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Abstract

:

Elements from groups 14–18 and periods 3–6 commonly behave as Lewis acids, which are involved in directional noncovalent interactions (NCI) with electron-rich species (lone pair donors), π systems (aromatic rings, triple and double bonds) as well as nonnucleophilic anions (BF4−, PF6−, ClO4−, etc.). Moreover, elements of groups 15 to 17 are also able to act as Lewis bases (from one to three available lone pairs, respectively), thus presenting a dual character. These emerging NCIs where the main group element behaves as Lewis base, belong to the σ–hole family of interactions. Particularly (i) tetrel bonding for elements belonging to group 14, (ii) pnictogen bonding for group 15, (iii) chalcogen bonding for group 16, (iv) halogen bonding for group 17, and (v) noble gas bondings for group 18. In general, σ–hole interactions exhibit different features when moving along the same group (offering larger and more positive σ–holes) or the same row (presenting a different number of available σ–holes and directionality) of the periodic table. This is illustrated in this review by using several examples retrieved from the Cambridge Structural Database (CSD), especially focused on σ–hole interactions, complemented with molecular electrostatic potential surfaces of model systems.
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1. Introduction


Atoms from elements of groups 13–18 covalently bound to electron-withdrawing groups (EWGs) possess a strong ability to interact with Lewis bases (e.g., lone pair donors, anions, and π systems) [1,2,3,4,5,6,7,8,9,10,11,12,13]. Since the electropositive site was used to define the hydrogen bonding (HB) interaction, scientists have started to use the name of the group to which the electrophilic atom belongs to name the noncovalent interactions (NCIs) between electrophilic and nucleophilic sites [14,15]. In fact, the International Union of Pure and Applied Chemistry (IUPAC) has already recommended the terms halogen bond (HaB) [16] and chalcogen bond (ChB) [17] for naming the NCIs involving atoms from groups 17 and 16, respectively. Furthermore, each group of the p-block possesses its own terminology, which are aerogen or noble gas bonding (NgB, group 18) [12], pnictogen bonding (PnB, group 15), [18,19] tetrel bonding (TtB, group 14) [20], and triel bonding (TrB, group 13) [7]. In addition, matere bonding (MaB, group 7) [21], osme bonding (OmB, group 8) [22], spodium bonding (SpB, group 12) [23], and regium or coinage bonding (CiB, group 11) have been used to refer to NCIs in which elements from groups 10 and 11 act as Lewis acids and to differentiate these types of interactions from classical coordination bonds [24,25,26,27].



In this regard, several studies have demonstrated that σ–holes (regions of positive electrostatic potential located on the extension of covalent bonds) can be used in a broad spectrum of fields, such as host–guest chemistry, catalysis, supramolecular chemistry, membrane transport, crystal engineering, etc. Noteworthy review articles, accounts, and book chapters are available in the literature describing promising applications and basic features of the σ–hole group of NCIs [28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45]. Moreover, several works have been devoted to the comparison of the geometric and energetic characteristics of σ–hole interactions to the HB [46,47,48,49,50,51].



A prototypical example of a σ–hole interaction is represented by the HaB shown in Figure 1, involving CF3I and water as HaB donor and acceptor counterparts. This concept experienced its naissance during the 20th century when HaBs started to be seen as the cause of several chemical phenomena. Concretely, Zingaro and Hedges [52] used the term halogen bond to refer to the interactions in which halogens act as electrophilic moieties while describing the formation of complexes in solution involving halogens and interhalogens with phosphine oxides and sulfides. Later, in 1976, Martire et al. [53] described the adducts formed in the gas phase by haloforms with ethers and amines, although in 1983, Dumas et al. [54] organized them under the term halogen bond. The term halogen bond began to increase its popularity after the manuscript reported by Metrangolo and Resnati, which proposed general and practical principles to correlate the structure of the HaB donor and acceptor moieties and the strength of the interaction [55]. During the past decade, the exponential growth in the interest of the scientific community has resulted in many experimental and theoretical studies being devoted to the analysis of HaBs [56,57,58,59]. In this context, the IUPAC project 2009-032-1-100 was started in 2009 with the mission to give a unified concept to interactions involving halogens as electrophilic species, and currently, it has been extended to the rest of the σ–hole family of interactions [16,60]. According to the IUPAC definition, a typical HaB is denoted as R−Ha···Y, with the three dots representing the bond. R−Ha is the HaB donor, and Ha is a halogen atom covalently bound to the R group and having an electrophilic region, or a potentially electrophilic region, on its electrostatic potential surface (σ–hole). On the other hand, Y is an electron-rich atom that acts as a nucleophile (HaB acceptor), such as a lone pair, an anion, or a π system.



Two of the factors regulating the strength of the HaB (as well as other σ–hole-based interactions) are described below. Firstly, the polarizability of the atoms increases by descending the group of the periodic table. Hence, the electropositive region of the σ–hole consequently increases if the EWG–X bond is more polarized, thus resulting in a reinforcement of the NCI. Secondly, another way to polarize the EWG–X bond is by increasing the electron-withdrawing ability of EWG. Therefore, the combination of heavy elements and strong EWG increases the positive potential and size of the σ–hole, thus strengthening the NCI (i.e., the electrostatic term increases).



