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Abstract 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile and 2-chloro-4,6-dimethylpyridine-3-carbonitrile 
compounds have been studied from a theoretical point of view in order to know their structural 
and vibrational properties in gas and aqueous solution phases by means of Density Functional 
Theory (DFT) calculations. The stable structures in both media were optimized by using the hy-
brid B3LYP/6-31G* method and the solvent effects in aqueous solution were studied by using the 
integral equation formalism of the polarizable continuum model (IEFPCM) employing the self- 
consistent reaction field (SCRF) method. Detailed vibrational analyses for both compounds in the 
two phases were performed combining the DFT calculations with Pulay’s Scaled Quantum Me-
chanics Force Field (SQMFF) methodology. The different interactions for both compounds were 
analyzed by means of the bond orders, atomic charges, solvation energies, dipole moments, mo-
lecular electrostatic potentials and force constants parameters. The nature of the interactions was 
studied by using different descriptors. 
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1. Introduction 
As part of our investigations on compounds of great pharmacological interest [1], in this work we have studied 
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from a theoretical point of view the structures and vibrational properties of the 2-hydroxy-4,6-dimethylpyridine- 
3-carbonitrile and 2-chloro-4,6-dimethylpyridine-3-carbonitrile compounds. These cyanopyridine derivatives 
play a very important role in the synthesis chemistry organic and, in medicine and pharmacology because these 
compounds present potential anticancer, antiarrhythmic, anticonvulsant, antiparkinsonian and antimicrobial ac-
tivities [2]-[8]. Recently, Waly et al. have reported the synthesis and antitumor evaluation of some new fused 
and binary pyridines together with a modified synthetic method for the synthesis of 2-chloro-4,6-dimethyl-nico- 
tinonitrile [2]. In other studies, the synthesis and antiarrhythmic activities of some synthesized pyridine deriva-
tives fused with thiophene ring were also reported while new pyridine derivatives were synthesized and eva-
luated as analgesic, anticonvulsant and anti-parkinsonian agents [4]. Besides, derivatives as the thieno [2,3-d] 
pyrimidines can be used to eliminate fungi in plants [9] and to inhibit the growth of cancer cells [10] while some 
thiopyridines and carbonitrile compounds are also used as insecticides [11]-[13]. All these studies clearly show 
that the modifications in the pyridine structure by incorporation of different groups and/or rings produce differ-
ent biochemical behavior and biological activity that are evidenced by different structure-activity relationships 
(SAR). Hence, the studies of the structural properties of these derivatives are important to predict their reactivi-
ties and behavior in different media and systems which are present, especially when these compounds are used 
as pharmacological drugs for the health human. Furthermore, the knowing of its structures is also very important 
because it permits their quickly identifications by means of vibrational spectroscopy. So far, the crystal and mo-
lecular structures of both compounds were not determined and only the structure of 2-anilino-4,6-dimethylpyri- 
dine-3-carbonitrile, an intermediate in the synthesis of 5-aminobenzo [b] [1] [8] naphthyridines was published 
by Mefetah et al. [14]. On the other hand, the crystal structure of 4-cyanopyridine was determined by Laing et al. 
[15] from three-dimensional single crystal X-ray data collected by standard film techniques while the structure 
of the 4-cyanopyridinium dihydrogen phosphate-isonicotinonitrile-phosphoric acid compound was refined by 
Wang [16] who has determined that this compound has a asymmetric unit because it contains one 4-cyanopyri- 
dinium cation, one 2 4H PO−  anion, one independent isonicotinonitrile molecule and one independent H3PO4 
molecule. Also, from long time the cyano group structure in 3-cyanopyridinium tetrachloroferrate (III)-3-cya- 
nopyridine was determined by Daran et al. [17] by X-ray diffraction method. In the present work, we presented 
the structural and vibrational studies of the 2-hydroxy-4,6-dimethylpyridine-3-carbonitrile and 2-chloro-4,6- 
dimethylpyridine-3-carbonitrile compounds in order to, 1) determine their theoretical and more stable structures 
in gas and aqueous solution phases, 2) perform complete assignments of the corresponding infrared and Raman 
spectra, 3) evaluate their structural properties in gas and aqueous solution phases and, 4) predict the behavior of 
both molecules in gas and aqueous solution phases by using diverse descriptors [18] [19]. For those purposes, 
first, both structures were optimized in gas and aqueous solution phases using the hybrid B3LYP/6-31G* method 
and the solvent effects in aqueous solution were studied by using the self-consistent reaction field (SCRF) cal-
culations with the IEFPCM model [20]. Then, the corresponding frequencies were calculated at the same level 
of theory in order to perform the complete assignments of all the bands observed in the vibrational spectra com-
bining the natural internal coordinates with the scaled mechanical force field (SQMFF) procedure [21]. Addi-
tionally, molecular electrostatic potentials (MEP), highest occupied molecular orbital-lowest unoccupied mole-
cular orbital (HOMO-LUMO) [22], natural bond orbital (NBO) [23] [24] and atoms in the molecules (AIM) [25] 
[26] calculations were performed in order to evaluate the structural properties such as, electrostatic potentials, 
atomic charges, bond orders, stabilization energies, topological properties and solvation energies in both media, 
and to predict the properties of the two compounds in both media. Here, the structural and vibrational properties 
of both compounds were compared and analyzed. 

2. Computational Details 
Initially, the structures of the 2-hydroxy-4,6-dimethylpyridine-3-carbonitrile (2-OH) and 2-chloro-4,6-dime- 
thylpyridine-3-carbonitrile (2-Cl) derivatives were modeled with the GaussView program [27] and optimized by 
using the hybrid B3LYP/6-31G* method [28] [29] employing the Gaussian 09 program [30]. For each (2-OH) 
and (2-Cl) derivative only a stable conformation of C1 symmetry was optimized which can be seen in Figure 1 
together with the labelling of the atoms. In aqueous solution, the solvent effects were simulated employing the 
SCRF method by using the IEFPCM model [20] with a value of 78.39 to simulate the aqueous medium. This 
way, the geometrical parameters and frequencies for those derivatives were calculated at the same level of 
theory in order to confirm the nature of the stationary points. Also, the solvation energies were calculated from 
the IEFPCM calculations with radii and non-electrostatic terms by using the SMD solvation model [31], as re- 
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Figure 1. Theoretical structures and atoms numbering for the: 
(a) 2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile and; (b) 2- 
Chloro-4,6-dimethylpyridine-3-carbonitrile derivatives.         

 
ported for other molecules in aqueous medium [32]-[34]. 

