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INTRODUCTION 

New fluorinated pyrazine carboxamide compounds have been 

synthesized as anti-turbeculars agents as a consequence of the 

strong resistance developed by the microorganism that cause the 

infectious tuberculosis (TB) disease, Mycobacterium tuberculosis 

[1-8]. The F atom is the better  to be  halogen substituent

incorporated to the pyrazine structure due to their smallest size 

and strongest electronegativity [1] while due to their biological 

properties yrazine carboxamide is an important component in  p

the intensive phase of short-course treatment of TB, as reported by 

Ugwu et al. [2]. For these reasons, the knowledge of all properties 

related to these compounds is of great chemical, biological, 

pharmacological and medicinal interest to prepare novel drugs 

with better properties. Hence, the interest to study the structural, 

electronic, topological and vibrational properties of 3-

fluoropyrazine-2-carboxilic acid and 3-fluoropyrazine-2-

carboxamide compounds by using hybrid calculations derived 

from the density functional theory (DFT). So far, the structure of 

these two substances were not reported and only for pyrazine [9] 

pyrazincarboxanamide structures [10,11], carboxylic acids [12] 

and their electronic properties were already published [13]. In 

relation a their infrared and Raman spectra they were not reported 

for 3-fluoropyrazine-2-carboxilic acid and 3-fluoropyrazine-2-

carboxamide and only the infrared and Raman spectra of some 

pyrazine [14-16], 2,6-dichloropyrazine [17] and N-[(4-

(trifluoromethyl) phenyl]pyrazine-2-carboxamide were studied 

[18]. Hence, in order to identify these species by using the 

vibrational spectroscopy in different media are of great interest 

and useful to analyze those spectra. In this context, the aims of this 

work are to: (i) evaluate the change in the structural, electronic, 

topological and vibrational properties when the carboxyl and 

carboxamide groups are incorporated as substituent to fluorinated 

pyrazine species, (ii) predict the infrared and Raman spectra of the 

two fluorinated pyrazine species, (iii) perform the complete 

vibrational assignments of these species and, finally (iv) compare 

their main force constants. To those purposes their atomic 

charges, molecular electrostatic potential, bond orders, 

stabilization energies and topological properties were studied for 

those species in gas phase by using the hybrid B3LYP/6-311++G** 

level of theory and NBO, AIM, bond orders, molecular electrostatic 

potentials and frontier orbitals calculations [19-24]. Useful 

descriptors were used to predict the behaviours of these species 

[25-27] while the harmonic force fields and force constants were 

calculated with the SQMFF procedure and the Molvib program 

[28,29]. Then, those properties were deeply analyzed and 

compared among them to find, first, the effect that generate on 

the properties when the F atom is incorporate in the pyrazine ring 

and, later to analyze the consequence of include the carboxyl and 

carboxamide substituents on the F-pyrazine species. 

Esfahanizadeh et al. [1] have reported for the acid and amide 

compounds the minimum bactericidal concentration > 12.5 MIC 

µg/mL but these values are strongly dependent from the pH.

COMPUTATIONAL DETAILS

The pyrazine (P), F-pyrazine (FP), 3-fluoropyrazine-2-carboxilic acid 

(FPCOOH) and 3-fluoropyrazine-2-carboxamide (FPCONH ) 2

structures were modelled with the GaussView program [27] and 

optimized by using the Gaussian 09 program [28] with the hybrid 

B3LYP/6-311++G** method. Here, P was optimized with both C  S

and D symmetries while two stable structures were found on the 2h 

potential energy surface for FPCONH  and FPCOOH named C1 and 2

C2, both with C  symmetries. The theoretical structures of all these 1

species are presented in Figure 1. The volumes in gas phase were 

calculated at the same level of theory with the Moldraw program 

[32]. The properties, such as atomic natural population (NPA) and 

the Merz-Kollman (MK) charges, the molecular electrostatic 

potential (MEP), bond orders, expressed as Wiberg indexes, 

stabilization energies and topological properties were studied for 

those species [19,22]. The topological parameters were computed 

with the AIM2000 program [20,21] while the SQMFF 

methodology [28] and the Molvib program [29] were used 

together with the corresponding internal coordinates to calculate 

the force fields for all the species. The complete vibrational 

assignments and the Raman spectra were predicted for the most 

stable structures of 3-fluoropyrazine-2-carboxilic acid (FPCOOH) 

and 3-fluoropyrazine-2-carboxamide (FPCONH ) by using the 2

Potential Energy Distribution (PED) contributions  10%. The 

harmonic force fields were transformed from cartesian 

coordinates to normal internal coordinates in order to obtain the 

force constants. The frontier orbitals [23,24] together with well-

known descriptors were calculated in order to predict the 

reactivities and behaviours of all species and to know why those 

compound present interesting biological properties [25-27].
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The structural, electronic, topological and vibrational properties were studied for F-pyrazine, 3-fluoropyrazine-2-carboxilic acid 
and 3-fluoropyrazine-2-carboxamide in gas phase by using the hybrid B3LYP/6-311++G** level of theory. Theoretically, two 
conformations were found for both acid and amide species being their C2 conformations, with C  symmetries, the most stable. S

