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Abstract

:

In this manuscript substituent effects in several silicon tetrel bonding (TtB) complexes were investigated at the RI-MP2/def2-TZVP level of theory. Particularly, we have analysed how the interaction energy is influenced by the electronic nature of the substituent in both donor and acceptor moieties. To achieve that, several tetrafluorophenyl silane derivatives have been substituted at the meta and para positions by several electron donating and electron withdrawing groups (EDG and EWG, respectively), such as –NH2, –OCH3, –CH3, –H, –CF3 and –CN substituents. As electron donor molecules, we have used a series of hydrogen cyanide derivatives using the same EDGs and EWGs. We have obtained the Hammett’s plots for different combinations of donors and acceptors and in all cases we have obtained good regression plots (interaction energies vs. Hammet’s σ parameter). In addition, we have used the electrostatic potential (ESP) surface analysis as well as the Bader’s theory of atoms in molecules (AIM) and noncovalent interaction plot (NCI plot) techniques to further characterize the TtBs studied herein. Finally, a Cambridge Structural Database (CSD) inspection was carried out, retrieving several structures where halogenated aromatic silanes participate in tetrel bonding interactions, being an additional stabilization force of their supramolecular architectures.
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1. Introduction


Noncovalent interactions (NCIs) are of crucial importance in molecular recognition and set the foundation of modern chemistry [1,2,3,4]. From the beginning of the century, NCIs have earned a general recognition that has moved the field far beyond classical and ubiquitous forces such as hydrogen bonding and π–π stacking interactions. Concretely, the σ-/π-hole crown of interactions [5], composed by halogen [6], chalcogen [7], pnictogen [8], tetrel [9] and aerogen bonds [10], has become a reliable and robust resource for driving molecular recognition [11,12] and self-assembly processes [13,14,15] with the assistance of computational chemistry [16,17], which is crucial for achieving a full exploitation of the NCIs in several fields (e.g., materials science, catalysis, biochemistry, etc.) [18,19,20,21,22,23].



The number of Investigations in NCIs [24,25] encompassing elements from groups 14–17 have exponentially grown during the past decade, leading to the creation and exploitation of novel fields of research [26,27,28]. Several computational studies [5,6,7,8,9,10,24,25] have demonstrated the anisotropic nature of the electron density distribution in Halogen (Ha), Chalcogen (Ch) and Pnictogen (Pn) elements owing to the coexistence of lone pairs (LPs) and σ–holes on the same atom. More precisely, in monovalent Ha, divalent Ch, trivalent Pn and tetravalent Tt atoms, the LP number goes from three to none, while the number of σ-holes goes from one to four (moving from group 17 to group 14). This is important, since the number and position of the positive and negative molecular electrostatic surface potentials on these atoms is closely related to the number and location of the covalent bonds the atoms are involved in, as well as the location of the LPs.



Among this number of NCIs, tetrel bonds (TtBs), which involve a σ-hole located on an element from group IV and a Lewis base, were theoretically described by the groups of Frontera [29] and Arunan [30] and have nowadays achieved great recognition in the fields of supramolecular chemistry and crystal engineering, as well as in biological systems [31,32,33,34,35,36,37,38,39]. In spite of this, Johnson and co-workers first showed the stability of carbon-Lewis base adducts [40]. They demonstrated that the geometrical disposition of the [H2O–CO2] dimer was ruled by a C⋯O interaction that was stronger than the dimer based on a H⋯O hydrogen bond (HB). This finding was confirmed by the group of Klemperer et al. several years later via microwave spectral analysis [41]. In more detail, they demonstrated the prevalence of a supramolecular complex featuring a O2C⋯OH2 tetrel bond instead of a hydrogen bond (HO–H⋯O=C=O). Simple calculations at B97D/6-31 + G* yielded a more stable tetrel bonded complex by 1.8 kcal/mol compared to the HB geometry. In addition, it was also demonstrated during the 1980s that other HB donor molecules, such as HBr [42] and HCN [43], formed stronger tetrel bonding complexes with carbon dioxide.