For both derivatives, the variations of molecular volumes expressed as a difference between the volumes in 
aqueous solution in relation to the volume in gas phase were calculated employing the Moldraw program [35]. 
In order to know the exact nature of the interactions present in both derivatives the atomic charges and those de-
rived from Merz-Kollman were considered in this study [36] together with the corresponding MEP. In addition, 
the bond orders were calculated at the same theory level from NBO calculations by using the NBO 3.1 program 
[24], as implemented in the Gaussian 09 package [30]. The different interactions predicted for both derivatives 
in the two studied media were analyzed by means of calculations of the electronic charge density topological 
with the AIM200 program package [26]. The harmonic force fields for both derivatives were evaluated at the 
same level of theory by using the Molvib program [37] and following the SQMFF procedure [21]. To perform 
the complete assignments, only the potential energy distribution components (PEDs) ≥10% were considered 
from the resulting SQM. 

3. Results and Discussion 
3.1. Geometry 
Table 1 show the calculated geometrical parameters for the two studied cyanopyridine derivatives in gas and 
aqueous solution phases by using the B3LYP/6-31G* level of theory. The theoretical values were compared with 
the experimental ones determined by Mefetah et al. for 2-anilino-4,6-dimethylpyridine-3-carbonitrile by using 
X-ray diffraction method by means of the root mean square deviation (RMSD) [14]. The results show that for 
both molecules the calculated bond length and angles values are in agreement with the experimental ones with 
RSMD values for bond length between 0.004 and 0.005 Å while the difference for the bond angles are between 
0.7˚ and 0.8˚. Comparing the calculated parameters for the two derivatives with those experimental obtained for 
4-cyanopyridine [15], we observed that the experimental C≡N distance in it derivative is 1.137 Å while in the 
4-cyanopyridinium dihydrogen phosphate-isonicotinonitrile-phosphoric acid derivative [16] is 1.142 Å and in 
3-cyanopyridinium tetraehloroferrate(lll)-3-cyanopyridine is of 1.102 Å [17]. 

The results clearly show that this bond is strongly dependent of the groups linked to the pyridine ring and of 
the position of the C-C≡N group. On the other hand, the C-C bond linked to the C≡N bond in 4-cyanopyridine is  
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Table 1. Comparison of calculated geometrical parameters for the two studied cyanopyridine derivatives.                  

B3LYP/6-31G*a 
Parameter 2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Exp.b 
 Gas phase PCM Gas phase PCM 

Bond lengths (Å) 
C1-C2 1.412 1.411 1.410 1.405  
C2-C3 1.407 1.409 1.411 1.413 1.383 
C3-C12 1.505 1.501 1.505 1.501 1.493 
C3-C4 1.397 1.395 1.395 1.394 1.384 
C4-C5 1.397 1.397 1.397 1.396 1.383 
C5-C8 1.505 1.501 1.504 1.499 1.501 
C1-N7 1.325 1.324 1.314 1.312 1.327 
C5-N7 1.345 1.350 1.347 1.353 1.346 
C2-C16 1.427 1.422 1.428 1.425 1.426 

C16-N17 1.164 1.167 1.163 1.166 1.145 
C1-O18/C1-Cl18 1.345 1.352 1.754 1.764  

RMSD 0.004 0.004 0.005 0.005  
Bond angles (˚) 

C1-C2-C3 117.8 118.3 117.6 117.6  
C2-C3-C4 117.5 117.1 117.3 117.0 121.8 
C2-C3-C12 120.7 121.0 120.8 121.0 121.5 
C4-C3-C12 121.6 121.8 121.7 121.9 120.0 
C4-C5-N7 121.9 122.1 121.6 121.5  
C4-C5-C8 121.8 121.3 122.2 121.8 121.8 
C8-C5-N7 116.1 116.5 116.1 116.5 115.2 

C2-C1-O18/Cl18 118.3 117.6 119.0 118.8  
N7-C1-O18/Cl18 117.6 118.4 116.4 116.1  

C2-C16-N17 178.1 179.7 177.2 178.6 178.7 
C3-C2-C16 121.3 121.6 120.1 120.6 120.0 
C1-C2-C16 120.8 119.9 122.2 121.6  

RMSD 0.7 0.8 0.7 0.8  
Dihedral angle (˚) 

C1-C2-C16-N17 179.9 179.9 180.0 180.0  
C3-C2-C16-N17 −0.0 −0.0 0.0 0.0 −94.0 
C3-C2-C1-O18 180.0 −179.9 180.0 180.0  
C5-N7-C1-O18 −180.0 −179.9 180.0 180.0  
C1-C2-C3-C12 179.9 179.9 180.0 180.0  
C1-N7-C5-C8 −179.9 179.9 180.0 180.0 −179.2 
C3-C4-C5-C8 179.9 −180.0 180.0 180.0 179.1 
C5-C4-C3-C12 −179.9 −179.9 180.0 180.0 179.1 

RMSD 92.7 157.2 92.8 92.8  
aThis work; bFrom Ref [38]. 
 
1.439 Å [15], in 4-cyanopyridinium dihydrogen phosphate-isonicotinonitrile-phosphoric acid [16] is 1.453 Å 
and in 3-cyanopyridinium tetraehloroferrate (III)-3-cyanopyridine [17] is between 1.452 and 1.480 Å, being the 
calculated values for (2-OH) and (2-Cl) between 1.428 and 1.422 Å. Thus, these values indicating that this bond 
is less depending of the position of the C-C≡N group and of the groups linked to the pyridine ring. Also, in both 
derivatives we observed that the C1-N7 distances are slightly different from the C5-N7 distances indicating that 
both pyridinic bonds are dependent of the groups linked to the C1 or C5 atoms belonging to the C-N bonds, 
these are, in the (2-OH) derivative, C1-O18 and C5-CH3 while in the (2-Cl) derivative are C1-Cl18 and C5-CH3. 
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Experimentally, the C-N distance in the symmetric molecule of 4-cyanopyridine [15] is 1.331 Å, in 4-cyanopyri- 
dinium dihydrogen phosphate-isonicotinonitrile-phosphoric acid [16] are 1.339 and 1.337 Å and, in 3-cyanopy- 
ridinium tetraehloroferrate(III)-3-cyanopyridine [17] those distances are between 1.301 and 1.351 Å. The dif-
ferences observed in the latter molecule are justified because two molecules are linked in asymmetric form by 
the N atoms of both pyridine rings. Also, in the (2-OH) and (2-Cl) derivatives (Table 1) the two C-N distances 
are different because both molecules are asymmetrics. In aqueous solution, we observed that in both derivatives 
some distances slightly change with the hydration, being more evident in the C1-O18 and C1-Cl18 distances 
because both are sites of H bonds formation. In the (2-OH) derivative, the C-OH site is an electrophilic region 
while in the (2-Cl) derivative the C-Cl site is a nucleophilic region. On the other hand, Table S1 show a com-
parison of the total energies and the corresponding dipole moment values for both derivatives in the two media 
by using the B3LYP/6-31G* method. Note that in both media the dipole moments for the (2-Cl) derivative are 
higher than the other ones, as expected because the Cl atom is a voluminous atom. For this reasons, the calcu-
lated molecular volumes for the (2-Cl) derivative in both media by using the Moldraw program [35] and the 
B3LYP/6-31G* method are higher than the other ones, as observed in Table 2. In the (2-Cl) derivative, clearly 
there is a volume contraction with the hydration while in the (2-OH) derivative is observed a volume expansion, 
in agreement with the solvation energies values, as can be seen in Table 2. 