The NBO study reveals the high stability of the acid species due to the two DET  and DET  interactions not observed in the amide  LP* LP LP*

species. The AIM analysis supports the high stabilities of both C2 conformers due to the halogen bonds formation where the 
topological properties are higher for the acid species, in very good concordance with the higher total energy observed by NBO 
calculations. The frontier orbitals predict a higher reactivity for the amide species while the descriptors evidence the higher 
nucleophilicity and electrophilicity indexes for the acid species. On the other hand, the C2-N3 stretching mode in FP is predicted at 
higher wavenumbers than pyrazine while in the acid and amide species this stretching mode is predicted with partial double bond 
at lower wavenumbers. The tentative assignments for the acid and amide species were performed. The force constants calculated 
show strongly dependence from their geometrical parameters.
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Figure 1. Theoretical structures of pyrazine, F-pyrazine, 3-

fluoropyrazine-2-carboxilic acid and 3-fluoropyrazine-2-

carboxamide in gas phase by using the hybrid B3LYP/6-311++G** 

level of theory.

RESULTS AND DISCUSSION

OPTIMIZATIONS IN GAS PHASE

The calculated total energies, dipole moments and volume 

variation for the two optimized P structures, FP and, the two C1 

and C2 conformers of FPCOOH and FPCONH  can be seen in Table 2

1 while in Figure 2 are represented the modifications observed on 

these properties when the F atom is incorporated to pyrazine ring 

and, then when the COOH and CONH  groups are incorporated to 2

fluoropyrazine. Obviously, the energies values increase with the 

group, as expected because increase the numbers of atoms while, 

for both pyrazine species the energies are the same independently 

of the symmetry. In relation to the dipole moment values the 

carboxylic species present the higher value, being C2 the most 

voluminous species of FPCOOH while for FPCONH  the higher 2

volume is observed for C1. Note that both most stable C2 

conformations of FPCOOH and FPCONH  have the higher dipole 2

moment values, as also was observed in other species [33-37]. This 

way, such observations could probably be related to the higher 

stabilities of the species as a consequence of their higher dipole 

moments. On the other side, pyrazine has dipole moment null and 

when the F atom is incorporate to the ring structure clearly 

increases the dipole moment of pyrazine to 1.70 D. Figure 3 

shows the orientations and magnitudes of the vectors 

corresponding to the dipole moments of FP, FPCOOH and 

FPCONH  species where we can easily observe the change in size 2

and direction, especially when the group change from FP to 

FPCOOH and from FPCOOH to FPCONH . The higher dipole 2

moment value observed for the carboxylic acid species can be 

explained because the electronegativity of OH group is between 

3.51 [38] and 2.68 [39] where for the carboxy group it is reported 

values between 3.49 [38] and 2.8 [39] while the amino group 

present lower values, which are between 2.61 [38] and 2.42 [39]. 

These results show clear structural differences between the acid 

and amide species being the C2 conformer of FPCOOH most polar 

and voluminous. When the populations are analyzed from Table 1 

we observed that the energies differences existent between both 

conformers of FPCOOH and FPCONH  are high and, as a 2

consequence only the C2 conformers are expected in both species.

Figure 2. Calculated total energies, dipole moments and volume 

variation for the pyrazine, F-pyrazine, 3-fluoropyrazine-2-

carboxilic acid  and 3-fluoropyrazine-2-carboxamide structures in 

gas phase by using the hybrid B3LYP/6-311++G** level of theory.