Later in 2001, Alkorta and collaborators calculated a series of supramolecular complexes between Si derivatives (SiX4, X = halogen) and lone pair donors (Z = NH3, H2O, etc.). The Si⋯Z interaction distances obtained from the calculations range between 2.1 and 4.1 Å, while the strength of the interaction reached up to −10 kcal/mol for the stronger complexes [44]. In a parallel work, Alkorta evaluated the conformational trend of aminopropylsilanes [45] by using NMR data from experiments (15N and 29Si chemical shifts and JN–Si coupling constants) in combination with theoretical calculations. The results obtained provided evidence of the existence of an equilibrium between an open chain structure (dominated by the entropic component) and the supramolecular cycle (governed by the enthalpic term). Finally, the energetic and geometric features of TtBs in neutral and protonated RTtF3 (R = pyridinyl and furanyl) systems have been investigated by Scheiner and collaborators [46] for C, Si and Ge, using NH3 as a Lewis base.



The physical nature of the interaction is based on two main factors [47,48]. First, the polarizability of the tetrel atom (Tt), which increases upon descending in the group. Consequently, the electropositive region of the σ–hole increases if the EWG–Tt bond (EWG: electron withdrawing group) is more polarized, resulting in a strengthening of the NCI. Secondly, another way to polarize the EWG–Tt bond is by increasing the electron-withdrawing ability of the EWG. Therefore, the combination of heavy elements and a strong EWG increases the positive potential and size of the σ–hole, thus reinforcing the NCI (by increasing the contribution of electrostatics). In terms of steric demands, TtBs are a world apart compared to other σ-hole interactions. For instance, while the approaching LP donor molecule in a typical halogen bond (HalB) complex is usually separated by 180° from the EWG covalently attached to the halogen atom (with the minimal amount of steric repulsion), the tetrahedral spacing of the four substituents bound to the Tt atom dramatically increases the steric crowding and, at the same time, augments the steric repulsion with the Lewis base.



In this context, silicon is probably more prone to participate in noncovalent TtBs than the heavier tetrels due to their tendency to expand their valence, thus engaging in covalent/coordination chemistry. Moreover, tetrahedral lead(IV) compounds are quite uncommon, and lead(II) has a rich coordination chemistry [49,50,51,52] and it is considered a metal. Nonetheless, hypervalent species of Si are also known [53,54,55,56] although less abundant. The aim of this study is to investigate the geometric and energetic features of tetrel bonded complexes involving tetrafluorophenyl silane moieties and to study substituent effects in the meta and para positions of the ring. A similar study encompasses the work from Franconetti and collaborators [57], where substituent effects on a series of “like–like” Sn···Sn Tetrel bond complexes were evaluated at the RI-MP2/def2-TZVP level of theory. The authors used para-substituted phenylstannane derivatives as TtB donors and several tin-containing benzene derivatives as TtB acceptor species. In addition, the study from An and co-workers [58] shed light on the basis set influence (using double and triple zeta Dunning’s basis sets), substitution and competition in Tetrel bonding interactions involving phenyltrifluorosilane and dimethyl sulfoxide molecules. Building upon these previous works, we were interested in (i) evaluating meta-substitution effects on the aromatic silane moiety, (ii) including substitution on the electron donor molecule and (iii) inspecting the Cambridge Structural Database (CSD) [59] for specific examples of Si TtBs involving aromatic silanes.



To achieve that, we have used several electron-donating and electron-withdrawing groups (EDG and EWG, respectively), such as –NH2, –OCH3, –CH3, –H, –CF3 and –CN substituents, incorporated at the meta and para positions of a fluorinated aromatic silane derivative (see Figure 1). As electron donor molecules, we have used a series of hydrogen cyanide derivatives using the same EDGs and EWGs (see ESI for cartesian coordinates of complexes 1 to 72 in supplementary material). In addition, the topological analysis of the electron density was carried out using the quantum theory of atoms in molecules (QTAIM) and noncovalent interactions plot (NCI plot) methodologies. Finally, a CSD inspection was performed, revealing some examples where halogenated aromatic silanes undergo TtBs in their solid-state structure, thus giving reliability to the results obtained from the calculations. We expect that the evidence reported herein will be useful for those scientists devoted to the fields of supramolecular chemistry and crystal engineering.