In recent years, the growing interest and increasing number of investigations in NCIs [61,62] involving elements of groups 14–18 have driven the creation and exploitation of new lines of research [14,15]. Many theoretical studies [36,37,38,39,40,41,42,43,44,45,46,61,62] have demonstrated that the distribution of electron density exhibits a marked anisotropy in Ha, Ch, and Pn elements owing to the coexistence of lone pairs and σ–holes on the same element. Particularly, in monovalent Ha, divalent Ch, trivalent Pn, and tetravalent Tt, the number of LPs varies from three to none, and the number of σ–holes from one to four On the other hand, for NgO3 molecules (group 18), an LP and three σ–holes are present, similarly to Pns (group 5). In all cases, the number and location of positive and negative electrostatic potential regions at the surface of these atoms correlate to the number and position of the covalent bonds the atoms are engaged in and the location of the lone pairs.



This review is organized as follows: First, we propose a general discussion on the variation of the σ–hole electrostatic potential and polarizability values of the elements belonging to a certain group, and second, we describe selected X-ray examples involving the heaviest elements of each group as representative cases. Further, at the end of each section, a Table gathers important information regarding the noncovalent partners involved in each NCI, as well as their intermolecular distances and angles. Finally, it is also important to mention that this review is focused on the σ–hole family of interactions, and consequently, other NCIs also present in the X-ray crystal structures (e.g., hydrogen bonding) have not been described herein.




2. Results and Discussion


2.1. Tetrel Bonding


In Table 1, the polarizabilities (α) and van der Waals radii of the tetrel elements from periods 2 to 5 are gathered. As is evident, the atomic α value increases from 9.0 a.u. in C to 37.3 a.u. in Sn. Interestingly, there is a large gap in the atomic polarizability between C and Si (~x3), and conversely, it is negligible between Si and Ge and negligible between Ge and Sn. The molecular electrostatic potential (MEP) values at the Tt σ–holes of the four fluoride derivatives included in this section are also given in Table 1, and the MEP surface of SnF4 is shown in Figure 2 as a representative case. The energetic data indicate that the MEP values increase when descending in the group, parallel to the behavior observed for the atomic polarizability.



Figure 2 shows the MEP surface of SnF4 as an illustrative example of the Tt series. As is evident, the σ–holes are small and well defined, thus anticipating a strong directionality of the TtB interaction. As mentioned above, the MEP value measured at the Sn σ–hole is the largest of the Tt series. Lastly, the strong and negative MEP values found at the F atoms confirm the strong polarization of the Sn–F bonds.



TtBs behave in a different way, compared with other σ–hole interactions, in terms of steric demands. That is, in a common HaB complex the Lewis base is separated by 180° from the EWG covalently bound to the Ha atom; therefore, the bulkiness of the EWG does not influence the HaB interaction. Steric effects increase on moving from ChBs to TtBs, the former being similar to HaBs in terms of sterical features. In the case of PnBs and NgBs, the electron-rich atom is, in most cases, able to approach the Pn/Ng atom without substantial steric repulsion. The situation is quite different in Tt atoms since the tetrahedral spacing of its four substituents augments the steric crowding and, simultaneously, increases the steric repulsion with the electron-rich atom. This aspect is very important in TtBs and has been studied in detail [63], focusing on the size of the Tt atom (from Si to Pb), the size and electron-withdrawing ability of the substituents, and the type of electron-rich atom (neutral or charged).



Germanium and Tin



A great number of experimental and theoretical investigations involving TtBs [2,20,64,65] are concentrated on the lighter elements (carbon and silicon), while those studying the heavier tetrels are scarcer [66,67,68,69]. Nevertheless, two excellent reviews are available including several X-ray crystal structures that prove the ability of Ge, Sn to establish highly directional interactions [70,71], which are key for assembling the crystal packing of many germanium and tin derivatives. These reviews report that TtBs exhibit a higher directionality than PnBs and ChBs and are similar to HaBs.



Two examples of X-ray structures exhibiting directional Ge···O and Ge···F TtBs are highlighted in Figure 3 and Figure 4. The first one is propagated along a direction of the crystal, thus forming infinite 1D supramolecular chains through highly directional TtBs (QAHXIG) [72], where the most polarized covalent bond (O2SC–Ge) interacts with the sulfonyl oxygen atom of the adjacent molecule. This interaction possesses a Ge···O distance of 3.520 Å and C–Ge···O angle of 179.8°, in line with the strong linearity expected for TtBs.



In Figure 4, the X-ray structure of [Ge8O12(OH)8F]– cluster (VUZVUH) [70] is represented in which the Ge8O12(OH)8 fragment presents a cuboidal structure, with the fluoride anion encapsulated in the center, establishing eight directional TtBs (see Table 2), where the F is situated opposite to the Ge–O bonds. As previously demonstrated [20], in this type of cubanes, the eight σ–holes merge in the center of the cube, generating a macro σ–hole in which only small anions fit inside.



In the case of Tin, two X-ray examples have been selected and characterized by the formation of infinite 1D supramolecular chains in the solid state. In both structures, the LP-donor atom interacts with the Sn atom opposite to the most polarized bond, Sn–F in BAJWOY [74] and Sn–Cl in BIBQIN [75] (see Table 2 for distances and angles). In the latter structure, the tetrel atom of the chlorotris(4-cyanobenzyl)tin molecule undergoes a very short Sn···N TtB, especially considering that the sp-hybridized N atom of the cyano group is a poor electron donor. Similar behavior is observed in tricyclohexyltin fluoride (BAJWOY, Figure 5a), where a short TtB is established between a fluorine atom of one molecule and the Sn σ–hole from the covalent Sn–F bond of an adjacent molecule, thus propagating the infinite chains despite the poor Lewis basicity of the F atom. Therefore, the quite short TtBs are likely due to the strong σ–hole donor ability of Sn, in good agreement with the MEP surface shown in Figure 2.