3.2. Solvation Energies 
The uncorrected solvation energies (∆Gu), calculated as relative energies (∆Ε) and defined as the difference be-
tween the total energies in aqueous solutions and the values in gas phase for the (2-OH) and (2-Cl) derivatives 
using the 6-31G* basis set, are presented in Table 2. Here, the uncorrected (∆Gu) and corrected (∆Gc) solvation 
energies together with the total non electrostatic terms (∆Gne) due to the cavitation, dispersion and repulsion 
energies were calculated by using the PCM/SMD model [31], in form similar as reported for other molecules in 
aqueous solution [32]-[34]. Note that for the (2-OH) derivative a higher ∆Gc value is obtained, probably due to 
its higher variation of volume in solution (Table 2), for this reason, a higher hydration is expected for this de-
rivative in aqueous solution. 

3.3. Molecular Electrostatic Potential, Atomic Charges and Bond Orders 
The molecular electrostatic potential values for both derivatives calculated in the two media by using the 
B3LYP/6-31G* method are given in Table S2. In (2-OH), the most negatives molecular electrostatic potential 
values are observed on the N7, N17 and O18 atoms and the less negative on the H19 atom belonging to the OH 
group while in (2-Cl), the most negatives values are observed on the N7, N17 and Cl18 atoms and the less nega-
tive on the H atoms. Note that in both molecules the N17 atom have higher values than the N7 ones, for these rea- 
sons, strong red colorations are observed on the surfaces mapped of both derivatives, as observed in Figure S1, 
indicating in both derivatives those regions reacting with potential biological electrophiles. These colorations 
indicate probably capability of hydrogen bond formation with share of nitrogen atoms of the C≡N or, in aqueous 
solution through hydrogen atom of -OH moiety. On the contrary, on the H19 atom a strong blue coloration is ob-
served on the surfaces mapped of (2-OH) being this region reacting with potential biological nucleophiles. An-
other important result is the lower molecular electrostatic potential values observed on the H atoms of both 
 
Table 2. Calculated volume and solvation energies (∆G) for the two studied cyanopyridine derivatives.                   

B3LYP/6-31G*a 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Volume (Å3) 
Gas phase PCM ∆V Gas phase PCM ∆V 

162.5 163.0 0.5 171.5 171.3 −0.2 
Solvation energies (kJ/mol) 

∆Gu −32.26 ∆Guncorr −23.61 ∆Gu −32.26 
∆GTotalne 19.02 ∆Gne 16.01 ∆GTotalne 19.02 
∆Gc −13.24 ∆Gcorrected −7.6 ∆Gc −13.24 

∆Gc = ∆Guncorrected
# − ∆GTotalnon electrostatic; aThis work. 
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CH3 groups in the chlorinated derivative in the two media in relation to the other one. These results justify the 
higher blue coloration on the surface mapped of those groups in the chlorinated derivative, as observed in Fig-
ure S1. In the (2-OH) derivative is expected a high reactivity due to the higher proximity between the N17 and 
O18 atoms (higher repulsion), whose distances in gas and aqueous solution phase are respectively of 3.559 and 
3.496 Å while in the chlorinated derivative the N17-Cl18 distances in gas and aqueous solution phases are re-
spectively of 3.743 and 3.698 Å. Note that in aqueous solution increase the reactivities of both derivatives due to 
the shortening in the distances between both involved atoms. The atomic charges derived from the ESPs (MK) 
[36] and the NPA charges by using the B3LYP/6-31G* method were calculated for both derivatives in the two 
media, as can be seen in Table S3. The two charges show that despite the only difference between both deriva-
tives are the presence of the OH group and the Cl atom the values are strongly dependent of the groups linked to 
the pyridine ring and of the position of the C-C≡N group, as was also observed in the Section 3.1. These charges 
analysis also show that the (2-OH) derivative is less stable than the other one due to the higher charge values on 
the N17 and O18 atoms. Moreover, the different charge values observed on the N7, N17, O18 and Cl18 atoms 
suggest for the two derivatives a different hydration in solution. The bond orders expressed by Wiberg’s indexes 
for the two derivatives in both media are observed in Table S4. Note that the change of the OH group in (2-OH) 
by the Cl atom in (2-Cl) increase the bond order values for the N7, N17 and all the C atoms of the pyridine ring 
while decrease the bond order values of the H and C atoms belonging to the two CH3 groups, thus, the pyridine 
ring has in gas phase a higher stability in the chlorinated derivative than the other one. Note that the bond order 
values in both derivatives practically not change in aqueous solution and only a little decreasing is observed in 
the bond order corresponding to the Cl atom with the hydration. This fact, in (2-Cl) is probably related with the 
contraction volume observed in aqueous solution. 

3.4. NBO Analysis 
The stability of both derivatives were studied by means of second order perturbation energies E(2) (donor  ac-
ceptor) whose values are given in Table S5. Here, we considered only those contributions higher than 20 kJ/mol. 
These results for the (2-OH) and (2-Cl) derivatives show three different contributions to the total stabilization 
energies, which are, the ∆ETπ→π*, ∆ETLP→σ* and ∆ETσ*→σ* charges transfer, being the two latter interactions 
higher in the (2-OH) derivative than the other one while, the π-π interactions in the pyridine ring are higher in 
the chlorinated derivative. These results show that the calculated total stabilization energy favours to the (2-OH) 
derivative revealing thus a higher stability for this derivative in gas and aqueous solution phases. Here, it is very 
important to note that in the (2-OH) derivative the significant increase in the delocalization values in aqueous 
solution is related with the increase of the C-C and C-N double bonds of the pyridine ring as consequence of the 
hydration. This way, this analysis shows clearly that the ∆ETπ-π interactions in the pyridine ring are higher in the 
chlorinated derivative and in both media while, in general, the ∆ETotal are higher in the (2-OH) derivative than 
the other one. 

3.5. AIM Study 
Both derivatives were also studied employing the AIM analysis [25] [26]. For the (2-OH) and (2-Cl) derivatives, 
the charge electron densities, (ρ) and the Laplacian of the electron densities, ∇2ρ(r) were calculated for the ring 
critical points (RCPs) belonging to the pyridine rings and the values can be seen in Table S6. The results show 
higher values in the topological properties for the chlorinated derivative and, also a slightly difference for this 
derivative with the hydration. Thus, the analysis clearly shows a higher stability for the pyridine ring of the 
chlorinated derivative in both media, contrarily to that result obtained by NBO analysis.  

