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Abstract 
Hydrogen bonding (HB) sites in three pyrimidine compounds derivatives (DP), 
namely 4-(4-fluorophenyl)-6-(furan-2-yl) pyrimidin-2-amine (DP-1), 4-(4-ch- 
lorophenyl)-6-(furan-2-yl) pyrimidin-2-amine (DP-2) and 4-(4-bromophenyl)- 
6-(furan-2-yl) pyrimidin-2-amine (DP-3), have been investigated by quantum 
chemistry methods, especially at HF/6-311+G(d,p) and B3PW91/6-311+G(d,p) 
levels. Hydrogenfluori deserved as probe for hydrogen bonding complexes. 
Molecular electrostatic potential maps, geometricparameters of HB com- 
plexes, as well as energetic parameters of the complexation reactions have 
been computed. Finally, one out of two nitrogen atoms of pyrimidine nucleus 
has been identified as the major hydrogen bonding site in the three 
pyrimidine derivatives, with respective percentages of around 83.0% and 
93.2% at HF/6-311+G(d,p) and B3PW91/6-311+G(d,p) levels. 
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1. Introduction 

Pain accounts for more than 90% of medical consultations because it is present 
in most diseases [1] [2]. It is widely spread and has a very high social and eco-
nomic cost [3]. Thus, fight against pain mobilizes medical corps, researchers and 
policy makers for its management [4] as well as the discovery of new molecules 
capable of treating it more efficiently. Pyrimidine derivatives offer a good access 
to new varieties as evidenced by numerous works for this purpose [5] [6]. The 
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three derivatives referred to in this work belong to this group and have analgesic 
properties. They were synthesized by Vishal et al. [7], their 2D structures are 
shown in Figure 1. 

Pyrimidine derivatives have many other biological properties such as anti- 
tumor and cytotoxic [8] [9], antifungal [10], anticancer [11], antibacterial [12], 
antimicrobial [13] [14], antioxidant, anticonvulsant [15], antituberculosis [16] 
and antiinflammatory activities [17]. Some compounds are even present in the 
basic nucleotides of DNA and RNA [18] [19]. This vast set of properties 
demonstrates the great interest of scientists for the derivatives of this six- 
membered heterocycle. Therapeutic molecules such as pyrimidine derivatives 
can interact in several ways with the target proteins and one of these interactions 
is hydrogen bonding. Indeed, hydrogen bonding is one of the most important 
inter and intramolecular interactions that model the biological structures. It is 
defined as “an attractive interaction between an hydrogen atom of a molecule or 
molecular fragment D-H in which D is more electronegative than H and an 
atom or group of atoms of the same molecule or different molecule where there 
is evidence of the formation of a bond” [20]. It exists in the three classical states 
of matter: solid, liquid and gaseous, mainly for molecular crystals or organic 
liquids. Locating hydrogen bonding sites in a molecule is therefore very 
important. The three pyrimidine derivatives studied comprise several hetero- 
atoms, and all of them could be hydrogen bond sites. Very little work has been 
devoted to the study of the competition between different potential sites of 
hydrogen bonding within the same molecular structure [21]. The aim of our 
work is to determine the preferential site of hydrogen bonding by means of 
quantum chemical methods, supposing that all intermolecular interactions will 
occur on this site. So all further synthesizing should preserve free such identified 
site. Otherwise, the main properties of pyrimidine would be lost. Especially, one 
could foresee dimerizing molecules in order to enhance analgesicproperties. 
Such a process must avoid hydrogen bonding site. 

2. Computational Details 
2.1. Calculation Level 

Geometry optimization of monomers and H-bond complexes, with hydrogen 
fluoride molecule as a probe, as well as the calculations of the vibration fre- 
quencies, have been carried out using Gaussian 03 software [22], in blink, at the 
HF/6-311+G(d,p) and B3PW91/6-311+G(d,p) levels. Diffuse and polarization  

 

 
Figure 1. Structures of the pyrimidine derivatives. 
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functions are important, whenever the matter is intermolecular interactions. 
Furthermore, taking into account basis set superposition error (BSSE) led to 
more quantitative results. Each of the H-bond complexes has been fully op- 
timized, followed by frequency calculation at the same levels of theories. BSSE 
calculation has been madeaccordingBoys and Bernardi method [23]. 

2.2. Molecular Electrostatic Potential (MEP) 

Electrostatic potential is the interaction energy between a molecule and a posi-
tive unit charge (proton) placed at a point of its environment. It is by the elec-
trostatic potential that a molecule is first “seen” or “estimated” by another 
chemical species that approaches it [24]. It is a real physical property that can be 
determined theoretically as well as experimentally by X-ray diffraction methods 
[24] [25]. It is defined by the expression 1 below in atomic unit [24] [25] [26]. 

( ) ( ) dES A

A A

ZV
ρ ′

′= −
′− −∑ ∫

r
r r

R r r r
                   (1) 

ZA is the charge of the nucleus A, located at AR A and ( )ρ ′r  the electron 
density function of the molecule. Molecular electrostatic potential is an impor-
tant tool for predicting the reactive properties of a molecule and it has been 
widely used, especially in the case of electrostatic reactions [24] such as hydro-
gen bonding interactions. Thus an electrophilic attack will tend to occur at the 
region where the potential ( )V r  is the most negative [27], the local minima 
[24]. 

2.3. Geometry Optimization 

Each of the DP derivatives has four heteroatoms. Four hydrogen bonding com-
plexes were constructed, with the hydrogen fluoride molecule (HF) as the hy-
drogen bond donor (HBD). The characteristic geometric parameters of an hy-
drogen bond [28] are presented in Figure 2. 

