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Introduction

Increasing demand in materials with higher complexity and more elaborate functions is driving research in the field of crystal engineering in conjunction with supramolecular chemistry. 1 Indeed, σ-hole interactions have been emerged during the last two decades as an appealing chemical tool to control intermolecular interactions, with their implications in crystal engineering, catalysis, functional materials, and biochemistry. [2][3][4][5][6][7][8] By far the most studied one is halogen bonding (XB), 2 which is defined as a net attractive interaction between an electrophilic region (σ-hole) associated with a halogen atom in a molecular entity and a nucleophile. Study of such noncovalent interactions has recently evolved to the investigation of heavier Group 14, 15, and 16 elements. 9 For example, the electrophilic regions of a chalcogen atom can be also activated to give rise σ-hole interactions, so called chalcogen bonding (ChB). 5 This phenomenon has been studied in the solid-state structures largely with amphoteric molecules, serving for both ChB donor and ChB acceptor, such as benzoselenadiazoles, telluradiazoles, iso-tellurazole N-oxides, and selenophthalic anhydride. [10][11][12][13][14][15] Moreover, molecules involving activated chalcogen atoms have been used to chelate a Lewis base, in the field of organocatalysis or anion recognition. [16][17][18][19][20] Despite those observations and discoveries, harnessing the ChB for crystal engineering remains challenging due to the presence of two σ-holes that can significantly deviate from the C-Ch bond axis, 21,22 in contrast to monotopic and directional XB.

In targeting efficient ChB donor building blocks for crystal engineering strategies, the employment of one strong electronwithdrawing group acting on a chalcogen can unbalance the electrophilic character of its σ-holes and therefore drive a preferred anchoring site in their competition for intermolecular interactions, raising the potential directionality along one of them. For example, organic selenocyanates have been found recently to interact not only by themselves through efficient Se•••N≡C ChB but also with di-and multi-topic Lewis bases. 23 To further strengthen σ-hole interactions and control the bulkiness of the building block, we have turned our attention to an interesting class of exceptionally stable and electronically tunable clusters, icosahedral carboranes. 24 Owing to its 3D aromaticity, 25 the substituents on the more electronegative carbon vertices of the carborane experience strong electron withdrawing effects. 24,26 Theoretical studies and a few structural analyses on carborane and heteroborane cages themselves have been recently performed to understand the electron deficient regions. 27 However, a systematic study of C-substituted carboranes as directional ChB and XB donors and their implementation in crystal engineering has yet to be explored. To this end, we considered neutral 1,2-dicarba-closododecaborane (o-carborane, 1,2-C2B10H12) with -SeMe, -TeMe, and -I substituents on both carbon atoms as potentially highly efficient ditopic ChB and XB donor building blocks. Moreover, substituents with lone pairs on the carbon atoms of o-carborane are known to contribute their electron density to the cluster by filling the anti-bonding orbital that is located mainly between the two carbon centers. 28 This effect should further strengthen the electropositive character of the chalcogen atoms. Herein, we report their synthesis and formation of cocrystal salts from the REVISED MANUSCRIPT association of these carboranes with halide salts, demonstrating their ability to efficiently coordinate halide anions through strong and directional σ-hole interactions.

Results and Discussion

Synthesis of the ChB donor molecules was effected through reaction of 1,2-C2B10H12 with 2 equivalent of n-BuLi followed by the addition of selenium and tellurium, respectively (Scheme 1). Subsequent methylation with MeI yielded yellow oils. Column chromatography on the crude material and the sublimation under reduced pressure yielded white needle-shaped crystals of 1,2-(SeMe)2C2B10H10 ( 1) and yellow needle-shaped 1,2-(TeMe)2C2B10H10 ( 2) in 68 and 5% yield respectively. For the preparation of the XB donor molecule, iodine was added after the lithiation of 1,2-C2B10H12, following a previously reported procedure. 29 The salt 1-Br crystallizes in the monoclinic system, space group P21/c, with molecule 1, Bu4N + cation and Br -anion in general positions. The two methyl groups are in trans configuration, as observed in the structure of the donor itself. As shown in Figure 1, the bromide anion is chalcogen bonded to one of the Se atoms, leaving the other selenium atom in 1 free. The Se•••Br -distance is 3.681 Å, that is shorter than the contact distance (3.86 Å) determined as the sum of van der Waals radius of Se (1.98 Å) and bromide ionic radius (1.96 Å), giving a reduction ratio (RR) of 0.95. Despite modest strength, the Se atom of the carborane is engaged in a highly directional interaction with the Ccarborane-Se•••Br -angle of 173°.