3.6. Descriptors for Both Derivatives 
Many cyanopyridine derivatives have potentials antimicrobial and anticancer activities, for this reason, and to 
determine the exact nature of the interactions with electrophones and/or nucleophiles and, also to predict the 
behavior of both derivatives in gas and aqueous solution phases are very important the calculations of some de-
scriptors. If both derivatives are used for the drugs design, the knowledge of these descriptors helps to under-
stand the structural, dynamical, and functional properties of each derivative in both media. Thus, for both deriv-
atives, the HOMO and LUMO orbitals, energy band gap, chemical potential (μ), electro negativity (χ), global 
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hardness (η), global softness (S) and global electrophilicity index (ω) descriptors [18] [19] were calculated. 
These descriptors calculated in both phases at B3LYP/6-31G* level of theory can be seen in Table S7. Compar-
ing first the energy band gaps between both derivatives we observed that the chlorinated derivative has the 
highest values in both media indicating a higher stability for this molecule than the other one. Note that the OH 
group in the pyridine ring generate the reduction of the HOMO-LUMO gap indicating that in the (2-OH) deriv-
ative that group deactivating the ring and diminishing its potency when it is used as a drug. On the contrary, the 
presences of a Cl atom in the pyridine ring in (2-Cl) compared with (2-OH), active that ring and increase its po-
tency. Comparing the calculated chemical hardness η, chemical potential µ and global electrophilicity index ω 
values for (2-OH) with those obtained for (2-Cl) in both phases, we observed that (2-Cl) is more stable in both 
media (larger η) and has better capability to accept electrons (bigger electrophilicity index) than (2-OH) but, on 
the contrary, (2-OH) is better electrons donor than (2-Cl). Here, the lowest molecular electrostatic potentials 
observed on the H atoms of both CH3 groups for the chlorinated derivative support the better capability to accept 
electrons while, the highest molecular electrostatic potentials observed on the N7 and N17 atoms of (2-OH) 
suggest that it derivative is better electrons donor than (2-Cl). 

3.7. NMR Analysis 
Experimental and calculated chemical shifts with the GIAO method using 6-311++G** basis set for the 1H and 
13C nuclei of both derivatives are compared in Table S8 and Table S9 respectively. In general, the calculated 
shifts for the 13C nuclei are lower than the corresponding experimental values. Note that the calculated chemical 
shifts for the H nuclei of (2-OH) show a significant variation (0.81 ppm) than the (2-Cl) derivative (0.22 ppm), 
in relation to the corresponding experimental values [2]. Probably, the theoretical calculations do not correctly 
predict the hydrogen chemical shift of the H19 nucleus belonging to the OH group of (2-OH), as observed in 
Table S8, because that group is involved in intermolecular H-bonds. Thus, the higher hydration of this deriva-
tive is supported by the higher solvation energy in aqueous solution. Table S9 show that the calculated 13C 
chemical shifts for both derivatives are slightly different between them, as expected due to the different (OH and 
Cl groups) present in each structure. 

4. Vibrational Analysis 
The recorded infrared spectra for both derivatives in solid phase compared with the corresponding theoretical in 
gas and aqueous solution phases can be seen respectively in Figure 2 and Figure 3. Both infrared spectra in 
solid phase were taken from Refs [38] [39]. The predicted Raman spectra calculated using B3LYP/6-31G* me-
thod for (2-OH) and (2-Cl) can be seen in Figure 4. The (2-OH) and (2-Cl) derivatives have respectively 51 
and 48 normal vibration modes, all active in the infrared and Raman spectra. The experimental and calculated 
wavenumbers for both derivatives together with the corresponding assignments are shown in Table 3. The vi-
brational assignments of the experimental bands to the normal vibration modes for both derivatives are based on 
the comparisons with related molecules [40]-[42] and with the results of the calculations performed here. In this 
work, we presented only the calculations for both derivatives in gas phase because the experimental spectra were 
not registered. The comparison between the theoretical infrared spectra for (2-OH) and (2-Cl) using B3LYP 
functional and 6-31G* basis in gas (black color) and aqueous solution phases (red color) can be seen in Figure S2. 
Note that in both spectra in aqueous solution are observed a shifting and intensification of the bands specially 
those assigned to the C≡N, C-N, O-H stretchings and in the 1500 - 500 cm−1 region attributed to the H bonds, as 
observed in Figure S2. The SQM force fields for both derivatives can be obtained at request. The discussion of 
assignments of the most important groups for both derivatives is presented as follows. 

4.1. Assignments for 2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 
OH modes. The broad and intense band in the IR spectrum of (2-OH) centred at 3350 cm−1 and predicted in 
aqueous solution at 3523 cm−1, is assigned to the O-H stretching as observed in compounds containing this 
group [34] [41]-[44]. The OH in plane deformation mode is assigned to the strong band at 1225 cm−1 while the 
corresponding out-of-plane deformation mode is associated to the band at 495 cm−1. 

CH3 modes. The IR bands between at 2980 and 2850 cm−1 are assigned to the CH3 antisymmetric and sym- 
metric stretching modes while the bands between 1465 and 1360 cm−1 are clearly assigned to the ant symmetric 
and symmetric CH3 deformation modes. The four expected rocking modes are assigned to the shoulder and  
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Figure 2. Comparison between the experimental Infrared spectra of: (a) 2- 
hydroxy-4,6-dimethylpyridine-3-carbonitrile from Ref [38] ith the corres- 
ponding theoretical in (b) gas phase and, (c) in aqueous solution at B3LYP/6- 
31G* level of theory.                                                 

 

 
Figure 3. Comparison between the experimental Infrared spectra of: (a) 2- 
chloro-4,6-dimethylpyridine-3-carbonitrile from Ref [39] with the corres- 
ponding theoretical in (b) gas phase and, (c) in aqueous solution at B3LYP/6- 
31G* level of theory.                                                 

 
bands observed between 1095 and 1025 cm−1. The twisting modes were not assigned because are predicted at 66 
and 41 cm−1. 

C-C≡N modes. Here, the IR band at 2220 cm−1 is assigned to the C≡N stretching mode while the strong band 
at 720 cm−1 is assigned to the C2-C16 stretching mode, as observed in Table 3. The bending and out-of-plane 
deformation modes corresponding to the C2-C16 group are predicted at 236 and 138 cm−1 and, for this reason, 
they were not assigned. 