2. Results and Discussion


2.1. ESP Analysis


We started our study by carrying out an electrostatic potential surface (ESP) analysis on the tetrel bond donor and acceptor molecules used herein (see Figure 2 for some representative examples). Compounds involving –CN, –H and –NH2 substituents are discussed in more detail while the complete list of ESP values is gathered in Table 1. Firstly, in the case of the three hydrogen cyanide derivatives, the basicity of the sp N atom increased continually from –CN to –NH2 substituents, following their electron-donating or electron-withdrawing nature. Secondly, in the case of the TtB donor moieties four σ-holes were found over the Si atom, due to the four established covalent bonds. Our interests focused on the σ-hole belonging to the C–Si bond, which is depicted in Figure 2, thus, the presence of a EWG or EDG group resulted in an increase or a decrease of the ESP value over the Si σ-hole, respectively. This was observed in both the meta- and para-substituted aromatic silanes, achieving the latter slightly more positive (meta-CN (+34.5 kcal/mol) and para-CN (+35.8 kcal/mol)) or less positive (meta-NH2 (+23.8 kcal/mol) and para-NH2 (+21.9 kcal/mol)) ESP values. These results are in line with previous studies on the substituent effects in halogen bonding interactions [36], pointing out that resonance effects are not an important factor affecting the Si σ-hole’s potential and that TtB complexes involving either meta- or para-substituted silanes are expected to show a similar strength. On the other hand, using –H as substituent (either on the TtB donor or acceptor molecule) middle point results were reported, as expected. Finally, the rest of the ESP values included in Table 1 follow the expected trends for both the TtB donor and acceptor molecules, depending on their electron-donating or electron-withdrawing nature.




2.2. Energetic Study


The values of the binding energies for all complexes of the study are included in Table 2 and Table 3, following the same behaviour independently of the position of the substituent in the aromatic ring. Firstly, in all the cases negative and attractive interaction energy values were obtained, ranging between −1.0 and −3.6 kcal/mol. If one focuses on the same electron donor molecule, those complexes involving EWGs (–CN and –CF3) resulted in more favourable binding energy values than those involving EDGs (–NH2, –OCH3 and –CH3), as expected from the ESP analysis discussed above. Besides, the position of the substituent on the ring (either meta or para) does not have a noticeable influence on the strength of the interaction, which is also in agreement with the ESP analysis shown above, indicating that the resonance effects do not play an important role in the stabilization of the Si tetrel bond complexes studied herein. Figure 3 shows a graphical representation of the ESP values vs. the binding energy values involving meta- and para-substituted aromatic silanes.



As noted, in both cases we found excellent correlations, thus reinforcing the ESP as a powerful predicting tool of the strength of these Si Tetrel bond complexes. Finally, in Figure 4 some optimized geometries at the RI-MP2/def2-TZVP level of theory are shown for six representative complexes exhibiting both meta and para substitution. In all the cases, a bond critical point (BCP) connects the sp N atom from the electron donor molecule with the Si atom of the aromatic silane moiety. In addition, a greenish isosurface can also be found along the bond path that connects both molecules, indicating the presence of the tetrel bonding interaction. The value of the density at the bond critical point that characterizes the TtBs is also given in Figure 4, while the rest of the values are also gathered in Table 2 and Table 3.




2.3. Hammett’s Representations


Figure 5 and Figure 6 gather several Hammett regression plots, where the σm and σp constants were plotted against the binding energies of those meta and para complexes involving –CN, –H and –NH2 as electron donor substituents. As noted, very good correlations were found in those representations that separately involve the meta- and para-substituted complexes (Figure 5, top). In addition, if these two plots were combined (Figure 5, bottom) the correlation was still very good, with R values of 0.918 (–CN), 0.856 (–H) and 0.874 (–H), thus showing that resonance effects do not play a significant role in the substituent effects involving these systems, similarly to previously published results [60].