2.2. Pnictogen Bonding


A plethora of theoretical works dealing with PnBs are available in the literature [43,44,76,77,78,79,80,81,82,83]. However, those presenting experimental evidence are much less common [84,85,86,87,88,89]. Nevertheless, this interaction has been recently proposed for the design and synthesis of supramolecular catalysts by Matile et al. [90]. Several noteworthy reviews are available in the literature, indicating the relevance of PnBs in the gas and solid states. In fact, this interaction has been used as a consistent tool in crystal engineering [43,44,91,92,93].



Table 3 summarizes the polarizabilities (α) and van der Waals radii of the pnictogen elements from periods 2 to 5. The atomic α value increases from 5.3 a.u. in N to 30.8 a.u. in Sb. As also observed for tetrels, the difference in the atomic polarizability between the elements of groups 2 and 3 is quite large (~x3) and small for elements of groups 3 and 4. The difference is again important between As and Sb. Compared with tetrel atoms, the pnictogen atoms are less polarizable and exhibit smaller van der Waals radii. The MEP values at the σ–holes of the fluoride derivatives of the four Pn elements studied in this section are also included in Table 3 and that for SbF3 is represented in Figure 6. The energetic data indicate that the MEP values at the σ–hole become more positive when descending in the group, in a parallel way to the tendency observed for the tetrels (see Section 2.1).



Figure 6 shows the MEP surfaces of SbF3 as an illustrative example of the pnictogen series. As can be observed, the SbF3 molecule presents a wide region of positive potential where the global maximum is located approximately opposite to the Sb–F bonds. Hence, it is expected that PnBs involving the heavier Pn atoms present a lesser directionality compared to TtBs. As also observed for the SbF3 molecule, the large and negative MEP values at the F atoms reveal that the Sb–F bonds are strongly polarized. Finally, it is also worth noting that the MEP values at the σ–holes are greater for tetrel atoms than for pnictogen ones (see Table 1 and Table 3), in agreement with the atomic polarizabilities.



Arsenic and Antimony



As mentioned above, these two elements undertake stronger PnBs than N and P. Precisely, their use in supramolecular catalysis [94,95] and anion recognition [96] has been recently demonstrated. Among the heavier pnictogens, antimony is the most promising pnictogen atom to be used in supramolecular chemistry and, particularly, for the recognition of anions. In this context, Gabbaï et al. have successfully used bis-stilbonium to build a preorganized host [97] including two strong σ–hole donors that establish several PnB interactions with electron-rich guests. Additionally, Cozzolino et al. have also synthesized anion receptors based on bidentate anion-binding motifs containing two Sb(III) centers bridged by either oxygen or sulfur atoms as PnB donors [98].



Figure 7 includes the X-ray structures of the inorganic salts As(N3)3 and Sb(N3)3 structures (ICSD413360 and ICSD413359 [99], respectively) to illustrate the ability of As(III) and Sb(III) derivatives to establish three simultaneous PnBs by using the three available σ–holes on the antimony atom. In the solid state, each molecule interacts with the electron-rich group (azide) of three adjacent molecules, thus being crucial for driving the 3D architecture formation of these inorganic salts. The three PnBs are symmetrically equivalent in the Sb(N3)3 compound and thus exhibit a worse directionality than the As(N3)3 compound (see Table 4 for distances and angles).



In parallel to As(N3)3, tricyano-arsenic(III) also undergoes three simultaneous PnBs, with three adjacent molecules in the crystal structure (USEPUF [100], see Figure 8a) with short distances and C–As···N angles comprised between 161° to 162° (see Table 4). Two additional examples of Pn···O contacts are included in Figure 8b,c. In UROZIL [101] structure the arsenium atom establishes three short PnBs with the neighboring phosphine oxide groups with F–As···O angles ranging from 167° to 177°. Remarkably, two pyramidal SbF3 units in UROYUW [101] establish two short PnB contacts with two bridging diphosphine dioxides, thus forming a 12-membered supramolecular ring.



In the case of USEQAM [100] structure, the tricyano-antimony(III) is co-crystallized with 2,2′-bipyridine (Figure 9) and exhibits two very short PnBs between the N atoms of bipyridine and Sb (2.724 and 2.560 Å). The third PnB is significantly longer, and it involves the N atom of the cyano group of the adjacent molecule. The quite different PnBs distances observed in this compound agree well with the relative basicity of the N-donor atoms. This combination of PnBs regulates the formation of infinite 1D supramolecular assemblies in the solid state. In general, the angles observed for the PnBs gathered in Table 4 are less directional than those described for tetrel bonding interactions (see Table 3). This result is in agreement with the MEP surface plots shown in Figure 2 and Figure 6 that point to larger and more accessible σ–holes in SbF3 than in SnF4.




2.3. Chalcogen Bonding


In recent years, noticeable progress has been made in the supramolecular chemistry of chalcogen bonding, particularly in controlling and tuning new chemical systems for applications in crystal engineering, supramolecular chemistry, catalysis, transport of anions, and functional materials [3,9,10,42].



In Table 5, the polarizabilities (α) and van der Waals radii of the chalcogen elements from periods 2 to 5 are gathered. As can be inferred, the atomic α value increases from 3.0 a.u. in O to 25.9 a.u. in Te. Interestingly, the difference in the atomic polarizability between O and S is quite large (~x4), in line with the behavior observed in Tt and Pn atoms. On the contrary, the differences between S and Se or Se and Te are very small. The MEP values at the σ–holes of the fluoride derivatives of the four Ch elements studied in this section are also given in Table 5, and the MEP for the TeF2 molecule is represented in Figure 10. They show the expected trend with σ–hole values increasing from 16.8 kcal/mol in OF2 to 52.6 kcal/mol in TeF2. Compared with TtF4 and PnF3 compounds, the MEP values in ChF2 molecules are lower, showing that the Lewis acidity is progressively reduced on going from group 14 to 16.