Skeletal modes. The C-N stretching modes corresponding to the pyridine ring are predicted by the calcula- 
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Figure 4. Comparison between the theoretical Raman spectra of the 2-hy- 
droxy-4,6-dimethylpyridine-3-carbonitrile and 2-chloro-4,6-dimethylpyridine- 
3-carbonitrile derivatives at B3LYP/6-31G* level of theory.                

 
tions in different regions. Hence, the IR bands at 1480 and 1140 cm−1 are associated respectively with those two 
C5-N7 and N7-C1 stretching modes while the strong band at 1375 cm−1, is associated with the C-O stretching 
mode. Here, it is necessary to note that in aqueous solution there is a very important shifting in the wave num-
bers corresponding to those stretching modes, thus, the N7-C1 and C5-N7 stretching modes are predicted re-
spectively at 1486 and 963 cm−1, as observed in Table 3. This fact is related with the higher hydration of the 
(2-OH) derivative and with the increasing in the corresponding force constant values with the hydration as con-
sequence of the increasing in the N7-C1 double bond character, as we will see later. Finally, the observed tor-
sion and deformation modes of the pyridine ring are assigned as predicted by calculations and taking into ac-
count the assignments for similar molecules [45]-[49]. In this work, those modes are identified and assigned, as 
observed in Table 3.  

4.2. Assignments for 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 
CH3 modes. As in the (2-OH) derivative, the CH3 ant symmetric and symmetric stretching modes are assigned 
between 3010 and 2975 cm−1 while the ant symmetric and symmetric CH3 deformation modes bands are clearly 
assigned, as predicted by calculations, to the strong band at 1440 cm−1. The four expected rocking modes are as-
signed to the bands between 1040 and 1000 cm−1. In this derivative, the twisting modes were not assigned be-
cause both are predicted at 77 and 57 cm−1. It is important to note that in this derivative the presence of the Cl 
atom in the structure shift the bands toward lower wave numbers, as observed in Table 3. 

C-C≡N modes. Here, the C≡N stretching mode is assigned to the IR band at 2225 cm−1 while the weak band 
at 700 cm−1 is assigned to the C2-C16 stretching mode, as predicted by calculations.  

In this derivative, with the hydration only is observed a shifting in the wave numbers related to the C5-N7 
stretching mode, as indicated in Table 3. In (2-Cl), the C2-C16 bending mode is assigned to the weak band at 
615 cm−1 while the corresponding out-of-plane deformation mode is predicted at 241 cm−1 and, for this, it mode 
is not assigned. 

Skeletal modes. In this derivative, the C-N stretching modes corresponding to the pyridine ring are predicted 
by the calculations in the same regions, thus, both modes were assigned to the band and shoulder respectively at 
1260 and 1250 cm−1. The C-Cl stretching mode is predicted by calculations at 448 cm−1 and assigned at 440 
cm−1. The bending and out-of-plane deformation modes corresponding to the C1-Cl18 group are predicted at 
230 and 160 cm−1, hence, these modes were not assigned. Finally, in accordance with similar molecules [41]-[49] 
the torsion and deformation modes corresponding to the pyridine ring are assigned as predicted by calculations, 
as observed in Table 3. 
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Table 3. Observed and calculated wavenumbers (cm−1) and assignments for the two studied cyanopyridine derivatives in gas 
phase and aqueous solution.                                                                               

2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 
Exp Gas phasea Aqueous solutiona Exp Gas phasea Aqueous solutiona 
IRb SQMd Assignment SQMe Assignment IRc SQMd Assignment SQMe Assignment 

3350 s 3543 νO18-H19 3523 νO18-H19 3350 vw     
3280 w 3076 νC4-H6 3085 νC4-H6  3076 νC4-H6 3097 νC4-H6 
3140 m 3016 ν aCH3(C8) 3050 ν aCH3(C12) 3010 w 3017 ν aCH3(C12) 3030 ν aCH3(C12) 

 3015 ν aCH3(C12) 3015 ν aCH3(C8)  3017 ν aCH3(C8) 3030 ν aCH3(C8) 
   2993 νaCH3(C12)  2991 νaCH3(C8) 2990 νaCH3(C8) 

2980 sh 2987 νaCH3(C8) 2978 νaCH3(C8) 2975 w 2986 νaCH3(C12) 2989 νaCH3(C12) 
2950 s 2984 νaCH3(C12)        
2925 vs 2932 νsCH3(C8) 2931 νsCH3(C12) 2920 w 2934 νsCH3(C8) 2936 νsCH3(C8) 
2850 s 2931 νsCH3(C12) 2928 νsCH3(C8) 2850 w 2932 νsCH3(C12) 2935 νsCH3(C12) 
2220 s 2250 νC16-N17 2232 νC16-N17 2225 m 2254 νC16-N17 2207 νC16-N17 

   1699 νC3-C12      
1660 vs 1601 νC3-C4 1595 νC3-C4 1600 vs 1586 νC3-C4 1585 νC3-C4 
1625 s   1536 νC2-C3      
1530 m 1548 νC2-C3 1486 νN7-C1 1535 m 1531 νC2-C3 1519 νC2-C3 
1480 s 1484 νC5-N7 1455 δaCH3(C8)      
1465 sh 1456 δaCH3(C8) 1446 δaCH3(C12) 1440 s 1457 δaCH3(C8) 1442 νC5-N7 
1460 s 1447 δaCH3 (C12) 1443 δaCH3(C12)  1449 δaCH3(C12) 1432 δaCH3(C12) 
1450 sh 1443 δaCH3(C12) 1440 δaCH3(C8)  1444 δaCH3(C12) 1425 δaCH3(C8) 
1430 m 1440 δaCH3(C8) 1433 νC1-C2  1438 δaCH3(C8) 1424 δaCH3(C12) 
1375 s 1409 νC1-O18 1392 νC5-C8 1415 sh 1427 νC1-C2 1422 δaCH3(C8) 
1375 s 1379 δsCH3 (C12) 1370 δsCH3(C12) 1380 s 1379 δsCH3(C12) 1370 δsCH3(C8) 
1360 sh 1374 δsCH3 (C8) 1351 δsCH3(C8) 1360 m 1375 δsCH3 (C8) 1362 δsCH3(C12) 
1340 m 1333 νC4-C5 1292 νC4-C5  1348 νC4-C5 1346 νC4-C5 
1225 s 1285 δO18-H19 1222 νC2-C16 1260 s 1274 νN7-C1 1272 νN7-C1 

     1250 sh 1241 νC5-N7 1245 νC1-C2 
1215 m 1219 βC4-H6 1219 βC4-H6 1220 w 1215 βC4-H6 1216 βC4-H6 
1175 sh 1205 νC1-C2   1160 m     
1140 s 1123 νN7-C1 1111 δO18-H19 1140 s 1130 βR1 1131 βR1 
1095 w 1063 ρCH3(C12) 1073 νC1-O18    1052 ρ’CH3(C8) 
1060 sh 1050 ρ’CH3(C12)   1040 m 1049 ρ’CH3(C12) 1048 ρ’CH3(C12) 

1055 m 1044 ρ’CH3(C8) 1050 ρ’CH3(C8) 
ρ’CH3(C12)  1046 ρ’CH3(C8)   