2.4. CSD Search


As the last stage of our study, the CSD was inspected (December 2022) and five structures were found exhibiting tetrel bonding interactions between halogenated aromatic silane moieties. Three of them are shown in Figure 6, which correspond to AHESIR [61] and WIZHUI01 [62] X-ray structures. Firstly, the AHESIR structure corresponds to (E) 4,4′-Dimethyl-2,2′-disilylazobenzene, which exhibits discrete monomeric units interacting through several NCIs (e.g., π-π stacking, CH-π) on its solid state architecture. In addition to these, Si TtBs are undertaken between a F atom from the –SiF3 moiety and the Si–F σ-hole from a neighbouring unit. The WIZHUI01 structure involves a polymorph of the compound 2,6-Mes2C6H3SiF3, which shows discrete units self-assembling through F···Si TtBs bonds in the solid state architecture, forming a one-dimensional columnar pattern. In Figure 6 the interaction strength as well as the TtB distances are indicated, which lie within the same range as the results obtained using fully optimized models, thus giving reliability to the binding energies obtained.





3. Conclusions


The above computations indicate the ability of tetrafluorophenyl silanes to engage in TtB interactions. The substituent effects were evaluated by using a series of EDGs and EWGs on the meta and para positions of the ring and on the electron donor molecule and by correlating the Hammett substituent constants with the strength of the interaction, obtaining excellent correlations in all cases. These indicate that resonance effects do not play a crucial role and that substituent effects can be explained on the basis of inductive effects. In addition, a survey of the CSD revealed several X-ray structures where TtBs between halogenated aromatic silane moieties were undertaken, contributing to their stabilization of the supramolecular architectures. We expect that the results reported herein will be useful for those scientists devoted to the fields of supramolecular chemistry and crystal engineering of silicon-based compounds.




4. Materials and Methods


4.1. General Considerations


The interaction energies of all the complexes used were calculated at the RI-MP2 [63]/def2-TZVP [64] level of theory. This level of theory has achieved success to accurately represent interaction energies involving both neutral and charged electron donors [65]. The calculations were performed using the TURBOMOLE program, version 7.0. [66]. The interaction energies (ΔEBSSE, in kcal/mol) were calculated as the energy difference between the complex and the isolated monomers following the supermolecule approximation (ΔEcomplex = Ecomplex − EmonomerA − EmonomerB). These values were corrected using the Boys and Bernardi counterpoise correction method [67]. Frequency calculations demonstrated the true minima nature of the TtB complexes studied herein. We have also calculated the Gibbs free energies for two representative complexes (18 and 54) involving –CH3 and –CN groups and resulting in positive values, thus pointing to the importance of entropic effects when dealing with this family of compounds. In the case of the X-ray crystal models of AHESIR and WIZHUI01 structures, single point calculations were carried out to obtain the interaction energy values at the RI-MP2/def2-TZVP level of theory. The MEP surfaces were computed using Gaussian 16 software [68]. The Bader’s AIM theory [69] was used to analyse and describe the interactions discussed in this work using the AIMall calculation package [70]. The RI-MP2/def2-TZVP level of theory was also used for the wavefunction analysis (also using Gaussian 16 software). The NCI plot [71] isosurfaces acknowledge the presence of both attractive and repulsive interactions, as denoted by the sign of the second density Hessian eigenvalue and characterized by the isosurface colour. The colour scheme is composed of a red–yellow–green–blue scale using red for repulsive (λ+cut) and blue for attractive (λ−cut) NCI interaction density. Weak repulsive and weak attractive interactions are identified by yellow and green surfaces, respectively.