Figure 10 shows the MEP surfaces of TeF2 as an illustrative example of the whole series. As is evident, TeF2 exhibits an extended region of positive MEP values in the molecular plane with two σ–holes located approximately on the extension of the F–Te bonds, thus anticipating worse directionality for the heavier chalcogen atoms. Similar behavior is observed in pnictogen fluorides (see Figure 6). Contrariwise, all tetrel elements (from C to Sn) present well-defined σ–hole regions (see Figure 2 for SnF4 representation) and form highly directional interactions.



Selenium and Tellurium



Selenium is a critical trace element [102,103] with an increasing number of investigations [104,105,106]. Its derivatives are considered of great importance in the pharmaceutical industry, and several review articles [9,40,41] are available in the literature devoted to the study of organoselenium compounds and their interactions with electron-rich species. Particularly, many studies demonstrate the ability of organic diselenides to establish both intermolecular and intramolecular ChBs with electron-rich atoms, which are stronger and more directional (see Table 6 for geometrical details) in the prolongation of the Se–Se bond [9]. Two examples are shown in Figure 11 and Figure 12, the first one illustrating ChBs in the prolongation of the diselenide bond (FEYBAP [107]).



In Figure 12, the HOGBOW [108] crystal architecture is shown, exhibiting ChBs in the middle of the Se–Se bond, because of the overlapping of both σ–holes. See Table 6 for geometrical details.



Two recent examples of directional and structure guiding ChBs in selenodiazoles are represented in Figure 13. The SAJPAY and SAJQED [109] structures correspond to the cocrystals of 3,4-dicyano-1,2,5-selenodiazole with p-methoxypyridine-N-oxide and p-phenylpyridine-N-oxide, respectively. Both structures present the same binding pattern, thus showing double ChB interactions in the cocrystals forming four-membered supramolecular rings (Figure 13a,b).



To further showcase the importance of Se as a σ–hole donor, the X-ray structure of 2,2′-(benzo[1,2-c:4,5-c′]bis([1,2,5]selenadiazole)-4,8-diylidene)dimalononitrile (GEFVOC10 [110]) is given in Figure 14a. It presents a planar geometry, and the Se atoms behave as double ChB donors toward the N atoms of the adjacent cyano groups with a noticeable directionality (169.5°, see Table 6). These short ChBs involve a molecule with its four nearest neighbors (Figure 14a), driving the formation of infinite 2D supramolecular assemblies. In addition, the cocrystal of 18-crown-6 with selenium dicyanide (QUHYAV [108]) is represented in Figure 14b. It shows two short and moderately directional ChBs (geometric details in Table 6) that are established opposite to both electron-withdrawing cyano groups, therefore confirming the σ–hole nature of the interaction.



On the other hand, organotellurium compounds such as tellurophene and bis(tellurophene) derivatives usually present large and deep σ–holes even without the presence of strong EWGs bonded to the Te atom. Therefore, they are gaining interest in solution states to be used in supramolecular catalysis and anion recognition phenomena [11,111,112,113]. A noteworthy review providing a survey of tellurium-centered secondary-bonding supramolecular synthons is already available in the literature [114]. Furthermore, several theoretical investigations have reported that Se and Te are able to form very strong ChBs [115,116].



Figure 15 shows two selected examples of ChBs involving Te. In the first one (CISPUP [117]), a head-to-tail arrangement is formed in the solid-state structure of bis(thiobenzoato-S)-tellurium, where each Te atom is involved in double ChBs with the S atoms of the adjacent molecule, thus generating an infinite 1D supramolecular column (Figure 15a). In the second one, phenanthro(9,10-c)-1,2,5-telluradiazole (FELPUH [118]) self-assembles, forming dimers in the crystal packing through two short and symmetrically equivalent Te···N ChBs (Figure 15b). The directionality of the ChBs is in general moderate in the two structures represented in Figure 15 (see Table 6). This fact is in agreement with the MEP surface of TeF2 that shows extended and deep σ–holes, thus allowing larger rearrangements and readjustments of the geometries in these molecules owing to the influence of secondary interactions and packing effects without a significant weakening of the ChB.




2.4. Halogen Bonding


The halogen bonding interaction is likely the most studied and reviewed noncovalent interaction after the ubiquitous hydrogen bonding [29,30,31,32,33,34,35,36,37,38,39]. Remarkably, the seminal HaB has inspired the scientific community to further investigate and rationalize the ability of the other elements of the p-block to form analogous ChB, PnB, TtBs, and NgBs and to expand the σ–hole concept. Since there is a considerable amount of information available for the readers in the form of reviews and book chapters devoted to HaB [29,30,31,32,33,34,35,36,37,38,39], this interaction is briefly described in this section of the present review.



Table 7 summarizes the polarizabilities (α) and van der Waals radii of the halogen elements from periods 2 to 5. The atomic α value increases from 1.8 a.u. in F to 22.6 a.u. in I. In line with the Ch elements, the difference in the atomic polarizability between F and Cl is quite large (~x4), while the differences between the rest of the elements are much smaller. The MEP values at the σ–holes of the fluoride derivatives of the four Ha elements studied in this section are also given in Table 7, and the MEP surface of IF is represented in Figure 16. They show the expected behavior, increasing from 15.9 kcal/mol in F2 to 55.8 kcal/mol in IF, parallel to the behavior observed for the atomic polarizability values.



Figure 16 shows the MEP surface of IF as an illustrative example of the whole series. As can be observed, the σ–hole is small and well-defined opposite to the I–F bond, thus predicting stronger directionality in HaB, in comparison to ChB or PnB and similar to TtBs that also showed well-defined σ–hole regions (see Figure 2).