TABLE � 1

Calculated total energies (E), dipole moments (µ), volume and 

populations for pyrazine (P), F-pyrazine (FP), 3-fluoropyrazine-2-

carboxilic acid (FPCOOH) and 3-fluoropyrazine-2-carboxamide 

(FPCONH ) in gas phase.2

Figure 3. Orientations and magnitudes of the vectors 

corresponding to the dipole moments of FP, FPCOOH and 

FPCONH  species in gas phase by using the hybrid B3LYP/6-2

311++G** level of theory.
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B3LYP/6-311++G** method

Species
E

(Hartrees)

E (kJ/mol) µ
(D)

V
3(� )

Pop
%

P (D )2h -264.3873 0.00 0.0 77.7 100

P (C )S -264.3873 0.0 78.4
FP -363.3611 0.00 1.70 86.8 100
Acid C1 -552.2794 22.58 4.87 117.5 0.0
Acid C2 -552.2880 0.00 6.25 120.2 100
Amide C1 -532.4131 14.43 2.69 124.6 0.3

Amide C2 -532.4186 0.00 5.44 116.7 99.7
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Parameters
aB3LYP/6-311++G** Pyrazincarboxamide

Pyrazine F-pyrazine F-pyrazine-2-carboxil acid F-pyrazine-2-carboxamide   form δ form

C1 C2 C1 C2 bExp cExp

Bond lengths (� )

C1-F11 1.085 1.342 1.358 1.324 1.354 1.326

C1-N6 1.334 1.307 1.303 1.311 1.305 1.312 1.335 1.329

C5-N6 1.334 1.339 1.334 1.334 1.335 1.334 1.333 1.337

C2-N3 1.334 1.328 1.333 1.334 1.333 1.335 1.334 1.352

C4-N3 1.335 1.338 1.329 1.331 1.330 1.332 1.334 1.318

C2-C9 1.086 1.084 1.526 1.513 1.529 1.516 1.513 1.489

C9-C10 1.194 1.199 1.212 1.216 1.231 1.258

C9-N12(O12) 1.349 1.342 1.362 1.358 1.327 1.325

C1-C2 1.395 1.396 1.402 1.405 1.404 1.408 1.386 1.390

C4-C5 1.394 1.390 1.394 1.392 1.392 1.391 1.384 1.385

bRMSD 0.620 0.620 0.020 0.016 0.019 0.016
cRMSD 0.624 0.624 0.029 0.025 0.027 0.023

Bond angles (� )

C2-N3-C4 116.0 117.0 118.6 118.9 118.7 118.8 116.3 116.3

C1-N6-C5 116.0 115.6 116.1 117.0 116.3 117.0 115.9 116.7

C1-C2-N3 121.9 119.9 117.7 118.9 117.7 118.6 121.5 116.3

C5-C4-N3 121.9 121.6 121.5 120.5 121.5 120.8 121.9 123.6

C2-C1-N6 122.0 124.1 125.0 123.0 124.8 123.2 122.3 122.9

C4-C5-N6 121.9 121.5 120.8 121.5 120.7 121.3 122.0 120.3

N6-C1-F11 117.1 117.0 115.1 116.1 114.8 115.6 115.7 125.3

C2-C1-F11 120.8 118.7 119.8 120.8 120.2 121.0 122.0 111.8

N3-C2-C9 117.1 118.7 115.5 116.2 115.2 117.6 118.6 118.3

C1-C2-C9 120.9 121.2 126.6 124.8 127.0 123.6 119.8 121.6

C2-C9-O10 121.5 123.9 120.3 122.5 119.2 119.2

C2-C9-N12(O12) 117.3 113.0 116.7 113.2 116.1 117.2

O10-C9-N12(O12) 121.1 123.0 122.9 124.2 124.7 123.6

bRMSD 0.7 1.3 2.9 2.5 0.7 1.3
cRMSD 4.3 3.7 4.8 5.0 4.3 3.7

Dihedral angles (� )

C1-C2-N3-C4 0.0 0.0 -0.0 -0.0 -0.0 -0.0 -0.1

C2-N3-C4-C5 0.0 0.0 0.0 -0.0 0.3 -0.0 0.0

N3-C4-C5-N6 0.0 0.0 0.0 0.0 -0.3 0.0 0.0

C4-C5-N6-C1 0.0 0.0 -0.0 -0.0 -0.0 -0.0 -0.0

C5-N6-C1-C2 0.0 0.0 0.0 -0.0 0.3 -0.0 -0.0

N6-C1-C2-N3 0.0 0.0 -0.0 0.0 -0.3 0.0 0.1

N3-C2-C1-F11 180.0 180.0 -179.9 -179.9 179.7 -179.9 -179.

