Study of the Topological Properties of some Pseudohalides
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The study of pseudohalides has been of interest to nonmetal chemists for many years. Due to the similarities between the halides and the pseudohalides, the pseudohalide family of compounds is of fundamental interest [1].

The pseudohalide concept was introduced in 1925 [2] and since its introduction, the pseudohalide principle has been used extensively in nonmetal chemistry to predict the structure and stability of many species.

The so-called “azidodithiocarbonate” anion, more properly referred to as the 1,2,3,4-thiatriazole-5-thiolate anion, CS2N3-, is of particular interest [3].

First described and isolated in 1918 by Sommer [4], it was not until 1991 that the structure of the CS2N3- anion in the form of its NaCS2N3(2H2O salt was determined experimentally usimg X-ray diffraction techniques to be a five-membered ring [5], in contrast to the previously postulated chain structure [4]. While early reports suggested the formation of several derivatives of this anion, little or no data were given to support these claims [6]

Crawford et al. have reported the characterization of several CS2N3- containing species [3, 7]. They also reported the quantum-chemical calculations on the CS2N3- moiety which not only supported the formation of the five-membered ring but were also in very good agreement with the experimentally determined structure [5]  

In a short communication we have recently reported the topological study of any CS2N3-containing species reported by Crawford et al. [8]

Previous report on these compounds showed that in covalent derivatives [5], not only does the ring remain intact but also the site of attachment of the R group is most likely at the exocyclic sulfur atom in contrast to the previously suggested N-R connectivity [9]. Therefore, the structure and bonding of derivatives of the CS2N3- moiety is clearly an important question.

With that in our mind, we undertook a topological analysis to gain more insight into the bonding in covalent derivatives of CS2N3- moiety and to try to find an explanation to the origin of the N-H and S-H connectivities. The question is: what is the reason that makes all the covalent derivatives prefer the S-R connectivity while the hydracid has an N-H one?

Methods of calculation and computational details

The structures of pseudohalides were calculated using the density functional theory [10] and their topological properties are analyzed in terms of the atoms-in-molecules method [11].

All calculations were carried out using the Gaussian 98 package [12]. The Becke’s three-parameter density functional [13] together with the Lee, Yang, and Parr functional, which accounts for both local and gradient-corrected correlation effects [14], were used to accomplish the calculations. This combination leads to the well known and widely used B3LYP method. The basis set used for all elements was 6-311++G* [15]. Each optimized structure was tested against imaginary frequencies in order to be sure they are located at an energy minimum. 

The topological analysis of all the species under study was accomplished by means of the PROAIM program [16]. The densities used for the topological analysis were obtained through single-point calculations on the above optimized geometries using the B3LYP level of theory and the 6-311++G** basis set provided by the Gaussian 98 package [12].

Atoms-In-Molecules Theory: An Overview. The atoms-in-molecules theory is a simple, rigorous, and elegant way of defining atoms and bonds within a chemical structure. This theory is based on the critical points (CP) of the electronic density, ρ(r). These are points where the gradient of the electronic density, (ρ(r), vanishes and are characterized by the three eigenvalues ((1, (2, (3) of the Hessian matrix of ρ(r). The CPs are labeled as (r, s) according to their rank, r (number of nonzero eigenvalues), and signature, s (the algebraic sum of the signs of the eigenvalues).

Four types of CPs are of interest in molecules: (3, -3), (3,-1), (3, +1), and (3, +3). A (3, -3) point corresponds to a maximum in ρ(r) and occurs generally at the nuclear positions. A (3, +3) point indicates electronic charge depletion and is known as cage critical point. (3, +1) points, or ring critical points, are merely saddle points. Finally, a (3, -1) point, or bond critical point, is generally found between two neighboring nuclei indicating the existence of a bond between them.

Several properties that can be evaluated at a bond critical point (BCP) constitute very powerful tools to classify the interactions between two fragments [11]. The two negative eigenvalues of the Hessian matrix ((1 and (2) at the BCP measure the degree of contraction of ρ(r) perpendicular to the bond toward the critical point, while the positive eigenvalue ((3) measures the degree of contraction parallel to the bond and from the BCP toward each of the neighboring nuclei. Calculated properties at the BCP of the electronic density are labeled with the subscript “b” throughout the work.

When the negative eigenvalues dominate, the electronic charge is locally concentrated in the region of the BCP leading to an interaction typically found in covalent or polarized bonds and being characterized by large ρb values, (2ρb < 0 and ((1(/ (3 > 1. 