Bromine and Iodine



HaBs involving bromine and iodine as σ–hole donors have been used in a wide variety of fields, including crystal engineering, catalysis, supramolecular chemistry, molecular recognition of anions, and membrane transport [28,29,30,31,32,33,34,35,36,37,38,39,47,48,49,50,51]. Therefore, this section is devoted to discussing more unconventional and recent investigations on halogen bonding in which the Lewis base is a transition metal complex. That is the dz2[M] orbital in a square planar or the dx2–y2 [M] in a linear two coordinated complex act as electron donor instead of a more conventional Lewis base (see Figure 17).



Commonly used HaB acceptors (electron donors) are lone pair (LP) bearing atoms such as nitrogen, phosphorus, oxygen, sulfur, and halogens. Furthermore, electron-rich C atoms (CO, CN−, RCC−) and π systems (–C=C–; –C≡C–, arene) are also used as HaB acceptors. On the contrary, a counterintuitive vision is using a filled dz2-orbital as HaB acceptor in a positively charged metal center. Metal can act as an electron donor if it contains at least one LP, which could interact with the empty σ–hole of the HaB. In recent times, several investigations have utilized such uncommon HaBs in crystal engineering and supramolecular chemistry [116,117].



The ability of Ni(II) square planar complexes to form cocrystals with iodine derivatives has been studied in terms of donor–acceptor interactions [119,120]. Figure 18a shows the X-ray structure of a nitroguanidate Ni(II) complex (MEBXID [117]) that undergoes two simultaneous Ni···I HaBs with the co-crystallized 1,3,5-triiodotrifluorobenzene (FIB). The distance is significantly shorter than the sum of van der Waals radii (Ni + I = 3.61 Å) and the C–I···Ni angle is far from linearity (142.5°, see Table 8) but even farther from the ideal orientation expected for a semi-coordination bond (~90°). The MEP surface plot (see Figure 18b) shows that the MEP is negative over the central Ni atom and that the minimum is found in the molecular plane between the N and O atoms of the nitroguanidate group. The value of MEP at the Ni indicates that this interaction has a predominant HaB nature that is further supported by a recent investigation, which has proven that the σ–hole at the I atom in FIB embraces a large region and is able to be involved in HaBs with C–I···:A angles up to 105° [121].



A Rh(I) complex of formula [RhCl2(COD)]2 (COD = 1,5-cyclooctadiene) has been recently synthesized and X-ray characterized to form co-crystals with several σ–hole iodine donors [122]. X-ray diffraction studies, in combination with extensive computations, indicate that the dz2-orbitals of two positively charged Rh(I) centers provide sufficient nucleophilicity to form three-center HaB with the σ–hole donors. The two metal centers function as an integrated HaB acceptor, providing assembly via metal-involving halogen bonding (see AMUPAC structure in Figure 19a). In this X-ray structure of [RhCl2(COD)]2·(C6F4I2), two iodine σ–hole donors interact with the Rh2Cl2 core of the complex above and below the Rh2Cl2 plane. The MEP surface represented in Figure 19b confirms the nucleophilicity of the Rh2Cl2 cores (−20 and −13 kcal/mol). This unprecedented double HaB interaction is responsible for the propagation of the 1D-chain ···[Rh2Cl2]···I(C6F4)I···[Rh2Cl2]··· shown in Figure 19a.



It has also been reported in the literature that square-planar Pd(II) and Pt(II) complexes with halides as ligands have the interesting ability to participate in HaBs using both the halide and an M(II) center (M = Pd and Pt) as halogen bond acceptor [123,124,125]. The first experimental study of Br,I···dz2[Pd] HaB interactions was reported in 2018 by Boyarskiy et al. [125]. A series of new crystal structures trans-[MCl2(NCNMe2)2]·2CHX3 (M = Pd, Pt; X = Br, I) were reported. Two of them are shown in Figure 20 and Figure 21. It can be clearly observed that the C–Br (LIHMIB in Figure 20) and C–I (LIHMEX in Figure 21) bonds point to the M(II) metal center (see Table 8 for geometrical details).



These contacts were attributed to halogen bonds by using experimental data and theoretical calculations. In fact, the MEP surfaces shown in Figure 20b and Figure 21b indicate that the MEP value above and below the M(II) atom is negative (−32 kcal/mol for Pt and −25 kcal/mol for Pd), thus suitable for establishing σ–hole interactions as acceptor (see Table 8 for geometrical details).




2.5. Noble Gas Bonding


In 2015, we provided [126], for the first time, theoretical evidence (by means of ab initio calculations) of the attractive interaction between a covalently bonded atom of group 18 (known as aerogens or noble gases) and an electron-rich atom (Lewis base or an anion). This was further confirmed by the existence of several X-ray structures of Xe(VI) derivatives in which this interaction drove the crystal packing formation. The original proposed name for this interaction was aerogen bonding, and it was described as a novel instance of σ–hole-based interactions. The term aerogen comes from the Greek ‘‘aeros” meaning air. In the field of chemistry, the term aerogen is commonly used to refer to any noble gas atom. However, in medicine, this term is usually defined as ‘‘a gas producing bacterium” [127]. Therefore, in this review, the term noble gas bond (NgB) is used instead of aerogen bond to refer to those van der Waals contacts where the Ng atom acts as an electron acceptor in order to avoid confusion.