N6-C1-C2-C9 180.0 180.0 179.9 -179.9 178.8 -179.9 -179.7

N3-C2-C9-O10 0.1 -179.9 9.1 -179.9 -178.0

N3-C2-C9-N12(O12) -179.8 0.0 -169.8 0.0 2.1

C1-C2-C9-O10 -179.8 0.0 -170.0 0.0 1.8
bRMSD 162.4 162.4 143.7 1.1 178.7 1.1

Comparison of calculated geometrical parameters for pyrazine (P), F-pyrazine (FP), 3-fluoropyrazine-2-carboxilic acid (FPCOOH) and 3-

fluoropyrazine-2-carboxamide (FPCONH ) in gas phase compared with the corresponding experimental ones for two forms of 2

Pyrazincarboxamide.
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STRUCTURAL STUDY IN GAS PHASE 

Calculated geometrical parameters for P, FP, FPCOOH and 

FPCONH  species by using the B3LYP/6-311++G** level of 2

theory in gas phase can be seen in Table 2 compared with 

the corresponding experimental ones reported for two  and  

forms of pyrazincarboxamide [10,11] by using the root-

mean-square deviation (RMSD) values. In general, the rmsd 

values corresponding to the bond lengths for P and FP 

(0.624-0.620 Å) are higher than those observed for FPCOOH 

and FPCONH  (0.029-0.016 Å) while for both C2 2

conformations of these two species there are very good 

correlations with the experimental ones of the  b form. Thus, 

analyzing the bond lengths of both C2 conformers we 

observed rmsd values of 0.016 Å while when these 

parameters are compared with the corresponding to the  

form the values increase from 0.025 to 0.023 Å. On the other 

hand, when the calculated and experimental bond lengths 

values only for FPCOOH and FPCONH  are compared by a 2

graphic, as that represented in Figure 4, it is possible to 

observe that the C2-C9 and C9-C10 bonds present the 

higher variations. For the bond angles, the better 

correlations are obtained when the theoretical values are 

compared with the experimental ones corresponding to the  

form (2.9-0.7 º) but, when the values are compared with the 

corresponding for the form d the rmsd values increase 

significantly from 5.0 to 3.7 º. These variations only for 

FPCOOH and FPCONH  can be clearly seeing when the 2

values are represented in Figure 5. Thus, comparing the 

bond angles of both species we observed that the N3-C2-

C9, C1-C2-C9 and C2-C9-O10 angles are slightly different, 

as expected because the involved distances are different. But 

the higher differences are observed when the values are 

compared with the experimental values corresponding to 

the  form. Hence, the high rmsd values can be evidently 

justified by the experimental values observed for the N6-C1-

F11 and C2-C1-F11 angles of 125.3 and 111.8º, 

respectively. In relation to the dihedral angles, the lower 

values are observed for both C2 conformations of FPCOOH 

and FPCONH  when the values are compared with the 2

experimental ones for the b form being in both cases of 1.1º. 

Here, the dihedral N3-C2-C9-N12 (O12) C1-C2-C9-O10 

angles can clearly explain the differences observed of C2 

with the C1 conformations of both species.

Figure 5. Calculated and experimental bond angles values for 

FPCOOH and FPCONH  species.2

CHARGES, MOLECULAR ELECTROSTATIC POTENTIALS 

AND BOND ORDERS STUDIES

The studies related to the charges, molecular electrostatic 

potentials and bond orders are of great interest in these 

fluoropyrazine species because they have in their structures F 

atoms of high electronegativity and different electron's donor 

and acceptor groups, such as C=O, OH and NH . For these 2

reasons, for the four species considered two charge's types 

were studied in this work, including the two C1 and C2 

conformations of FPCOOH and FPCONH . Hence, MK and 2

NPA charges [19,22], the molecular electrostatic potentials 

and bond orders calculated for P, FP, FPCOOH and FPCONH  2

in gas phase by using the hybrid B3LYP/6-311++G** level of 

theory are summarized in Table 3. First, comparing the MK 

charges for P and FP, it is observed that the positive charge on 

the C1 atom belong to the C1-F9 bond increase from 0.191 

a.u in P to 0.613 a.u. in FP while the charge on the C2 atom 

decrease from 0.140 a.u. in P to 0.046 a.u. in FP. In addition, 

the charges on the N3 and N6 atoms and, on the C4 and C5 

atoms also decrease their values due to the effect of replace 

an H atom by F atom. Now, the effect of change an H atom of 

FP by a COOH group is the increase in the charge on the C1, 

C5, N6 and H7 atoms while the MK charges on the C2, N3, 

C4, H8 and F atoms decrease. On the other side, when on FP 

an H atom is replaced by the CONH  group the MK charges on 2

the C1, C2, C5, N6 and H7 atoms increase their values while 

the charges on the N3, C4, H8 and F atoms slightly decrease. 