1025 w 1019 ρCH3(C8) 1022 ρCH3(C8) 1020 1025 ρCH3(C12) 1031 ρCH3(C8) 
995 w   1007 γC4-H6 1000 1002 ρCH3(C8) 1008 ρCH3(C12) 
960 w 967 βR1 963 νC5-N7 950 w 940 νC5-C8 944 νC5-C8 
925 s 934 νC5-C8 911 ρCH3(C12) 910 w   892 γC4-H6 

     880 sh 876 γC4-H6   
845 s 851 γC4-H6 795 τR1 860 m 859 νC3-C12 847 νC1-Cl18 
775 s 754 γC1-O18 740 τR1 740 w 740 τR1 736 τR1 
720 s 691 νC2-C16 672 βR1 700 w 692 νC2-C16 696 νC2-C16 

   634 γC1-O18      
640 s 626 γC5-C8 621 τR2 620 w   620 δC2C16N17 
615 m 618 βC5-C8 614 γC5-C8,τR1 615 w 615 βC2-C16 614 γC5-C8 
590 vw 588 νC3-C12   600 sh 606 γC5-C8   
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Continued 
580 w 581 γC3-C12        

   552 γC3-C12 550 w 559 γC3-C12 560 γC3-C12 
     540 w 531 βR2 531 νC3-C12 

530 m 523 βR2 518 βR2      
495 m 502 τOH 492 τOH      
475 w 466 τwC2-C16 456 βC3-C12 480 w 470 τwC2-C16 484 τwC2-C16 
460 m 447 δC2C16N17 443 βR3 440 w 448 νC1-Cl18 447 βC5-C8 

 424 βR3    428 βC3-C12 430 βR2 
   401 τwC2-C16      
   385 βC5-C8  382 βR3 379 βR3 
 303 βC1-O18 297 βC1-O18      
 277 βC3-C12    275 βC5-C8 279 βC3-C12 
   241 γC2-C16  241 γC2-C16 249 γC2-C16 
 236 γC2-C16    230 βC1-Cl18 230 βC1-Cl18 
 223 τR3 228 τR3      
      209 τR3 210 τR3 
 180 τR1        
      160 γC1-Cl18 165 γC1-Cl18 

 138 βC2-C16 148 βC2-C16 
δC2C16N17  135 δC2C16N17 138 βC2-C16 

   122 γC5-C8      
        95 τwCH3(C12) 
 82 τR2  78 τwCH3(C12)  77 τwCH3(C12) 83 τwCH3(C8) 
 66 τwCH3(C8) 74 τwCH3(C8)  73 τR2 73 τR2 
 41 τwCH3(C12)    57 τwCH3(C8)   

ν, stretching; δ, scissoring; wag and γ, wagging or out of plane deformation; ρ, rocking; τ, torsion, twist, twisting; a, antisymmetric; s, symmetric; R, 
ring; aThis work, bFrom Ref [38], cFrom Ref [39], dFrom scaled quantum mechanics force field B3LYP/6-31G*, eFrom scaled quantum mechanics 
force field PCM/B3LYP/6-31G*. 

5. Force Field 
The force constants were calculated from the corresponding scaled force fields by using the Molvib program 
[37], as was described in Section 2. A comparison of the principal force constants for both derivatives in the two 
studied media are given in Table 4. In this study, the higher modifications are observed in the f(νC-N), f(νC-C) 
and f(νC-O) force constants related to the (2-OH) derivative in aqueous solution because the values increasing no-
tably with the hydration. In the (2-Cl) derivative only a slight increasing in some values and decreasing in other 
were observed with the hydration. Note that those higher values observed in the (2-OH) derivative in aqueous 
solution can not be attributed to the geometrical parameters because the C5-N7 and N7-C1 distances not change 
with the hydration, as observed in Table 1 while, on the contrary, the C1-O8 distance is enlarged in solution. 
Thus, those values can be justified in part by the NBO results because there is a strong delocalization on the 
pyridine ring in the (2-OH) derivative that increasing its stability in aqueous solution due to the increasing in the 
double bonds character. The shifting of the bands attributed to the C5-N7, N7-C1 and C1-O8 stretching modes 
with the hydration also support the increasing of the corresponding force constants values. 

6. Conclusion 
The theoretical molecular structures of the 2-hydroxy-4,6-dimethylpyridine-3-carbonitrile and 2-chloro-4,6-di- 
methylpyridine-3-carbonitrile derivatives were determined in gas phase and in aqueous solution by using the 
B3LYP/6-31G* method employing the IEFPCM model. The complete assignments of the vibrational modes for 
both derivatives and the corresponding SQM force fields were obtained by using the B3LYP/6-31G* method. 
The predicted Raman spectra for the 2-hydroxy-4,6-dimethylpyridine-3-carbonitrile and 2-chloro-4,6-dime- 
thylpyridine-3-carbonitrile derivatives have been reported by using the B3LYP/6-31G* method. Differences in  
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Table 4. Scaled force constants for the two studied cyanopyridine derivatives in gas and aqueous solution phases.           

B3LYP/6-31G*a 

Force constant 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Gas phase PCM Gas phase PCM 
f(νO-H) 7.03 7.01   
f(νC≡N) 17.77 17.91 17.82 17.06 
f(νC-N) 7.25 13.56 7.22 7.10 

f(νC-C)A6 6.34 11.07 6.33 6.36 
f(νC-C)CH3 4.40 5.38 4.40 4.49 
f(νC-C)C≡N 5.46 6.22 5.42 5.48 

f(νC-O) 6.45 14.29   
f(νC-Cl)   3.20 3.00 
f(δCH3) 0.54 0.69 0.54 0.53 

f(δC-O-H) 0.79 2.30   
f(δC-C≡N) 0.34 0.48 0.33 0.36 

ν, stretching; δ angle deformation. Units in mdyn Å−1 for stretching and mdyn Å rad −2 for angle deformations; aThis work. 
 
the studied properties for both derivatives in both media were justified by the molecular electrostatic potentials, 
atomic charges, bond orders, solvation energies, dipole moments, deslocalization energies and AIM analysis. A 
higher stability in aqueous solution for the 2-hydroxy-4,6-dimethylpyridine-3-carbonitrile derivative was found, 
which is supported in part by the NBO analysis, by a higher hydration of this derivative in solution due to its 
higher solvation energy and, by the higher force constant values. The analysis of the descriptors suggests that the 
OH group in the 2-hydroxy-4,6-dimethylpyridine-3-carbonitrile derivative reduces the HOMO-LUMO gap deacti-
vating the ring while the calculated chemical hardness, chemical potential and global electrophilicity index val-
ues suggest a higher stability for the 2-chloro-4,6-dimethylpyridine-3-carbonitrile derivative and a better capa-
bility to accept electrons, as suggested by the AIM analysis. Here, the differences observed between the NBO 
and AIM results are probably due to that in the total energy only were considered those contributions with val-
ues higher than 20 kJ/mol. 1H-NMR spectra observed for both derivatives were successfully compared with the 
calculated chemical shifts at the B3LYP/6-311++G** level of theory. The high value observed in the hydrogen 
chemical shift corresponding to the H atom of the OH group of 2-hydroxy-4,6-dimethylpyridine-3-carbonitrile, 
in relation to the calculated value, confirms the presence of the hydrogen bonds in solution for this derivative. 
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Table S1. Total (E) and relative (∆E) energies and dipole moment (µ) for the two studied cyanopyridine derivatives.         