If the positive eigenvalue is dominant, on the other hand, the electronic density is locally concentrated at each atomic site. The interaction is now referred to as a closed-shell one and it is characteristic of highly ionic bonds, hydrogen bonds, and van der Waals interactions. Its main features are relatively small ρb values, (2ρb > 0 and ((1(/ (3 < 1. Finally, the ellipticity, (, defined as (1/ (2 - 1 indicates the deviation of the electronic charge density from the axial symmetry of a chemical bond providing a quantitative measure of the ( character of the bond.

Other properties are obtained by integrating the corresponding property density over the atomic basin, which is denoted by ( [11]. The relevant atomic properties for the present work are the average number of electrons, N((), from which the atomic net charge, q((), can be calculated as Z( - N((), Z( being the nuclear charge of the atom.

AIM theory permits the identification of reactive sites by means of the Laplacian of the charge density, (2(. AIM defines the valence-shell charge concentration (VSCC) as the outer molecular zone where (2( < 0. This zone is the one which, upon chemical combination, is distorted to yield non-bonded critical points (NBCP), which are minima in (2( (maxima of charge concentration), corresponding in number and position to the electron pairs defined by the Lewis and related models [11, 17]. NBCP correspond to zones where an electrophilic attack can occur.

Results and discussion

The connectivity

The optimized geometries of the 1,2,3,4-thiatriazole-5-thiolate anion, CS2N3- (1), the hydracid, HN3SC=S (2), the interpseudohalogen, CS2N3-CN (3), the methylazidodithiocarbonate, CH3CS2N3 (4), the 
chloroazidodithiocarbonate, ClCS2N3 (5), and the fluoroazidodithiocarbonate, FCS2N3 (6), calculated at the B3LYP/6-31G** level of theory are shown in Figure 1. The bond lengths are indicated.

The calculated parameters are in very good agreement with the available experimental and theoretical data reported by Crawford et al. [3, 7] (Table 1). 

The five-membered ring is the standard form for the CS2N3- anion and its derivatives. The planarity of the CS2N3- anion is an indication for both the aromatic and pseudohalide character of this specie [3].

Table 2 lists relevant topological properties obtained from this study. The topological analysis of BCPs in ( of CS2N3- anion, 1, and the covalent derivatives, 2-6, reveal that all bonds forming the five member ring correspond to covalent interactions, namely, a relatively large value for ρb and a negative value for (2ρb. The ((1(/ (3 quotient is appreciably greater than 1, except in the N1-N2 bond which these values are near 1. The ellipticities of bonds forming the ring have considerably big numerical values and it reveals their partial double bond character due the electronic charge delocalization over the ring surface.

The exocyclic C-S bond is described by lower values of ρb and (2ρb shows small although negative values. The ((1(/ (3 quotient is always more than 1 for the C1-S2 bonds. A remarkable situation lies in the HCS2N3 compound, 2, in which the Laplacian of the electronic density, (2ρb, shows a small, positive value at the BCP. In the same way, the ((1(/ (3 quotient is less than 1. These topological properties reflect the bond polarity. 

Figures 2 and 3 shows the (2(r) contour maps for structures 1-3 and 4-6, respectively, which clearly shows the concepts previously mentioned. It can be seen that the interaction pattern of the ring atoms is nearly the same and clearly suggests the presence of shared interactions. The same situation is encountered in the exocyclic bonds which exhibit a region of charge concentration along each bond, a characteristic feature associated with shared interactions. Nevertheless, is necessary to highlight the interaction pattern in the S2-X bonds in structures 5 and 6, because of the difference of electronegativity between the S and F and Cl atoms, respectively. 

Regarding the situation related with the site of protonation in HCS2N3 compound, that is to say, whether the site of protonation was at the exocyclic sulfur atom or at one of the ring nitrogen atoms (see Scheme 1), the isomer with N1-H connectivity (2) was found to be the lowest energy isomer for HCS2N3 in the gas phase and the isomer with an exocyclic S-H bond (2´) was calculated to be the next higher energy isomer [3]. However, there is still no answer to the question about why the N-H isomer is the favored structure, in opposition to the higher stability of those covalent derivatives with an exocyclic S-R bond (R=CH3, X, CN). To respond this question we also performed topological calculations on both structures (2 and 2´).

The results shown that the higher stability of the covalent derivatives with S-R connectivites instead of N-R connectivity is a due to a steric reason. In seems that the sustituent bond to the exocycle sulphur has “more space” than bond to the Nitrogen of the ring. Obviously, we can not use the same reasoning for the Hydrogen atom. Thus, which would be the reason that makes more stable the hydracid with N-H connectivity?