4.2. CSD Survey


The CSD was inspected in December 22 (February 2021 update) using the Conquest program [72], retrieving five structures where tetrel bonds between halogenated aromatic silane moieties were undertaken. The following CSD codes from the structures were retrieved from the search: ASEHIR, EHIFAF, GOFSUR, PIDMOH and WIZHUI01. The geometrical criteria used to classify a noncovalent contact as TtB are as follows (see also Figure 7):




	
dSi···A ≤ sum of vdW radii + 0.5 Å.



	
C/X–Si···A between 160 and 180 degrees (X = C, F, Cl, Br and I and A = any atom).
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Figure 1. Compounds and complexes 1 to 72 studied in this work. 
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Figure 2. Electrostatic potential surfaces (ESP) of some selected compounds used in this study. The energy values given at selected points in the surface are in kcal/mol using an isovalue of 0.001 a.u. The ESP values corresponding to the rest of the compounds are gathered in Table 1. 
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Figure 3. Electrostatic surface potential values (ESP) vs. the BSSE-corrected binding energies (ΔEBSSE) of several representative meta- (left) and para-substituted (right) complexes. 
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Figure 4. Distribution of critical points and bond paths in several tetrel bonding complexes. The intermolecular bond critical point (BCP) is denoted by a red dot. The bond path connecting the bond critical point is also represented. The value of the density at the BCP characterizing the TtB (ρ × 102, a.u.) is also indicated. NCI plot colour range –0.002 a.u. ≤ (signλ2) ρ ≤ –0.002 a.u. 
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Figure 5. Hammett’s plots (ΔEBSSE vs. σ) of meta- and para-substituted complexes involving –CN, –H, –NH2 groups (top left and right, respectively). Hammett’s plots (ΔEBSSE vs. σ) including meta- and para-substituted complexes in the same representation (bottom). 
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Figure 6. Partial views of the X-ray structures corresponding to AHESIR (left) and WIZHUI01 (middle). The tetrel bond distances are given in Å. The CSD codes are also indicated. 
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Figure 7. Conceptual models of the tetrel bonding interactions found in the CSD. 
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Table 1. Values of the electrostatic potential surface (ESP, in kcal/mol) for both tetrel bond donors (TtB donor, measured at the Si atom) and acceptor (TtB acceptor, measured at the N atom) molecules used in this study.






Table 1. Values of the electrostatic potential surface (ESP, in kcal/mol) for both tetrel bond donors (TtB donor, measured at the Si atom) and acceptor (TtB acceptor, measured at the N atom) molecules used in this study.





	TtB Donor (para substitution)
	ESP (kcal/mol)





	–CF3
	+33.3



	–CN
	+35.8



	–H
	+28.2



	–CH3
	+25.9



	–NH2
	+21.9



	–OCH3
	+26.4



	TtB donor (meta substitution)
	ESP (kcal/mol)



	–CF3
	+32.0



	–CN
	+34.5



	–H
	+27.0



	–CH3
	+25.2



	–NH2
	+23.8



	–OCH3
	+26.4



	TtB acceptor
	ESP (kcal/mol)



	–CF3
	−23.3



	–CN
	−19.5



	–H
	−32.6



	–CH3
	−38.3



	–NH2
	−40.2



	–OCH3
	−39.2










[image: Table] 





Table 2. Values of the uncorrected and BSSE-corrected interaction energies (ΔE and ΔEBSSE, in kcal/mol), equilibrium distances (d, in Å) and value of the density (ρ × 100, in a.u.) at the bond critical point (BCP) that characterizes the tetrel bonding interaction in complexes 1 to 36.






Table 2. Values of the uncorrected and BSSE-corrected interaction energies (ΔE and ΔEBSSE, in kcal/mol), equilibrium distances (d, in Å) and value of the density (ρ × 100, in a.u.) at the bond critical point (BCP) that characterizes the tetrel bonding interaction in complexes 1 to 36.