B3LYP/6-31G* 
Compound E (Hartrees) µ (D) 

Gas phase 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile −494.3993 5.12 
2-Chloro-4,6-dimethylpyridine-3-carbonitrile −878.7631 5.53 

Aqueous solution 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile −494.4116 7.07 
2-Chloro-4,6-dimethylpyridine-3-carbonitrile −878.7721 7.95 

 
Table S2. Molecular electrostatic potential (in a.u.) for the two studied cyanopyridine derivatives.                       

B3LYP/6-31G* 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Atoms Gas phase PCM Atoms Gas phase PCM 
1  C −14.619 −14.619 1  C −14.617 −14.617 
2  C −14.690 −14.691 2  C −14.671 −14.672 
3  C −14.688 −14.688 3  C −14.676 −14.675 
4  C −14.723 −14.723 4  C −14.708 −14.708 
5  C −14.673 −14.673 5  C −14.662 −14.662 
6  H −1.085 −1.085 6  H −1.073 −1.072 
7  N −18.349 −18.348 7  N −18.336 −18.335 
8  C −14.726 −14.726 8  C −14.721 −14.720 
9  H −1.098 −1.098 9  H −1.093 −1.092 
10  H −1.098 −1.098 10  H −1.093 −1.092 
11  H −1.101 −1.101 11  H −1.095 −1.095 
12  C −14.720 −14.720 12  C −14.711 −14.711 
13  H −1.094 −1.094 13  H −1.085 −1.084 
14  H −1.098 −1.098 14  H −1.085 −1.084 
15  H −1.094 −1.094 15  H −1.089 −1.088 
16  C −14.716 −14.717 16  C −14.704 −14.704 
17  N −18.377 −18.377 17  N −18.364 −18.364 
18  O −22.261 −22.262 18  Cl −64.367 −64.368 
19  H −0.948 −0.948    

 
Table S3. Atomic charges for the two studied cyanopyridine derivatives.                                            

B3LYP/6-31G* 

2-Hydroxy-4.6-dimethylpyridine-3-carbonitrile 2-Chloro-4.6-dimethylpyridine-3-carbonitrile 

Atoms 
Gas phase PCM 

Atoms 
Gas phase PCM 

MK’ charges NPA MK’ charges NPA MK’ charges NPA MK’ charges NPA 

1  C 0.796 0.604 0.789 0.604 1  C 0.371 0.247 0.381 0.252 
2  C −0.600 −0.258 −0.590 −0.258 2  C −0.278 −0.225 −0.300 −0.227 
3  C 0.557 0.070 0.552 0.070 3  C 0.470 0.067 0.484 0.069 
4  C −0.714 −0.301 −0.708 −0.300 4  C −0.639 −0.273 −0.660 −0.274 
5  C 0.765 0.259 0.759 0.258 5  C 0.739 0.255 0.777 0.255 
6  H 0.222 0.244 0.220 0.243 6  H 0.217 0.247 0.218 0.247 
7  N −0.775 −0.538 −0.769 −0.534 7  N −0.591 −0.462 −0.602 −0.460 
8  C −0.545 −0.703 −0.541 −0.703 8  C −0.585 −0.705 −0.624 −0.705 
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9  H 0.158 0.256 0.157 0.256 9  H 0.170 0.261 0.178 0.261 
10  H 0.158 0.256 0.157 0.256 10  H 0.170 0.261 0.178 0.261 
11  H 0.130 0.238 0.129 0.237 11  H 0.141 0.238 0.150 0.238 
12  C −0.419 −0.701 −0.415 −0.701 12  C −0.454 −0.702 −0.452 −0.702 
13  H 0.129 0.262 0.127 0.262 13  H 0.148 0.264 0.146 0.264 
14  H 0.120 0.244 0.120 0.244 14  H 0.148 0.264 0.146 0.264 
15  H 0.129 0.262 0.127 0.262 15  H 0.129 0.247 0.131 0.247 
16  C 0.514 0.277 0.506 0.276 16  C 0.336 0.269 0.348 0.268 
17  N −0.478 −0.304 −0.476 −0.303 17  N −0.415 −0.284 −0.418 −0.282 
18  O −0.571 −0.672 −0.571 −0.675 18  Cl −0.078 0.030 −0.083 0.023 
19  H 0.427 0.503 0.427 0.504      

 
Table S4. Wiberg indexes for the two studied cyanopyridine derivatives.                                            

B3LYP/6-31G* 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Atoms Gas phase PCM Atoms Gas phase PCM 
1  C 3.898 3.899 1  C 4.014 4.014 
2  C 3.965 3.965 2  C 3.976 3.975 
3  C 3.990 3.990 3  C 3.991 3.990 
4  C 3.935 3.935 4  C 3.937 3.937 
5  C 3.974 3.975 5  C 3.976 3.976 
6  H 0.942 0.942 6  H 0.940 0.941 
7  N 3.073 3.073 7  N 3.112 3.113 
8  C 3.835 3.835 8  C 3.832 3.832 
9  H 0.936 0.936 9  H 0.934 0.933 
10  H 0.936 0.936 10  H 0.934 0.933 
11  H 0.945 0.945 11  H 0.944 0.944 
12  C 3.822 3.822 12  C 3.819 3.819 
13  H 0.933 0.933 13  H 0.931 0.931 
14  H 0.942 0.941 14  H 0.931 0.931 
15  H 0.933 0.933 15  H 0.940 0.940 
16  C 4.005 4.006 16  C 4.006 4.006 
17  N 3.026 3.026 17  N 3.031 3.031 
18  O 1.975 1.969 18  Cl 1.259 1.251 
19  H 0.749 0.748    

 
Table S5. Main delocalization energy (in kJ/mol) for the two studied cyanopyridine derivatives.                         