A very important result is the similar MK charges that present 

the F atoms of both C2 conformers of FPCOOH and FPCONH  2

while these charges on the N3 and N6 atoms of C2 

corresponding to FPCONH  present higher values than C2 of 2

the other species. Other important result is that in FPCONH  2

the MK charges on the two N atoms have higher values than 

the F atom while in the carboxylic species the N6 atom present 

higher charge than the F atom. In relation to the NPA charges, 

their values are lower than the MK charges but, in particular, 

the NPA charges on the F atoms corresponding to FP, 

FPCOOH and FPCONH  are higher than the corresponding MK 2
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MK charges

Atoms pyrazine Atoms F-pyrazine F-pyrazine-2-carboxil acid F-pyrazine-2-carboxamide

Atoms C1 C2 Atoms C1 C2

 1  C 0.191  1  C 0.613  1  C 0.511 0.689  1  C 0.593 0.670

 2  C 0.140  2  C 0.046  2  C 0.128 -0.007  2  C 0.095 0.088

 3  N -0.443  3  N -0.423  3  N -0.390 -0.214  3  N -0.381 -0.262

 4  C 0.142  4  C 0.128  4  C 0.133 -0.120  4  C 0.107 -0.094

 5  C 0.187  5  C 0.078  5  C 0.161 0.301  5  C 0.152 0.274

 6  N -0.471  6  N -0.459  6  N -0.426 -0.536  6  N -0.459 -0.544

 7  H 0.067  7  H 0.085  7  H 0.075 0.128  7  H 0.077 0.116

 8  H 0.061  8  H 0.107  8  H 0.079 0.066  8  H 0.080 0.065

 9  H 0.068  9  F -0.281  9  C 0.591 0.562  9  C 0.741 0.486

10  H 0.059 10  H 0.107 10  O -0.449 -0.452 10  O -0.554 -0.501

11  F -0.269 -0.256 11  F -0.304 -0.255

12  O -0.549 -0.456 12  N -1.084 -0.725

13  H 0.405 0.295 13  H 0.476 0.391

14  H 0.462 0.291

NPA charges

Atoms pyrazine Atoms F-pyrazine Atoms C1 C2 Atoms C1 C2

 1  C 0.013  1  C 0.576  1  C 0.588 0.624  1  C 0.589 0.619

 2  C 0.013  2  C -0.030  2  C 0.008 0.020  2  C 0.040 0.049

 3  N -0.414  3  N -0.397  3  N -0.346 -0.439  3  N -0.352 -0.424

 4  C 0.013  4  C -0.006  4  C 0.012 0.011  4  C 0.008 0.004

 5  C 0.013  5  C 0.026  5  C 0.048 0.049  5  C 0.040 0.041

 6  N -0.414  6  N -0.441  6  N -0.429 -0.430  6  N -0.436 -0.437

 7  H 0.194  7  H 0.200  7  H 0.207 0.207  7  H 0.203 0.202

 8  H 0.194  8  H 0.199  8  H 0.205 0.205  8  H 0.201 0.201

 9  H 0.194  9  F -0.336  9  C 0.761 0.760  9  C 0.631 0.627

10  H 0.194 10  H 0.208 10  O -0.520 -0.535 10  O -0.580 -0.591

charges. Note that both C1 and C2 conformers of the two 

species show different MK charges on all atoms while the NPA 

charges present very similar values, as observed in Table 3. On 

the other hand, the two N atoms of the three fluorinated 

species have higher NPA charges than the F atoms, a similar 

result observed for the MK charges of FP and FPCONH . This 2

way, the negative MK charges observed on the C2 conformer 

corresponding to the amide species follow the trend: N12 > 

N6 > O10 > N3 > F11> C4 while on the C2 conformer of the 

acid species the trend change at: N6 > O12 > O10 > F11> N3> 

C4> C2. However, the NPA charges observed on all atoms of 

both C2 conformers show different tendency, thus, in C2 of 

amide species the variation is: N12 > N6 > O10 > N3 > F11 

while in the same conformer of the acid species change at: 

O12> O10 > N6 > N3> F11, where clearly the C4 and C2 

atoms have positive NPA charges different from those MK 

charges.

Regarding the molecular electrostatic potentials (MEP) from 

Table 3 it is observed that the incorporation of the F atom to 

pyrazine ring in FP generate the diminishing of MEPs values on 

all atoms of FP. In the same way, when FP is compared with 

the C2 conformer of both acid and amide species there are 

also observed decreasing in the MEPs values on all atoms but 

in particular, on the F atom of the amide species, the value 

practically do not change.

Hence, these variations are most evident for the acid species. 

Now, if the surface mapped are represented for all species in 

Figure 6 it is observed as the coloration range change 

significantly in all species. 