	Complex
	ΔE
	ΔEBSSE
	d
	ρ × 100





	1 (X = –NH2, Y = –NH2)
	−1.9
	−1.2
	3.159
	0.72



	2 (X = –NH2, Y = –OCH3)
	−2.4
	−1.7
	3.114
	0.77



	3 (X = –NH2, Y = –CH3)
	−2.4
	−1.7
	3.119
	0.77



	4 (X =–NH2, Y = –H)
	−2.7
	−1.9
	3.095
	0.79



	5 (X = –NH2, Y = –CF3)
	−3.4
	−2.6
	3.030
	0.89



	6 (X = –NH2, Y = –CN)
	−3.7
	−2.9
	3.024
	0.93



	7 (X = –OCH3, Y = –NH2)
	−1.9
	−1.2
	3.173
	0.69



	8 (X = –OCH3, Y = –OCH3)
	−2.4
	−1.7
	3.142
	0.72



	9 (X = –OCH3, Y = –CH3)
	−2.3
	−1.6
	3.132
	0.74



	10 (X = –OCH3, Y = –H)
	−2.6
	−1.9
	3.108
	0.77



	11 (X = –OCH3, Y = –CF3)
	−3.3
	−2.5
	3.046
	0.86



	12 (X = –OCH3, Y = –CN)
	−3.6
	−2.8
	3.024
	0.89



	13 (X = –CH3, Y = –NH2)
	−1.9
	−1.2
	3.182
	0.69



	14 (X = –CH3, Y = –OCH3)
	−2.3
	−1.6
	3.139
	0.74



	15 (X = –CH3, Y = –CH3)
	−2.3
	−1.6
	3.143
	0.74



	16 (X = –CH3, Y = –H)
	−2.5
	−1.8
	3.121
	0.77



	17 (X = –CH3, Y = –CF3)
	−3.2
	−2.4
	3.060
	0.85



	18 (X = –CH3, Y = –CN)
	−3.5
	−2.7
	3.039
	0.88



	19 (X = –H, Y = –NH2)
	−1.5
	−1.0
	3.259
	0.42



	20 (X = –H, Y = –OCH3)
	−1.9
	−1.3
	3.221
	0.64



	21 (X = –H, Y = –CH3)
	−1.9
	−1.3
	3.218
	0.64



	22 (X = –H, Y = –H)
	−2.1
	−1.5
	3.206
	0.66



	23 (X = –H, Y = –CF3)
	−2.6
	−2.0
	3.155
	0.71



	24 (X = –H, Y = –CN)
	−2.8
	−2.1
	3.138
	0.74



	25 (X = –CF3, Y = –NH2)
	−1.5
	−1.0
	3.310
	0.37



	26 (X = –CF3, Y = –OCH3)
	−1.8
	−1.2
	3.268
	0.58



	27 (X = –CF3, Y = –CH3)
	−1.7
	−1.1
	3.283
	0.57



	28 (X = –CF3, Y = –H)
	−1.8
	−1.3
	3.267
	0.58



	29 (X = –CF3, Y = –CF3)
	−2.2
	−1.6
	3.228
	0.62



	30 (X = –CF3, Y = –CN)
	−2.3
	−1.7
	3.214
	0.47



	31 (X = –CN, Y = –NH2)
	−1.6
	−1.0
	3.324
	0.69



	32 (X = –CN, Y = –OCH3)
	−1.8
	−1.2
	3.297
	0.74



	33 (X = –CN, Y = –CH3)
	−1.8
	−1.2
	3.299
	0.74



	34 (X = –CN, Y = –H)
	−1.8
	−1.3
	3.286
	0.77



	35 (X = –CN, Y = –CF3)
	−2.1
	−1.5
	3.250
	0.85



	36 (X = –CN, Y = –CN)
	−2.2
	−1.6
	3.238
	0.89










[image: Table] 





Table 3. Values of the uncorrected and BSSE-corrected interaction energies (ΔE and ΔEBSSE, in kcal/mol), equilibrium distances (d, in Å) and value of the density (ρ × 100, in a.u.) at the bond critical point (BCP) that characterizes the tetrel bonding interaction in complexes 37 to 72.