Table 9 summarizes the polarizabilities (α) and van der Waals radii of the noble gas elements from periods 2 to 5. The atomic α value increases from 6.3 a.u. in Ar to 19.9 a.u. in Xe. The polarizability values given in Table 9 for the Ng atoms are comparable to those reported for other elements of the p-block atom [128]. Additionally, the difference in the atomic polarizability between Ng from periods 3 to 5 is small (~x2), in line with the rest of the p-block elements. The MEP values at the σ–holes of the trioxide derivatives of the three Ng elements studied in this section are also given in Table 9, and the MEP surface of XeO3 is represented in Figure 22. They show the expected behavior, increasing from 37.7 kcal/mol in ArO3 to 52.7 kcal/mol in XeO3, parallel to the behavior observed for the atomic polarizability values.



Figure 22 shows the MEP surface of XeO3 at the MP2/def2-TZVP level of theory. As is evident, there is a large and intense region of positive electrostatic potential covering the location of the Ng’s lone pair. The value of MEP at the σ–hole becomes more positive on going from Ar to Xe, in a parallel way with their atomic polarizabilities. The MEP surfaces indicate that the anisotropy at the Ng atom is not easily noticeable in this set of molecules.



Xenon



After our initial theoretical demonstration that Xe(VI) derivatives were able to participate in directional NCIs with electron-rich species such as Lewis bases and anions [126], several experimental and theoretical [129,130,131] studies have supported these initial findings and expanded the field of NgBs. For instance, the X-ray architecture of XeO3 shown in Figure 23 shows that each molecule is able to form three Xe···O NgBs with surrounding XeO3 moieties (see Table 9 for details).



In this context, two additional interesting studies are worth highlighting. Firstly, Schrobilgen et al. reported the syntheses and X-ray characterization of chlorine and bromine salts of general formula [N(C2H5)4]3[X3(XeO3)3] X = Cl, Br [132]. The X-ray structure of these compounds exhibited interesting NgBs in their crystal packing. For instance, the KAZMEG structure shown in Figure 24a reveals the formation of three Xe···Cl– NgBs. Interestingly, the arrangement of the three Cl– anions in the solid state coincides with the location of the three σ–holes. Second, in the study from Goettel et al. [133], a series of xenon trioxide alkylnitrile adducts were synthesized and the X-ray characterized. One of them is shown in Figure 24b (EZAKEX); it shows three NgBs involving two acetonitrile molecules and one XeO3 molecule (see Table 9 for geometrical details).



It is also worth mentioning the structure of [N(C2H5)4]3[X3(XeO3)3] shown in Figure 25a (KAZLUV) [132] since it was the first example that presented a Xe···Br NgB in the structure. Concretely, two XeO3 moieties are connected by three Br anions through the formation of six simultaneous NgBs (see Table 10 for geometrical details). In this assembly, the third molecule of XeO3 is also present and involved in two additional Xe···Br and one Xe···O NgBs. Finally, Figure 25b also shows another X-ray structure (VIFKUT) in which the electron donor atom is an sp2-hybridized pyridine N atom [134].





3. Concluding Remarks


The data of MEP and polarizability data summarized in this review show that the polarizability of the p-block elements increases on moving from periods 2 to 5, with large differences between periods 2 and 3. Moreover, the MEP values increase when descending in the group, similarly to the behavior observed for the polarizability. Moreover, tetrel and halogen elements exhibit larger MEP values than pnictogen, chalcogen, and noble gases. The σ–holes are more extended in heavier ChBs, PnBs, and NgBs, thus explaining their poorer directionality, compared with TtBs and HaBs.



The X-ray structures shown in Section 2.1, Section 2.2, Section 2.3, Section 2.4, Section 2.5 of this review are not intended to be comprehensive but to give significant experimental support to the fact that the elements from groups 14 to 18 have a strong tendency to establish directional TtB, PnB, ChB, HaB, and NgB interactions with Lewis bases or anions. Furthermore, these interactions play a relevant role in governing the solid-state architecture of the crystalline solids. These interactions, often unnoticed or simply identified as short or secondary contacts, are highly predictable and general. Therefore, they should be considered and used by the scientific community as a novel and efficient tool in several fields such as materials, catalysis, supramolecular chemistry, and crystal engineering.
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Figure 1. Graphical representation of a prototypical σ–hole complex between H2O and ICF3 molecules as electron donor and acceptor moieties, respectively. Electropositive regions are represented in blue and electronegative in red. 
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Figure 2. MEP surface of SnF4 using the 0.001 a.u. isosurface and the MP2/def2-TZVP level of theory (energy in kcal/mol). 
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Figure 3. Ball-and-stick representation of the solid state of QAHXIG structure [69] showing the C–Ge···O TtBs that are represented using dashed lines. H atoms omitted for clarity. 
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Figure 4. Ball-and-stick representation of the solid state of VUZVUH structure [73] highlighting the O–Ge···F TtBs, which are represented using dashed lines. H atoms omitted for clarity. 
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Figure 5. Ball-and-stick representation of BAJWOY (a) and BIBQIN (b) structures exhibiting F,Cl–Sn···F and Sn···N TtBs, which are represented using dashed lines. H atoms omitted for clarity. 
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Figure 6. MEP surfaces of SbF3 using the 0.001 a.u. isosurface and the MP2/def2-TZVP level of theory (energy in kcal/mol). 
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Figure 7. Ball-and-stick representation of ICSD413360 (a) and ICSD413359 (b) structures exhibiting PnBs, which are represented using dashed lines. 
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Figure 8. Ball-and-stick representation of the solid-state X-ray structures of USEPUF (a), UROZIL (b), and UROYUW (c) structures. The PnBs are represented using dashed lines. H atoms omitted for clarity. 
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Figure 9. Ball-and-stick representation of the solid state of USEQAM structure showing the 1D infinite assembly. The PnBs are represented using dashed lines. H atoms omitted for clarity. 
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Figure 10. MEP surfaces of TeF2 using the 0.001 a.u. isosurface and the MP2/def2-TZVP level of theory (energy in kcal/mol). 
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Figure 11. Ball-and-stick representation of the X-ray solid-state structure of FEYBAP showing the ChBs represented using dashed lines. H atoms omitted for clarity. 
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Figure 12. Ball-and-stick representation of the X-ray solid-state structure of HOGBOW showing the 1D supramolecular polymer. The ChBs are represented using dashed lines. H atoms omitted for clarity. 
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Figure 13. Ball-and-stick representation of the X-ray solid-state structures of SAJPAY (a), SAJQED (b) showing the ChBs that are represented using dashed lines. H atoms omitted for clarity. 
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Figure 14. Ball-and-stick representation of the X-ray solid-state structures of GEFVOC10 (a) and QUHYAH (b). The ChBs are represented using dashed lines. H atoms omitted for clarity. 
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Figure 15. Ball-and-stick representation of the X-ray solid-state structures of CISPUP (a) and FELPUH (b), where the ChBs are represented using dashed lines. H atoms omitted for clarity. 
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Figure 16. MEP surfaces of IF using the 0.001 a.u. isosurface and the MP2/def2-TZVP level of theory (energy in kcal/mol). 
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Figure 17. Schematic representation of orthodox (lone pair donors, π systems) and unorthodox Lewis bases (square planar and linear metal complexes) establishing a HaB. 
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Figure 18. (a) Ball-and-stick representation of the X-ray solid-state structure of MEBXID in which the HaBs are indicated as dashed lines; (b) MEP surface of Ni(nitroguanidate)2 using the 0.001 a.u. isosurface (energies in kcal/mol). H atoms are omitted for clarity. 
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Figure 19. (a) Ball-and-stick representation of the X-ray solid-state structure of AMUPAC, in which HaBs are represented as dashed lines; (b) MEP surface of [RhCl2(COD)]2 using the 0.001 a.u. isosurface (energies in kcal/mol). H atoms omitted for clarity. 