Figure 6. Calculated electrostatic potential surfaces on the 

molecular surface of P, FP, FPCOOH and FPCONH  species in gas 2

phase by using the hybrid B3LYP/6-311++G** level of theory. 

Color ranges, in au: from red -0.062 to blue +0.062. Isodensity 

value of 0.005.

Thus, when the F atom is incorporated to the pyrazine ring the red 

colour on the N6 atom is extended in FP and, obviously, the slightly 

blue colour decrease in that region.
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11  F -0.350 -0.301 11  F -0.351 -0.305

12  O -0.670 -0.666 12  N -0.798 -0.796

13  H 0.486 0.496 13  H 0.400 0.400

14  H 0.404 0.411

MEP

Atoms pyrazine Atoms F-pyrazine Atoms C1 C2 Atoms C1 C2

 1  C -14.723  1  C -14.631  1  C -14.600 -14.603  1  C -14.616 -14.619

 2  C -14.723  2  C -14.707  2  C -14.671 -14.673  2  C -14.687 -14.689

 3  N -18.381  3  N -18.367  3  N -18.347 -18.333  3  N -18.362 -18.352

 4  C -14.723  4  C -14.715  4  C -14.693 -14.688  4  C -14.707 -14.703

 5  C -14.723  5  C -14.706  5  C -14.682 -14.681  5  C -14.696 -14.696

 6  N -18.381  6  N -18.365  6  N -18.340 -18.345  6  N -18.354 -18.359

 7  H -1.086  7  H -1.077  7  H -1.058 -1.050  7  H -1.071 -1.065

 8  H -1.086  8  H -1.073  8  H -1.051 -1.051  8  H -1.063 -1.064

 9  H -1.086  9  F -26.569  9  C -14.617 -14.620  9  C -14.650 -14.652

10  H -1.087 10  H -1.069 10  O -22.371 -22.370 10  O -22.395 -22.394

11  F -26.532 -26.554 11  F -26.550 -26.570

12  O -22.309 -22.314 12  N -18.358 -18.362

13  H -0.942 -0.951 13  H -1.002 -1.004

14  H -0.997 -1.004

Bond order

Atoms pyrazine Atoms F-pyrazine Atoms C1 C2 Atoms C1 C2

 1  C 3.948  1  C 3.856  1  C 3.852 3.859  1  C 3.852 3.858

 2  C 3.948  2  C 3.947  2  C 3.991 3.985  2  C 3.993 3.991

 3  N 3.089  3  N  3.098  3  N 3.129 3.103  3  N 3.126 3.097

 4  C 3.948  4  C 3.947  4  C 3.939 3.935  4  C 3.941 3.940

 5  C 3.948  5  C 3.940  5  C 3.931 3.933  5  C 3.935 3.936

 6  N 3.089  6  N 3.119  6  N 3.134 3.124  6  N 3.129 3.122

 7  H 0.965  7  H 0.963  7  H 0.960 0.960  7  H 0.962 0.962

 8  H 0.965  8  H  0.964  8  H 0.961 0.961  8  H 0.962 0.963

 9  H 0.965  9  F 1.046  9  C 3.871 3.875  9  C 3.922 3.923

10  H 0.965 10  H 0.960 10  O 2.106 2.081 10  O 2.034 2.012

11  F 1.039 1.098 11  F 1.033 1.093

12  O 2.004 2.013 12  N 3.078 3.083

13  H 0.768 0.759 13  H 0.843 0.843

14  H 0.840 0.834



PARIPEX - INDIAN JOURNAL OF RESEARCH Volume-6 | Issue-9 | September-2017 | ISSN - 2250-1991 | IF : 5.761 | IC Value : 79.96

www.worldwidejournals.com 619www.worldwidejournals.com 619



PARIPEX - INDIAN JOURNAL OF RESEARCH Volume-6 | Issue-9 | September-2017 | ISSN - 2250-1991 | IF : 5.761 | IC Value : 79.96

620 www.worldwidejournals.com

Here, the properties for the acid species are higher than for the 

amide species. If later, it is analyzed the properties for both C2 

conformers of FPCOOH and FPCONH  from Table 7, two new 2

N---H and F---O interactions are observed, hence, two new 

rings are observed RCPN1 and RCPN2. The properties of N---H 

for the acid species are higher than the observed in the amide 

species but, on the contrary, the properties of the F---O 

interaction is higher for the amide species. Thus, the existence 

of this interaction in C2 could justify the low stability that 

presents the amide species because the electronegativities of 

both atoms produce a higher repulsion in the amide species 

due to their lower F-O distance (2.741 Å), as compared with the 

acid species (2.796 Å). 