With the molecule 2 involving a heavier chalcogen Te atom, a chloride salt 2-Cl was obtained. While 1-2 are isostructural, their halide salts crystallize in different space groups with distinctive coordination environment for each. 2-Cl crystallizes in the triclinic system, space group P1. There are four independent moieties of each component, carborane, Bu4N + cation and Cl -anion. The two methyl groups of all carborane molecules in 2-Cl are either in cis configurations or in a configuration with one methyl group roughly on the Te-C-C-Te mean-plane and the other out of the plane (Figure 2). REVISED MANUSCRIPT The interaction distances and angles vary (Table 1) with the shortest distance being Te3•••Cl3 = 3.064 Å (RR = 0.79) and the greatest directionality being ∠C10-Te6•••Cl1 = 178°, representing one of the strongest Te-based chalcogen bonded crystalline materials. 6,7 To the best of our knowledge, this is a rare example of structurally characterized halide coordination through a Te-based chalcogen bonding, 30 although those in solution has been studied recently. 10e,17,18 Since the activated σ-hole is located on the prolongation of the Ccarborane-Te bond, not along the CMe-Te bond, each carborane is interacting with two different chloride anions rather than chelating one chloride anion. Consequently, zig-zag 1D extended supramolecular networks are stabilized through chalcogen bonding interactions where each chain comprises two independent carborane molecules and two chloride anions (Figure 2). The resulting two chains are orthogonal to each other, one chain runs along the a axis, and the other runs along the b axis.
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With the diiodinated carborane 3, crystals of an iodide salt By changing the iodide to the smaller bromide anion, crystals of 3-Br were obtained. They crystallize in the triclinic system, space group P-1. 3, Bu4N + cation and Br -anion are in general positions. The bromide ion is interacting with two iodine atoms of symmetry related carborane molecules with an I•••Br -•••I angle (116°). The smallest coordination angle of the halide anion in 3-Br compared to other salts in the series likely stabilizes the formation of a dimer instead of chains (Figure 4). As a consequence, both iodine atoms are engaged in highly directional halogen bonding interactions (∠C-I•••Br -= 174 and 177°) with I•••Br -distances being 3.136(3) (RR = 0.80) and 3.123(4) (RR= 0.79) Å.

The halogen bonding interactions observed here represent one of the shortest I•••I -and I•••Br -distances reported so far. In particular, there exist only 12 structures revealing the shorter I•••Br -distances than 3.123 Å (RR = 0.77 -0.79) based on the CCDC database search. All of them, except one, are ionic molecules, where the positive charge of the imidazolium strongly activates the iodine. There is one neutral molecule, that is 1,4diiodotetrafluorobenzene (GIXFUO, RR = 0.79), 31 however, the coordination number of the bromide is 1. Indeed, larger coordination numbers (for n < 6), is known to deactivate the Lewis base character of the halide anions, and therefore favor larger distances. Taken together, the activation of iodine σ-hole by the neutral inorganic carborane moiety is shown to be highly effective, being similar or even superior to strong electron-withdrawing organic groups. To gain further insight into the observed σ-hole interactions, we have performed electrostatic potential (ESP) calculations on 1-3. As shown in Figure 5, a strongly electron deficient region is generated for each chalcogen atom in 1 (Se) and 2 (Te) in the prolongation of the Ccarborane-Ch bond, with much larger Vs,max value for 2 (34.4 kcal/mol) than the one for 1 (27.5 kcal/mol). A second σ-hole also exists on Se and Te with a less pronounced Vs,max values (12.8 and 19.9 kcal/mol for 1 and 2, respectively) owing to the electron donating power of the methyl group (Figures S3 andS4). The Vs,max value in 1 is comparable with some recently reported organodiselenide compounds with strong electron withdrawing substituents, such as bis(pnitrophenyl)diselenide (22.5 and 17.3 kcal/mol for Se-Se and C-Se directions, respectively) and dicyanodiselenide (37.3 and 40.0 kcal/mol for Se-Se and C-Se directions, respectively). 32 The 3 also shows a σ-hole on each iodine in the prolongation of the Ccarborane-I bond, with a Vs,max value of 36.4 kcal/mol. Note that this value is slightly lower than the one previously calculated by another group (Vs,max = 41.3 kcal/mol) using different calculation REVISED MANUSCRIPT method. 27a More interestingly, the Vs,max values in 1-3 can be also compared with those found, for example, in prototypical organic halogen bond donor molecules such as 1,4diiodotetrafluorobenzene (32.2 kcal/mol) and iodopentafluorobenzene (33.0 kcal/mol) in the same calculation conditions. This comparison further highlights that the σ-hole activation through carborane reveals a strength comparable or superior to well-established halogen bond donors. 

Conclusion

In summary, the foregoing results demonstrate that 1,2-dicarbacloso-dodecaborane, with -SeMe, -TeMe, and -I substituents on both carbon vertices can indeed act as strong ChB and XB donors and interact with halide anions in the solid-state to form isolated molecular units or extended supramolecular chains through µ1and µ2-halide structures. The previous theoretical prediction 27a made on the -I analogue as a good halogen bond donor is experimentally proved here. Furthermore, this strategy is successfully extended towards chalcogen bond donors, -SeMe and -TeMe analogues. Notably, the observed chalcogen-and halogen-bond metrics indicate strong and directional interactions, with a reduction ratio down to 0.79, for Te•••Cl -and I•••Br -, one of the smallest known for any σ-hole interaction stabilized by a neutral donor molecule. Such a high efficiency is further illustrated by the electrostatic potential calculation, revealing a profound electron-deficient zone. We also prove the inorganic carborane can excellently enhance one of two sigma-holes on chalcogen atoms, to provide directionality and predictability, which are crucial parameters for crystal engineering. Work is underway to investigate the recognition ability of the carborane derivatives towards different types of Lewis bases.
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 1 Scheme 1. Synthetic routes to 1-3, gray and pink spheres represent C, and B atoms, respectively.