Table 3. Values of the uncorrected and BSSE-corrected interaction energies (ΔE and ΔEBSSE, in kcal/mol), equilibrium distances (d, in Å) and value of the density (ρ × 100, in a.u.) at the bond critical point (BCP) that characterizes the tetrel bonding interaction in complexes 37 to 72.





	Complex
	ΔE
	ΔEBSSE
	d
	ρ × 100





	37 (X = –NH2, Y = –NH2)
	−2.4
	−1.7
	3.135
	0.74



	38 (X = –NH2, Y = –OCH3)
	−2.4
	−1.7
	3.112
	0.77



	39 (X = –NH2, Y = –CH3)
	−2.6
	−1.9
	3.131
	0.75



	40 (X = –NH2, Y = –H)
	−2.5
	−1.8
	3.162
	0.71



	41 (X = –NH2, Y = –CF3)
	−3.2
	−2.4
	3.048
	0.87



	42 (X = –NH2, Y = –CN)
	−3.6
	−3.6
	3.014
	0.92



	43 (X = –OCH3, Y = –NH2)
	−2.3
	−1.6
	3.160
	0.71



	44 (X = –OCH3, Y = –OCH3)
	−2.7
	−2.0
	3.128
	0.75



	45 (X = –OCH3, Y = –CH3)
	−2.6
	−1.8
	3.141
	0.73



	46 (X = –OCH3, Y = –H)
	−2.4
	−1.7
	3.142
	0.73



	47 (X = –OCH3, Y = –CF3)
	−3.1
	−2.4
	3.073
	0.82



	48 (X = –OCH3, Y = –CN)
	−3.5
	−2.7
	3.056
	0.84



	49 (X = –CH3, Y = –NH2)
	−2.0
	−1.3
	3.176
	0.70



	50 (X = –CH3, Y = –OCH3)
	−2.3
	−1.6
	3.164
	0.71



	51 (X = –CH3, Y = –CH3)
	−2.1
	−1.5
	3.157
	0.72



	52 (X = –CH3, Y = –H)
	−2.4
	−1.7
	3.121
	0.77



	53 (X = –CH3, Y = –CF3)
	−3.0
	−2.3
	3.070
	0.84



	54 (X = –CH3, Y = –CN)
	−3.4
	−2.6
	3.045
	0.88



	55 (X = –H, Y = –NH2)
	−1.7
	−1.1
	3.258
	0.60



	56 (X = –H, Y = –OCH3)
	−1.9
	−1.3
	3.232
	0.63



	57 (X = –H, Y = –CH3)
	−2.1
	−1.5
	3.238
	0.62



	58 (X = –H, Y = –H)
	−1.9
	−1.4
	3.223
	0.64



	59 (X = –H, Y = –CF3)
	−2.4
	−1.8
	3.168
	0.70



	60 (X = –H, Y = –CN)
	−2.7
	−2.7
	3.138
	0.74



	61 (X = –CF3, Y = –NH2)
	−1.9
	−1.3
	3.307
	0.54



	62 (X = –CF3, Y = –OCH3)
	−1.7
	−1.2
	3.287
	0.56



	63 (X = –CF3, Y = –CH3)
	−2.0
	−1.4
	3.290
	0.56



	64 (X = –CF3, Y = –H)
	−1.8
	−1.2
	3.280
	0.57



	65 (X = –CF3, Y = –CF3)
	−2.1
	−1.5
	3.229
	0.62



	66 (X = –CF3, Y = –CN)
	−2.3
	−1.7
	3.214
	0.64



	67 (X = –CN, Y = –NH2)
	−1.6
	−1.1
	3.341
	0.51



	68 (X = –CN, Y = –OCH3)
	−1.7
	−1.2
	3.302
	0.55



	69 (X = –CN, Y = –CH3)
	−1.7
	−1.1
	3.318
	0.53



	70 (X = –CN, Y = –H)
	−1.8
	−1.2
	3.308
	0.54



	71 (X = –CN, Y = –CF3)
	−2.0
	−1.4
	3.277
	0.57



	72 (X = –CN, Y = –CN)
	−2.2
	−1.6
	3.245
	0.60
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