Till now, with our calculations we can find explanations in two aspects:

1. The proton affinity calculated by Crawford et al [3] of 327,0 Kcal mol-1 is similar to the proton affinity calculated for the HCl of 339.3 kcal mol-1 [3] (experimental 333.2 kcal mol-1 [18]). These values indicate that hydracid is a strong acid. If this is true, its anion (conjugate base) is weak and therefore, more stable dissociated.

2. The contour map of the Laplacian of the distribution of the charge density of the hydracid with N-H connectivity is much more similar to the contour map of the anion (at least more similar than the map of the hydracid with the S-H connectivity) what could indicate that after the loss of the proton an anion is formed practically without changes in the electronic distribution. For this, confront it the map of structure 2 (Figure 2b) with the map of structure 2´ (Figure 4).

Charge distribution

The atomic charge polarizations which occur on chemical bonding are of fundamental interest to chemists. Therefore, in order to study the charge distribution that taken place by the intensity and direction of the charge transfer, the net charges, q((),were computed. Table 3 summarizes the atomic charges on five member ring and on exocyclic sulfur atom for the structures studied (1- 6).

These results show that exocyclic S atom possesses negative charge only in the anion, structure 1, although practically the whole negative charge is located in N1 atom. In structures 3-6, the exocyclic S atom carries a considerable positive charge taking into account the structure 2 due to the charge transfer of the S atom towards the R groups (R=CN, CH3, X). It is interesting to notice that the charge transfer is important in structure 5, which the S atom is bonded to F atom. This situation is clearly evidenced in the Laplacian of the electronic density distribution (Figure 3c). On the other hand, in all cases the cyclic S atom carries positive charge, which is bigger in structure 3. The considerable values of the positive charges in structures 3, 5 and 6 on cyclic S atom reveals a less electronic population on this atom in derivatives in which the R groups contain electronegative atoms.

In all derivatives studied, the charge of cyclic C atom is positive (about +0.2 au).

Sites of electrophilic attack

In order to gain more insight into the site of attachment of the R group is most likely at the exocyclic sulfur atom in contrast to the N-R connectivity in HCS2N3 compound, we undertook an topological analysis of the Laplacian of the electronic density. Therefore, NBCPs have been determined on the sulfur and nitrogen atoms value for all the studied structures.

Results are collected in Table 4. A single NBCP is found at the pyridine nitrogen N1, N2 and N3 in 1, 3, 4, 5, 6. Those NBCP are coplanar with the ring. On the other hand, two NBCP are found for the amine nitrogen N1 in 2. The first of these NBCP is located at the apex of the pyramidic nitrogen (the place where the lone electron pair is usually represented). The second NBCP appears pointing towards the base of the pyramid. The values of (2( in both NBCP are similar. The existence of these two NBCP can be explained in the light of the conjugation between the amine group and the pseudoaromatic ring. In absence of conjugation we can expect a single local maximum of charge concentration, a NBCP, corresponding to the lone electron pair placed in a hybrid orbital pointing to the apex of the pyramid. However, when the amine group is conjugated with the aromatic ring, the electron pair is more similar to a two lobed p orbitals than to a hybrid orbital with a single lobe.

On the cyclic sulfur atom two NBCP are found, compatible with two lone electron pairs localized at the upper and lower positions of the plane corresponding to a sulfur atom with sp3 hybridization. At the same time, on the exocyclic sulfur atom bound to the C atom in the ring are found two NBCP placed in plane, compatible with two lone electron pairs corresponding to a sulfur atom with sp2 hybridization in structures 1 and 2. On the other hand, in the others one the two lone electron pairs are placed in two sp3 hybrid orbitals.

In all studied cases the nitrogen atoms have (2( values of the NBCP larger than those of the sulfur atoms. When the values of (2( are compared at the different non-bonded critical points on N atoms of the studied species, the NBCP at the N2 exhibits the highest concentration of charge (see Table 4). Provided that (2( can be considered as an indicator of the site electrophilic attack, the center with the highest (2( value seems to correspond to the preferred attack site.