1 and 2

 2 are isostructural and crystallize in the orthorhombic system, space group Fdd2 with carborane molecule located on the 2-fold axis. Two methyl groups are out of the mean-plane defined by Se-C-C-Se and trans to each other with respect to the C-C bond of the carborane (FigureS1). The Se atom in 1 is not engaged in any short contact. On the contrary, as shown in FigureS2, the Te atom in 2 is engaged in Te•••H-B interactions with distances (3.151 Å) that are marginally shorter than the contact distance (3.26 Å) with a modest directionality (∠Ccarborane-Te•••H 160°). Recently, Br atom substituted on the carbon atom of the o-carborane was also reported to be engaged in weak halogen bonding interactions with -BH of the carborane cage. 27d However, the observed Te•••H-B interaction in 2 is rather described as a weak hydrogen bond, regarding the geometry of the contact angle and the decreased nucleophilic power of the Te due to the polarization. The C-C distances in 1 and 2 amount 1.751(6) and 1.745(6) Å, respectively, which are significantly longer than the one in the unsubstituted 1,2-C2B10H12 (1.624 Å). The observed C-C elongation supports the electron back donation towards the cluster antibonding orbital,28 which likely further contribute to the activation of the σ-hole in Se and Te. The cocrystallization of 1, 2, and 3 with ntetrabutylammonium halide salts in ethanol afforded single crystals of (Bu4N)[(1)Br] (1-Br), (Bu4N)[(2)Cl] (2-Cl), (Bu4N)[(3)I] (3-I), and (Bu4N)[(3)Br] (3-Br).

Figure 2 .

 2 Figure 2. Detail of two independent chalcogen bonding chains running along the a and b directions, respectively, in 2-Cl. Light brown, green, gray, and pink spheres represent Te, Cl, C, and B atoms, respectively; H atoms and Bu4N + cation are omitted for clarity. The red dotted lines indicate the chalcogen bond interaction.

Figure 1 .

 1 Figure 1. X-ray crystal structure of [(1)Br] -in 1-Br, collected at T = 298 K. Yellow, red, gray, and pink spheres represent Se, Br, C, and B atoms, respectively; H atoms and Bu4N + cation are omitted for clarity. The red dotted lines indicate the chalcogen bond interaction.

  are coordinated by two Te atoms from the adjacent molecules, giving a µ2 coordination. The Te•••Cl•••Te coordination deviates from linearity, with angles between 151 and 167°. Unlike the singly activated Se in 1-Br, all Te atoms in 2-Cl are activated to be engaged in the chalcogen bonding interactions.

3 -

 3 I and a bromide salt 3-Br were exclusively obtained. 3-I crystallizes in the monoclinic system, space group P21/n with carborane molecule, Bu4N + cation and I -anion in general positions. The iodide anion is two-coordinated with an I•••I -•••I angle of 139°. The σ-hole of both iodine atoms of the carborane are activated to form an 1D supramolecular network, as observed in 2-Cl (Figure 3). The I•••I -distances amount 3.336(2) (RR = 0.80) and 3.377(1) (RR = 0.81) Å, respectively, with the C-I•••I - angles of 175 and 171°.

Figure 3 .

 3 Figure 3. Detail of halogen-bonded 1D network running along the b direction in 3-I. Purple, gray, and pink spheres represent I, C, and B atoms, respectively; H atoms and Bu4N + cation are omitted for clarity. The red dotted lines indicate the halogen bond interaction.

Figure 4 .

 4 Figure 4. Detail of halogen-bonded dimeric molecular unit in 3-Br. Purple, red, gray, and pink spheres represent I, Br, C, and B atoms, respectively; H atoms and Bu4N + cation are omitted for clarity. The red dotted lines indicate the halogen bond interaction.

Figure 5 .

 5 Figure 5. Computed electrostatic potential of 1 (a), 2 (b), and 3 (c) on the 0.001 electron/bohr 3 contour of the electronic density. The extrema values Vs,max of the electropositive (blue) area are 27.5, 34.4, and 36.4 kcal/mol for 1, 2, and 3, respectively. Potential scale ranges from -15.7 (red) to 36.4 kcal/mol (blue).

Table 1 .

 1 Chalcogen bond characteristics in 2-Cl.

Carborane activates Se, Te, and I : Substituted carborane with -SeMe, -TeMe, and -I groups on the skeletal carbon vertices are demonstrated here as outstanding chalcogen bond (ChB) and halogen bond (XB) donors to recognize halide anions. Moreover, the observed interactions are found to be remarkably efficient with short distances and strong directionality. Theoretical calculations further validate the presence of a deep σ-hole on Se, Te, and I.
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