations. The MEP surfaces were constructed using the 0.001 a.u. isosurface and the same level of theory. The QTAIM [24] distribution of CPs and bond paths, and NCIplot RDG isosurfaces [25] were plotted using the VMD program [26]. The following settings were used for the RDG plots: s = 0.45 a.u.; cut-off ρ = 0.04 a.u.; color scale –0.025 a.u. ≤ sign(λ2)ρ ≤ 0.025 a.u.



Synthetic part.



Di(2-pyridyl)diselenide was prepared as reported earlier [10].



Synthesis of 2. The 2-Pyridylselenyl chloride (129 µmol, 25 mg) was suspended in CH2Cl2 (3 mL), then cyanocyclopropane (100 µL) was added and the mixture was stirred at room temperature for 5 h. Colorless precipitate formed was filtered and dried under vacuum. Yield: 29 mg (85%). 1H NMR (600 MHz, D2O) δ 9.69 (d, J = 6.5 Hz, 1H, H5), 8.79 (d, J = 8.5 Hz, 1H, H8), 8.41 (t, J = 7.7 Hz, 1H, H7), 8.05 (t, J = 6.7 Hz, 1H, H6), 2.64–2.50 (m, 1H, CH), 1.45–1.22 (m, 4H, CH2). 13C NMR (151 MHz, D2O) δ 167.80 (C3), 159.60 (C9), 139.61 (C5), 136.28 (C8), 125.74 (C7), 122.89 (C6), 10.93 (CH), 6.63 (CH2). MS (ESI+), found: 224.9925 [M–Cl]+; calcd for C9H9N2Se: 224.9926.



Synthesis of 6. The 2-Pyridylselenyl chloride (119 µmol, 23 mg) was suspended in CH2Cl2 (3 mL), then PrCN (100 µL) was added, and the mixture was stirred at room temperature for 24 h. Et2O (2 mL) was added, and the colorless precipitate was filtered, dried under vacuum, and redissolved in MeOH (4 mL). Addition of the saturated MeOH solution of NaBPh4 (100 µL) resulted in the formation of microcrystalline precipitate. Yield: 54 mg (84%). 1H NMR (600 MHz, Me2CO-d6) δ 9.40 (d, J = 6.8 Hz, 1H, H5), 9.00 (d, J = 8.6 Hz, 1H, H8), 8.45 (td, J = 8.4 Hz, 1H, H7), 8.05 (td, J = 6.9 Hz, 1H, H6), 7.35 (m, J = 6.5 Hz, 8H), 6.91 (t, J = 7.4 Hz, 8H), 6.79–6.73 (t, 4H), 3.31 (t, J = 7.3 Hz, 2H), 2.83 (s, 2H), 1.14 (t, J = 7.4 Hz, 3H).



Synthesis of 7. The 2-Pyridylselenyl chloride (78 µmol, 15 mg) was suspended in CH2Cl2 (3 mL), then cyanocyclopropane (100 µL) was added, and the mixture was stirred at room temperature for 5 h. Colorless precipitate formed was filtered, dried under vacuum, and redissolved in MeOH (4 mL). Addition of the saturated MeOH solution of NaBPh4 (100 µL) resulted in the formation of yellow microcrystalline precipitate. Yield: 36 mg (86%). 1H NMR (600 MHz, Me2CO-d6) δ 9.65 (d, J = 6.7 Hz, 1H, H5), 8.92 (d, J = 8.6 Hz, 1H, H8), 8.39 (td, J = 7.9 Hz, 1H, H7), 8.01 (td, J = 7.0 Hz, 1H, H6), 7.37–7.31 (m, 8H), 6.91 (t, J = 7.4 Hz, 8H), 6.76 (t, J = 7.5 Hz, 4H), 1.38–1.27 (m, 5H). MS (ESI+), found: 224.9925 [M–BPh4]+; calcd for C9H9N2Se: 224.9926.



Synthesis of 8. The 2-Pyridylselenyl chloride (93 µmol, 18 mg) was suspended in phenylacetonitrile (1 mL) and the mixture was stirred at room temperature for 24 h. Yellow precipitate formed was filtered, dried under vacuum, and redissolved in MeOH (3 mL). Addition of the saturated MeOH solution of NaBPh4 (100 µL) resulted in the formation of microcrystalline precipitate. Yield: 31 mg (81%). 1H NMR (600 MHz, CD2Cl2) δ 10.79 (d, J = 6.8 Hz, 1H), 10.68–10.52 (m, 10H), 10.35 (m, J = 6.8 Hz, 3H), 10.26 (d, J = 7.0 Hz, 1H), 10.09 (t, J = 7.5 Hz, 8H), 9.90 (t, J = 7.2 Hz, 4H), 8.67–8.32 (t, 1H), 7.17 (s, 2H), 4.74 (s, 2H). MS (ESI+), found: 275.0082 [M–BPh4]+; calcd for C13H11N2Se: 275.0082.