Looking at Table 2 it can be clearly seen that the hydracid N-H has in the exocyclic S atom the same array of lone electron pairs corresponding to a hybridization approximately sp2 (two lone electron pairs in the plane and with an angle of 155.5º). This point can reinforce what was said with regard to the connectivity since in the hydracid S-H: the exocycle S atom has hybridization approximately sp3 (two lone electron pairs up and down the molecular plane and forming between them an angle of 134.4º). Then, with the loose of the proton it would be suffer rehybridization to sp2 to form the anion. Looking at what happens with the nitrogen atom of the ring which is bond to the hydrogen atom in the hydracid N-H (2), this atom has two NBCP one up and another down the plane and forming an angle of only 8º with the N atom, reseambling a p pure orbital, while the N atom maintain the sp2 hybridization. We believe that situation allows maintaining the aromatic character of the species and therefore, with a single change in the electronic distribution, the N atom reorders a single NBCP.

Conclusions

We undertook a topological analysis of the so-called “azidodithiocarbonate” anion, 1,2,3,4-thiatriazole-5-thiolate anion, CS2N3- (1), and its covalent derivatives: the hydracid, HN3SC=S (2), the interpseudohalogen, CS2N3-CN (3), the methylazidodithiocarbonate, CH3CS2N3 (4), the 
chloroazidodithiocarbonate, ClCS2N3 (5), and the fluoroazidodithiocarbonate, FCS2N3 (6).

The results reveals that all bonds forming the five members ring correspond to covalent interactions. The higher stability of the covalent derivatives with S-R connectivites instead of N-R connectivity is explained for a steric reason. Additionally, the distribution of the charge density of the hydracid with N-H connectivity and of the anion seem to indicate that after the loss of the proton the anion is formed practically without changes in the electronic distribution. In this way, with a single change in the electronic distribution the N atom reorders of two at a single NBCP.

A remarkable result of this work, merging from this analysis is that the nitrogen atoms are sites that exhibit the highest concentration of electronic charge. 
The topological studies have shown that they are useful and effective tool for elucidating the structures of many CS2N3-containing species.
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Captions

Scheme 1: HCS2N3 isomers with N-H connectivity (2) and with an exocyclic S-H bond (2´).

Figure 1: Optimized structures of 1,2,3,4-thiatriazole-5-thiolate anion, CS2N3- (1), hydracid, HN3SC=S (2), interpseudohalogen, CS2N3-CN (3), methylazidodithiocarbonate, CH3CS2N3 (4), chloroazidodithiocarbonate, ClCS2N3 (5), and fluoroazidodithiocarbonate, FCS2N3 (6), calculated at the B3LYP/6-311++G* level. The atomic labeling scheme and the bond lengths are indicated.

Figure 2: Laplacian of the electronic density of (a) 1,2,3,4-thiatriazole-5-thiolate anion, CS2N3- (1), (b) hydracid, HN3SC=S (2), and (c) interpseudohalogen, CS2N3-CN (3), in the plane of rings. Broken lines denote regions of electronic charge concentration, and solid lines represent regions of electronic charge depletion. BCP are indicated with black circles. The molecular graphs are also indicated. The contours of the Laplacian of the electronic density increase and decrease from a zero contour in steps of ±2, ±4, ±8 x 10n, with n beginning al -3 and increasing by unity. The same set of contours is used in all the figures of the present work.

Figure 3: Laplacian of the electronic density of (a) methylazidodithiocarbonate, CH3CS2N3 (4), (b) chloroazidodithiocarbonate, ClCS2N3 (5), and (c) fluoroazidodithiocarbonate, FCS2N3 (6), in the plane of rings. Broken lines denote regions of electronic charge concentration, and solid lines represent regions of electronic charge depletion. BCP are indicated with black circles. The molecular graphs are also indicated.

Figure 4: Laplacian of the electronic density of HCS2N3 isomers with an exocyclic S-H bond (2´), in the plane of ring. Broken lines denote regions of electronic charge concentration, and solid lines represent regions of electronic charge depletion. BCP are indicated with black circles. The molecular graphs are also indicated.

Table 1: Comparison of selected experimentally determined (X-ray) and calculated (B3LYP/6-311++G*) structural parameters (Å , deg) for 1-6 Structures.

Table 2: Topological analysis of BCP in ( of 1,2,3,4-thiatriazole-5-thiolate anion, CS2N3- (1), hydracid, HN3SC=S (2), interpseudohalogen, CS2N3-CN (3), methylazidodithiocarbonate, CH3CS2N3 (4), chloroazidodithiocarbonate, ClCS2N3 (5), and fluoroazidodithiocarbonate, FCS2N3 (6). (b and (2(b in a.u.
Table 3: Net charges, q((), on five member ring and exocyclic sulfur atoms for all studied structures. The units are atomic units.

Table 4: Values of Laplacian of the charge density, (2( [au], at the Non-Bonded Critical Points (NBCP) of the selected atoms in studied structures.