B3LYP/6-31G* 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Delocalization Gas phase PCM Delocalization Gas phase PCM 
σ (2)C1-N7 → σ*C4-C5 120.13 117.79 σ (2)C1-N7 → σ*C2-C3 42.55 43.18 

 0 0 σ (2)C1-N7 → σ*C4-C5 102.24 99.9 
σ (2)C2-C3 → σ*C1-N7 140.57 140.24 σ (2)C2-C3 → σ*C1-N7 131.88 134.55 
σ (2)C2-C3 → σ*C4-C5 52.46 53.38 σ (2)C2-C3 → σ*C4-C5 57.14 57.56 
σ (2)C2-C3 → σ*C16-N17 84.56 86.11 σ (2)C2-C3 → σ*C16-N17 79.08 80.09 
σ (2)C4-C5 → σ*C1-N7 52.08 51.08 σ (2)C4-C5 → σ*C1-N7 67.13 64.5 
σ (2)C4-C5 → σ*C2-C3 123.64 123.31 σ (2)C4-C5 → σ*C2-C3 120.34 120.17 

σ (1)C16-N17 → σ*C2-C16 25.62 25.87 σ (1)C16-N17 → σ*C2-C16 26.08 26.25 
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σ (2)C16-N17 → σ*C1-C2 14.29 14.46 σ (2)C16-N17 → σ*C1-C2 14.21 14.34 
σ (3)C16-N17 → σ*C2-C3 30.72 31.64 σ (3)C16-N17 → σ*C2-C3 32.23 32.94 
σ (1)O18-H19 → σ*C1-C2 25.12 23.37  0 0 

∆ETπ→ π* 669.19 667.25 ∆ETπ→ π* 672.88 673.48 
LP(1)N7 → σ*C1-C2 49.78 49.28 LP(1)N7 → σ*C1-C2 47.52 47.48 
LP(1)N7 → σ*C2-C16 53.17 53.63 LP(1)N7 → σ*C2-C16 54.09 54.55 
LP(2)O18 → σ*C1-N7 166.78 165.56 LP(3)Cl18 → σ*C1-N7 68.34 65.83 

∆ETLP→ σ* 269.73 268.47 ∆ETLP→ σ* 169.95 167.86 
σ*(2)C1-N7 → σ*C2-C3 644.76 673.02 σ*(2)C1-N7 → σ*C2-C3 541.81 591.26 
σ*(2)C1-N7 → σ*C4-C5 420.42 426.61 σ*(2)C1-N7 → σ*C4-C5 378.67 384.18 
σ*(2)C2-C3 → σ*C16-N17 82.72 85.15 σ*(2)C2-C3 → σ*C16-N17 79.75 81.43 

∆ETσ*→ σ* 1147.9 1184.78 ∆ETσ*→ σ* 1000.23 1056.87 
∆ETotal 2086.82 2120.5 ∆ETotal 1843.06 1898.21 

 
Table S6. Analysis of the ring critical points (RCP) for the two studied cyanopyridine derivatives.                        

B3LYP/6-31G* 

Parameter (a.u.) 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Gas phase PCM Gas phase PCM 
ρ(rc) 0.0217 0.0217 0.0220 0.0220 
∇2ρ(rc) 0.1694 0.1694 0.1717 0.1719 
λ1 −0.0171 −0.0171 −0.0176 −0.0176 
λ2 0.0876 0.0876 0.0883 0.0874 
λ3 0.0988 0.0988 0.1009 0.1021 

|λ1|/λ3 0.1730 0.1730 0.1744 0.1724 
 
Table S7. Calculated HOMO and LUMO orbitals, energy band gap, chemical potential (μ), electronegativity (χ), global 
hardness (η), global softness (S) and global electrophilicity index (ω) for the two studied cyanopyridine derivatives.         

B3LYP/6-31G* 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Orbitals Gas phase PCM Orbitals Gas phase PCM 
HOMO (39) (eV) −6.7102 −6.7025 HOMO (43) (eV) −7.2680 −7.2762 
LUMO (40) (eV) −1.5401 −1.5571 LUMO (44) (eV) −1.8776 −1.9073 

GAP (eV) −5.1701 −5.1454 GAP (eV) −5.3904 −5.3689 
 

Descriptors 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Gas phase PCM Gas phase PCM 
χ = –[E(LUMO) – E(HOMO)]/2 (eV) −2.5850 −2.5727 −2.6952 −2.6844 
µ = [E(LUMO) + E(HOMO)]/2 (eV) −4.1251 −4.1251 −4.5728 −4.5917 
η = [E(LUMO) – E(HOMO)]/2 (eV) 2.5850 2.5727 2.6952 2.6844 

S = 1/2η (eV) 0.1934 0.1943 0.1855 0.1862 
ω = µ2/2η (eV) 3.2914 3.3071 3.8792 3.9271 

 
Table S8. Observed and calculated hydrogen chemical shifts (δ, in ppm).                                           

Atoms 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Calc.a Expb Calc.a Expb 
H6 6.588 6.100 s, H, pyridyl 6.324 7.000 s, H, pyridyl 
H9 2.511 2.300 s, 3H, CH3-C═C 2.240 2.400 s, 3H, CH3-C═C 
H10 2.511 2.300 s, 3H, CH3-C═C 2.240 2.400 s, 3H, CH3-C═C 
H11 2.030 2.300 s, 3H, CH3-C═C 1.519 2.400 s, 3H, CH3-C═C 
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H13 2.511 2.400 s, 3H, CH3-C═N 2.240 2.500 s, 3H, CH3-C═N 
H14 1.926 2.400 s, 3H, CH3-C═N 2.240 2.500 s, 3H, CH3-C═N 
H15 2.511 2.400 s, 3H, CH3-C═N 1.519 2.500 s, 3H, CH3-C═N 
H19 5.750 12.200 s, H, OH   

RMSD 0.81  0.22  
aGIAO/B3LYP/6-311++G** Ref. to TMS; bExperimental dissolved in CDCl3 [2]. TMS as reference. 
 
Table S9. Observed and calculated hydrogen chemical shifts (δ, in ppm).                                           

Atoms 
2-Hydroxy-4,6-dimethylpyridine-3-carbonitrile 2-Chloro-4,6-dimethylpyridine-3-carbonitrile 

Calculated.a Calculated.a 
C1 188.021 147.974 
C2 113.798 97.364 
C3 181.849 141.92 
C4 138.881 109.563 
C5 185.507 148.577 
C8 43.145 17.296 
C12 39.429 14.417 
C16 136.111 96.088 

aGIAO/B3LYP/6-311++G** Ref. to TMS. 
 

 
Figure S1. Calculated electrostatic potential surfaces on the molecular sur- 
faces of 2-OH and 2-Cl derivatives. Color ranges, in au: from red −0.05 to 
blue +0.05. B3LYP functional and 6-31G* basis set. Isodensity value of 
0.005.                                                           

 

 
Figure S2. Comparison between the theoretical infrared spectra in gas phase 
(black color) and in aqueous solution (red color) at B3LYP/6-31G* level of 
theory for 2-hydroxy-4,6-dimethylpyridine-3-carbonitrile (upper) and 2-chloro- 
4,6-dimethylpyridine-3-carbonitrile (bottom).                            
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