This AIM study evidence clearly the high stabilities of both C2 

conformers of the acid and amide species due to the formation 

of H and halogen bonds where the high density observed for 

the H bonds of the acid species suggest a high stability of this 

species than the amide ones while the halogen bond is stronger 

for the amide species than the acid ones due to their lower 

distance. 

FRONTIER ORBITALS AND DESCRIPTORS STUDIES

According to Parr and Pearson [23], the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) are parameters useful to predict the 

reactivities and behaviours of diverse species in different media.

Thus, the evaluations of these orbitals for the fluorinated 

species are of great interest knowing that it is indispensable the 

design of new and better drugs for the treatment of 

tuberculosis. The gap values can be easily calculated from the 

differences between those two orbitals. Thus, in Table 8 it is 

presented the frontier orbitals together with the gap values for 

all studied species in gas phase by using the hybrid B3LYP/6-

311++G** level of theory. 

Analysis of the topological properties for the C2 conformers of 3-fluoropyrazine-2-carboxilic acid (FPCOOH) and 3-fluoropyrazine-2-

carboxamide (FPCONH ) in gas phase by using the hybrid B3LYP/6-311++G** level of theory.2
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TABLE � 8

Calculated HOMO and LUMO orbitals and energy band gap 

(eV) for pyrazine, F-pyrazine, 3-fluoropyrazine-2-carboxilic acid 

and 3-fluoropyrazine-2-carboxamide in gas phase by using the 

hybrid B3LYP/6-311++G** level of theory.

First, comparing the gap values of P and FP it is observed that the 

presence of the F atom in FP increases the gap value from -5.2844 

eV in P to -5.5919 eV in FP and, as a consequence, decrease the 

reactivity of FP while the carboxyl and carboxamide groups 

increase the reactivity of FP because in both cases the gap values 

decrease, being most reactive the amide species due to their lower 

gap value. On the other hand, the two C2 species of FPCOOH and 

FPCONH  are most reactive than the corresponding C1 ones, as 2

observed in Table 8. When the descriptors for pyrazine are 

compared with those calculated for F-pyrazine it is observed a clear 

increase in the electrophilicity and nucleophilicity indexes, as 

indicated in Table 9. Obviously, the global hardness in FP increases 

according to the decreasing of their reactivity, as compared with P.

The results of Table 10 shows clearly the increase in the global 

softness values of both C2 acid and amide species while their 

global hardness values decrease conform their reactivities 

increase. Note that the electrophilicity indexes of both C1 and C2 

acid species are higher than the corresponding to the amide 

ones. These results are in agreement with the molecular 

electrostatic potential values of the COOH and CONH  groups 2

observed from Table 3 because in the acid species there are two 

O atoms with higher MEP values than the amide species (O and N 

atoms). 

VIBRATIONAL ANALYSIS

The assignments of the vibrational spectra for pyrazine were 

already reported by Breda et al. [15] and by Schmitt et al. [16] 

and, for these reasons, in this work the bands observed in the 

infrared spectra of P were taken of those two publications. Here, 

the tentative assignments for FP, FP-COOH and FP-CONH  were 2

presented considering their optimized C  structures and the S

corresponding force fields computed with the SQMFF 

methodology [28] and the Molvib program [29]. The internal 

coordinates for those species were similar to those reported in 

the literature for species with related groups [33-36]. Only, the 

theoretical assignments for the C2 conformers of both acid and 

amide species were presented in Table 11 together with the 

assignments for the other species. The scaled force fields were 

calculated by using the hybrid B3LYP/6-311++G** level of 

theory and taking into account the scale factors reported by 

Rauhut and Pulay [28]. The complete assignments for all species 

were performed using the potential energy distribution (PED) 

contributions  10 %. The predicted infrared spectra for P, FP, FP-

COOH and FP-CONH  species in gas phase by using B3LYP/6-2

311++G** level of theory are presented in Figure 7 compared 

with the experimental available for P taken from Ref [16] while 

the predicted Raman spectra of all species are presented in Figure 

8. The theoretical activities of all Raman spectra were 

transformed to intensities by using recognized equations 

[40,41]. At this point, brief discussions on the assignments 

performed for each species are presented at continuation.

Figure 7. Experimental available infrared spectrum of pyrazine 

(from Ref [16]) compared with the corresponding predicted for 

pyrazine, fluoro-pyrazine, 3-fluoropyrazine-2-carboxilic acid and 

3-fluoropyrazine-2-carboxamide in gas phase by using the hybrid 

B3LYP/6-311++G** level of theory. 
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Figure 8. Predicted Raman spectra for pyrazine, fluoro-pyrazine, 3-

fluoropyrazine-2-carboxilic acid and 3-fluoropyrazine-2-

carboxamide in gas phase by using the hybrid B3LYP/6-311++G** 

level of theory.