Figure 19. (a) Ball-and-stick representation of the X-ray solid-state structure of AMUPAC, in which HaBs are represented as dashed lines; (b) MEP surface of [RhCl2(COD)]2 using the 0.001 a.u. isosurface (energies in kcal/mol). H atoms omitted for clarity.
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Figure 20. (a) Ball-and-stick representation of the X-ray solid-state structure of LIHMEX, in which HaBs are represented as dashed lines. The HaBs are represented using dashed lines. H atoms omitted for clarity; (b) MEP surface of Pt(NCNMe2)2Cl2 using the 0.001 a.u. isosurface (energies in kcal/mol). 






Figure 20. (a) Ball-and-stick representation of the X-ray solid-state structure of LIHMEX, in which HaBs are represented as dashed lines. The HaBs are represented using dashed lines. H atoms omitted for clarity; (b) MEP surface of Pt(NCNMe2)2Cl2 using the 0.001 a.u. isosurface (energies in kcal/mol).
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Figure 21. (a) Ball-and-stick representation of the X-ray solid-state structure of LIHMEX, where the HaBs are represented using dashed lines. H atoms omitted for clarity; (b) MEP surface of Pd(NCNMe2)2Cl2 using the 0.001 a.u. isosurface (energies in kcal/mol). 
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Figure 22. MEP surface (0.001 a.u.) of XeO3 (MP2/def2-TZVP). MEP energy at the selected point is given in kcal/mol. 
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Figure 23. Ball-and-stick representation of the X-ray structure of XeO3 retrieved from the ICSD (refcode ICSD253590). The NgBs are represented using dashed lines. 
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Figure 24. NgBs in the solid state of KAZMEG (a) and EZAKEX (b) structures. The NgBs are represented using dashed lines. 
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Figure 25. NgBs in the solid state of KAZLUV (a) and VIFKUT (b) structures. The NgBs are represented using dashed lines. H atoms omitted for clarity. 
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Table 1. Atomic polarizabilities (α, a.u.) of tetrel (Tt) elements, van der Waals radii (in Å) and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives. Values are taken from ref [63].






Table 1. Atomic polarizabilities (α, a.u.) of tetrel (Tt) elements, van der Waals radii (in Å) and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives. Values are taken from ref [63].





	Tt
	α
	RvdW
	MEP (TtF4)





	C
	9.0
	1.70
	18.6



	Si
	26.1
	2.10
	39.0



	Ge
	28.4
	2.11
	50.2



	Sn
	37.3
	2.17
	66.5
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Table 2. CSD codes, TtB donor (Tt), and acceptor (A) atoms, intermolecular distance (dTt···A in Å), and X–Tt···A (X = C, O, F and Cl) angle (∠ in °).






Table 2. CSD codes, TtB donor (Tt), and acceptor (A) atoms, intermolecular distance (dTt···A in Å), and X–Tt···A (X = C, O, F and Cl) angle (∠ in °).





	CSD Code
	Tt
	A
	dTt···A
	∠





	QAHXIG
	Ge
	O
	3.520
	179.8



	VUZVUH
	Ge
	F
	2.736–2.778
	173.8–174.3



	BAJWOY
	Sn
	F
	3.321
	178.9



	BIBQIN
	Sn
	N
	2.926
	175.1
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Table 3. Atomic polarizabilities (α, a.u.) of pnictogen (Pn) elements, van der Waals radii (in Å), and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives. Data extracted from ref [63].






Table 3. Atomic polarizabilities (α, a.u.) of pnictogen (Pn) elements, van der Waals radii (in Å), and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives. Data extracted from ref [63].