Synthesis of 9. The 2-Pyridylselenyl chloride (68 µmol, 13 mg) was suspended in CH2Cl2 (2 mL) and MeOH (2 mL), then 1-naphthacetonitrile (50 mg) was added and the solution was stirred at room temperature for 4 h. Addition of EtO2 is result of colorless precipitate formed was filtered, dried under vacuum, and redissolved in MeOH (4 mL). Addition of the saturated MeOH solution of NaBPh4 (100 µL) resulted in the formation of microcrystalline precipitate. Yield: 33 mg (78%). Anal. Calcd: C41H33BN2Se: C, 76.53; H, 5.17; B, 1.68; N, 4.35; Se, 12.27. 1H NMR (600 MHz, CD2Cl2) δ 11.50 (d, J = 6.7 Hz, 1H), 11.00 (d, J = 7.3 Hz, 1H), 10.68–10.56 (m, 14H), 10.14 (t, J = 7.4 Hz, 8H), 9.97 (t, J = 7.2 Hz, 4H), 8.54–8.50 (s, 5H). MS (ESI+), found: 325.0237 [M–BPh4]+; calcd for C17H13N2Se: 325.0238.



Synthesis of 10. The solution of PhICl2 (13.4 mg, 0.05 mmol) and 2-(2,6-dichlorophenyl)acetonitrile (50 mg) in CH2Cl2 (3 mL) was added to 2,2′-dipyridyldiselenide (15.5 mg, 0.05 mmol) in CH2Cl2 (1 mL), and the reaction mixture was left without stirring for 5 h. After that a solution was decanted from yellow crystalline precipitate, which was washed with Et2O (3 × 1 mL) and dried under vacuum. Addition of the MeOH solution (100 µL) of NaBPh4 (50 mg) to MeOH solution of 5 (1 mL) resulted in the formation of microcrystalline precipitate. Yield: 42 mg (63%). 1H NMR (600 MHz, Me2CO-d6) δ 9.82 (d, J = 6.8 Hz, 1H, H5), 9.07 (d, J = 8.6 Hz, 1H, H8), 8.53 (td, J = 8.4 Hz, 1H, H7), 8.19 (td, J = 7.0 Hz, 1H, H6), 7.65–7.47 (m, 3H), 7.35 (m, J = 6.7 Hz, 8H), 6.92 (t, J = 7.4 Hz, 8H), 6.81–6.71 (t, J = 7.2 Hz, 4H), 5.12 (s, 2H).



Synthesis of 11. The 2-Pyridylselenyl chloride (83 µmol, 16 mg) was suspended in CH2Cl2 (3 mL), then cyanocyclopropane (100 µL) was added, and the mixture was stirred at room temperature for 5 h. Colorless precipitate formed was filtered, dried under vacuum, and redissolved in MeOH (4 mL). Addition of the saturated MeOH solution of NaAuCl4 (100 µL) resulted in the formation of yellow microcrystalline precipitate. Yield: 24 mg (52%).1H NMR (600 MHz, Me2CO-d6) δ 9.99 (d, J = 6.8, 1.0 Hz, 1H, H5), 9.15 (d, J = 8.6 Hz, 1H, H8), 8.61 (td, J = 7.9 Hz, 1H, H7), 8.26 (td, J = 7.0 Hz, 1H, H6), 1.44–1.34 (m, 4H), 1.06–0.96 (m, 1H). 13C NMR (151 MHz, Me2CO-d6) δ 139.84, 136.97, 126.52, 123.26, 11.29, 7.06.




4. Conclusions


We have synthesized a series of benzylic-substituted 1,2,4-selenodiazolium tetraphenylborates exhibiting Se···π interactions. We showed that the symmetrical dimers could be broken by the introduction of the BPh4 anion. This demonstrates that one arene could be predictably substituted by the other one in the ChB interaction pair if this arene is a stronger electron donor. The DFT study demonstrates that the Se–π interaction energies are moderately strong, ranging from −11 to −7 kcal/mol, due to the participation of the electron-rich aromatic surface of the anion as an electron donor. The Se⋯π interactions described in this work have been further characterized by the QTAIM and NCIplot methodologies, both based on the topology of the electron density. The latter describes better the π-nature of the interaction by means of the RDG isosurfaces that represent the contact in real space.
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Figure 1. Ball-and-stick representation of the X-ray structure of 2. Grey and light-grey spheres represent carbon and hydrogen, correspondingly. 
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Scheme 1. Synthesis of 6–10. 






Scheme 1. Synthesis of 6–10.



[image: Symmetry 15 00212 sch001]







[image: Symmetry 15 00212 g002 550] 





Figure 2. Ball-and-stick representations of the X-ray structures of 6–10. Grey and light-grey spheres represent carbon and hydrogen, correspondingly. 
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Scheme 2. Synthesis of 11. 
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Figure 3. Ball-and-stick representation of the X-ray structure of 11. Grey and light-grey spheres represent carbon and hydrogen, respectively. 
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Figure 4. MEP surfaces of compound the tetraphenylborate (a), and the cationic units of compounds 7 (b) and 8 (c) at the PBE0-D3/def2-TZVP level of theory. Values in kcal/mol. 
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Figure 5. Combined QTAIM (CPs in red and bond paths as orange lines) and NCIplot analyses of the ion pair dimers of 7 (a) 8 (b), 9 (c), and 10 (d) The ion-pair energies using the X-ray geometries and the modified dimers are also indicated. Isovalue for the RDG isosurface 0.45. 
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