ASSIGNMENTS

Pyrazine. The SQM/B3LYP/6-311++G** calculations predicted all 

vibration modes as was previously reported [15,16]. In this work, 

the vibration modes were clearly specified in accordance to the 

higher PED contributions observed for each mode. Thus, the CH 
-1stretching modes were predicted between 3041 and 3020 cm  

while the corresponding deformation in-plane and out-of-plane 
-1were predicted between 1467/1215 and 978/792 cm , as 

indicated in Table 11. In the higher wavenumbers region it is 

predicted a strong IR band assigned to the CH stretching modes.

Skeletal vibrations, such as the C1=C2 and C4=C5 stretching 
-1modes are assigned to the IR band observed at 1579 cm  while the 

C2=N3 and C5=N6 are associated to the IR band located at 1522 
-1cm . 



The remaining C-C and C-N stretching modes can be clearly 
-1associated to the IR bands observed between 1170 and 998 cm . 

The three deformations and torsion rings can easily be assigned as 

predicted by the SQM calculations. Thus, the deformations ring 

are predicted coupled with some stretching modes while the 

torsion rings are predicted in the those regions expected for six 

members rings [33,34,36,37].

F-Pyrazine. The only difference observed in the vibrational spectra 

of FP, in relation to pyrazine, is the presence of the C-F bond, 

hence, it is expected the stretching, in-plane and out-of-plane 

deformation modes related to that bond. Here, the stretching 
-1mode is predicted at 1245 cm  and, also appear coupled with one 

-1deformation ring mode at lower wavenumbers (844 cm ). Then, 

the in-plane and out-of-plane deformation modes can be assigned 
-1as predicted by SQM calculations, that is, at 422 and 526 cm , as 

observed in Table 11. 

FP-COOH. The difference of this acid species with FP is the 

presence of the carboxyl group, hence, the additional vibration 

modes expected for this species are, the OH, C=O and C-O 

stretching modes, the OH deformation and torsion modes and, 

the COO deformation, rocking, out-of-plane and twisting modes. 

The C=O and C-O modes are predicted respectively at 1772 and 
-11078 cm  while the OH deformation mode is predicted at 1338 

-1cm .  

The COO deformation, rocking, out-of-plane and twisting modes 
-1are predicted at 798, 397, 709 and 57 cm . The C-F stretching 

-1mode for this species is predicted at 1279 cm  while the in-plane 

and out-of-plane deformation modes are predicted by SQM 
-1calculations at 353 and 549 cm , as observed in Table 11.

FP-CONH . The vibration modes related to the NH  groups are 2 2

expected in this amide species [42]. Hence, two NH  stretching, 2

deformation, rocking and twisting modes and, also the vibration 

mode associated to the O10-C9-N12 angles are expected. Thus, 

these NH  stretching modes are predicted by SQM calculations at 2
-13570 and 3438 cm  while the deformation, rocking and twisting 

-1modes are predicted at 1520, 1041 and 557 cm , respectively. In 

this species, the vibration modes related to the C-F group 
-1stretching mode for this species is predicted at 1279 cm  while the 

in-plane and out-of-plane deformation are predicted at 1271

FORCE CONSTANTS

The harmonic force constants for P, FP, FPCOOH and FPCONH  2

were calculated in gas phase from their corresponding force fields 

at the B3LYP/6-311++G** level of theory. The internal 

coordinates, the SQMFF methodology [28] and the Molvib 

program [29] were used to obtain the harmonic force fields. The 

scaled internal force constants are summarized in Table 12. Here, 

for the acid and amide species were presented only the force 

constants for the C2 conformers.

TABLE � 12

Comparison of main scaled internal force constants for pyrazine 

(P), F-pyrazine (FP), 3-fluoropyrazine-2-carboxilic acid (FPCOOH) 

and 3-fluoropyrazine-2-carboxamide (FPCONH ) in gas phase by 2

using the hybrid B3LYP/6-311++G** level of theory.
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Abbreviations: n, stretching; b, deformation in the plane; g, deformation out of plane; wag, wagging; t, torsion; b , deformation ring; t , R R
a btorsion ring; r, rocking; tw, twisting; d, deformation; a, antisymmetric; s, symmetric; This work, From scaled quantum mechanics force 

c dfield; From Ref [15]; From Ref [16].
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