	Pn
	α
	RvdW
	MEP (PnF3)





	N
	5.3
	1.55
	15.9



	P
	16.9
	1.80
	27.4



	As
	21.6
	1.85
	38.5



	Sb
	30.8
	2.06
	46.7
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Table 4. CSD codes, PnB donor (Pn) and acceptor (A) atoms, intermolecular distance (dPn···A in Å), and X–Pn···A (X = N and O) angle (∠ in °).






Table 4. CSD codes, PnB donor (Pn) and acceptor (A) atoms, intermolecular distance (dPn···A in Å), and X–Pn···A (X = N and O) angle (∠ in °).





	CSD Code
	Pn
	A
	dPn···A
	∠





	ICSD413360
	As
	N
	2.978–3.198
	157.7–164.1



	ICSD413359
	Sb
	N
	2.844
	149.9



	USEPUF
	As
	N
	2.794–2.837
	161.5–162.4



	UROZIL
	As
	O
	2.575–2.965
	167.6–176.8



	UROYUW
	Sb
	O
	2.446–2.455
	161.5–168.0



	USEQAM
	Sb
	N
	3.412
	170.3
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Table 5. Atomic polarizabilities (α, a.u.) of chalcogen (Ch) elements, van der Waals radii (in Å), and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives taken from ref [63].






Table 5. Atomic polarizabilities (α, a.u.) of chalcogen (Ch) elements, van der Waals radii (in Å), and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives taken from ref [63].





	Ch
	α
	RvdW
	MEP (ChF2)





	O
	3.0
	1.52
	16.8



	S
	11.8
	1.80
	35.6



	Se
	17.5
	1.90
	44.9



	Te
	25.9
	2.06
	52.6
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Table 6. CSD codes, ChB donor (Ch) and acceptor (A) atoms, intermolecular distance (dCh···A in Å), and X–Ch···A (X = N, O, and S) angle (∠ in °).






Table 6. CSD codes, ChB donor (Ch) and acceptor (A) atoms, intermolecular distance (dCh···A in Å), and X–Ch···A (X = N, O, and S) angle (∠ in °).





	CSD Code
	Ch
	A
	dCh···A
	∠





	FEYBAP
	Se
	N
	3.342
	171.9



	HOGBOW
	Se
	N
	3.049–3.124
	140.2–144.2



	SAJPAY
	Te
	O
	2.076–2.784
	173.8–176.3



	SAJQED
	Te
	O
	2.756–2.758
	172.6–174.7



	GEFVOC10
	Se
	N
	2.940
	169.5



	QUHYAV
	Se
	O
	2.938
	161.2–167.3



	CISPUP
	Te
	S
	3.409
	161.5



	FELPUH
	Te
	N
	2.825
	150.9
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Table 7. Atomic polarizabilities (α, a.u.) of halogen (Ha) elements, van der Waals radii (in A,) and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives taken from ref [63].






Table 7. Atomic polarizabilities (α, a.u.) of halogen (Ha) elements, van der Waals radii (in A,) and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives taken from ref [63].





	Ha
	α
	RvdW
	MEP (HaF)





	F
	1.8
	1.47
	15.9



	Cl
	8.4
	1.75
	42.3



	Br
	14.0
	1.89
	49.7



	I
	22.6
	1.98
	55.8
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Table 8. CSD codes, HaB donor (Ha) and acceptor (A) atoms, intermolecular distance (dHa···A in Å), and X–HaB···A (X = N, O, and S) angle (∠ in °).






Table 8. CSD codes, HaB donor (Ha) and acceptor (A) atoms, intermolecular distance (dHa···A in Å), and X–HaB···A (X = N, O, and S) angle (∠ in °).





	CSD Code
	Ha
	A
	dHa···A
	∠





	MEBXID
	I
	Ni
	3.389
	142.5



	AMUPAC
	I
	Rh
	3.693
	147.2



	LIHMIB
	Br
	Pt
	3.365
	165.9



	LIHMEX
	I
	Pd
	3.512
	164.9
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Table 9. Atomic polarizabilities (α, a.u.) of noble gas (Ng) elements, van der Waals radii (in Å), and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives at the MP2/def2-TZVP level of theory. The data regarding Ne are not shown owing to the instability of the NeO3 compound.






Table 9. Atomic polarizabilities (α, a.u.) of noble gas (Ng) elements, van der Waals radii (in Å), and σ–hole MEP values (in kcal/mol) of their tetrafluoride derivatives at the MP2/def2-TZVP level of theory. The data regarding Ne are not shown owing to the instability of the NeO3 compound.





	Ng
	A
	RvdW
	MEP (NgO3)





	Ar
	6.3
	1.88
	37.7



	Kr
	11.5
	2.02
	43.9



	Xe
	19.9
	2.16
	52.7
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Table 10. CSD codes, NgB donor (Ng) and acceptor (A) atoms, intermolecular distance (dNg···A in Å), and X–HaB···A (X = O) angle (∠ in °).






Table 10. CSD codes, NgB donor (Ng) and acceptor (A) atoms, intermolecular distance (dNg···A in Å), and X–HaB···A (X = O) angle (∠ in °).





	CSD/ICSD Code
	Ng
	A
	dNg···A
	∠





	ICSD253590
	Xe
	O
	2.80–2.90
	159–172



	KAZMEG
	Xe
	Cl
	3.070–3.101
	162–167.6



	EZAKEX
	Xe
	O
	2.758
	164.4



	KAZLUV
	Xe
	Br
	3.104–3.274
	158.5–165.8



	VIFKUT
	Xe
	N
	2.760–2.820
	170.4–173.8
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