α is the HB linearity angle, θ is the directionality angle, d length of Hydrogen 
bond. Thus, before starting a computation on a complex, the initial values below 
have been assigned (Figure 3): α = 180˚, θ1 = θ2 = 120˚ for sp2 nitrogen and 
oxygen, 1 2 3 109.5θ θ θ= = = �  for the sp3nitrogen and d = 2 Å for all the com-
plexes. 

2.4. Energetic Parameters 

Energetic parameters of the hydrogen bond were calculated considering the  
 

 
Figure 2. Geometric parameters α, θ 
and d describing an Hydrogen bond. 



Y. Traore et al. 
 

94 

 
Figure 3. Definition of geometric parameters characteristic of hydrogen bond. 
 
formation of complexes on each heteroatom according Reaction (2): 

A D A D+ → �                            (2) 

Hydrogen bonding energy is calculated by subtracting the energies of the iso-
lated fragments from that of the complex [23] [29] [30] [31] according to Equa-
tion (3): 

( ) ( ) ( ) ( )A D A D A Da d a d
AD A DE E E E ∆ = − + 
∪� �             (3) 

where a
AE  is the energy of the isolated fragment A calculated in its atomic basis 

and in its geometry; d
DE  that of the fragment D and a d

ADE ∪  is the energy of the 
complex in its geometry and in the more extended basis a∪d. The energy thus 
computed is tainted by the BSSE due to the superposition of the two different 
basis.It seems mandatory to correct the BSSE for reliable results. According the 
counterpoise (CP) method to correct the BSSE, proposed by Boys and Bernardi 
[23], the corrected energy is calculated according Equation (4): 

( ) ( )CP BSSEA D A DE E δ∆ = ∆ +� �                  (4) 

BSSEδ  stands for BSSE. Calculations are carried out at a temperature of 298.15 
K under normal atmospheric pressure (P = 1 atm). Moreover, the total energy E 
of an isolated molecule is obtained by summing the energies of the electronic 
movements, translation, rotation and vibration [32] according to Equation (5): 

translation rotation vibration electronicE E E E E= + + +               (5) 

In the perfect gas approximation, the translation and rotation contributions 
are given by the Relations (6), (7) and (8). For nonlinear molecule A and A ··· D: 

translation rotation
3
2

E E RT= =                     (6) 

For the diatomic molecule D (HF): 

translation
3
2

E RT=                          (7) 

rotationE RT=                           (8) 

The contribution of the vibration motion to the total energy is given by Equa-
tion (9): 

vibration thermalZPVEE E= +                     (9) 

The Zero Point Vibrational Energy (ZPVE) contribution is the lowest vibra-
tional level energy due to the 3N-6 normal vibration modes (3N-5 for linear 
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molecules) of frequencies νi of the N kernels at 0 K, and defined by relation 10: 
3 61ZPVE

2

N
i

i

hR
k
ν−

= ∑                        (10) 

The contribution thermalE  is the additional energy due to the population of 
vibration levels during the temperature rise from 0 to T = 298.15 K, and defined 
by Equation (11): 

3 6

thermal e 1i

N
i

h T
i

h k
E R ν

ν−

=
−∑                      (11) 

Finally, the change in the internal energy E upon Reaction (2) to 298 K is giv-
en by expression 12: 

0
298 elec therm

5ZPVE
2

E E E RT∆ = ∆ + ∆ + ∆ −               (12) 

Frequencies calculations provide these different electronic, vibrational and 
thermal contributions, as well as entropy. The enthalpy variation at 298.15 K is 
given by the expression 13: 

0 0
298 298H E RT∆ = ∆ −                       (13) 

Free Enthalpy variation, at 298.15 K, is given by Equation (14): 
0 0 0
298 298 298G H T S∆ = ∆ − ∆                      (14) 

Variation in entropy, 0
298S∆ , is calculated according to expression 15: 

( ) ( ) ( )0
298 A D A DS S S S∆ = − −�                (15) 

3. Results and Discussion 
3.1. Molecular Electrostatic Potentials 

Molecular electrostatic potential maps of studied DP were designed after optimi-
zation at B3PW91/6-311+G(d,p). Potential surfaces (Figure 4) are associated  
 

 
Figure 4. Molecular electrostatic potential maps of the three pyrimidine derivatives. 
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with a color code evolving continuously from red indicating the most negative 
potentials to blue indicating the most positive potentials [33]. These maps indi-
cate that the heteroatom N6 is favorable to an electrophilic attack given its ap-
proaching zone which is the redder. As for the other heteroatoms, O and N8 are 
disadvantaged for electrophilic attacks because of their approach zones which 
are in the green whereas N2, whose approach zone is orange, is less favorable 
than N6. The results are similar for the three molecules. It is thus apparent that 
N2 and N6 nitrogen atoms of pyrimidine nucleus are the most nucleophilic, thus 
favorable to hydrogen bonding in these three derivatives. 

3.2. Geometric Parameters 

Geometry optimization of the hydrogen bond complexes on the oxygen atom 
did not succeed. Indeed, after optimization, migration of the probe from the 
oxygen atom to the N6 nitrogen atom of the pyrimidine nucleus is observed, 
whatever the DP molecule. 

This phenomenon may be explained by the participation of one of the lone 
pairs of oxygen atom in the aromatic character of the furan. The commitment of 
this doublet in electronic delocalization depletes the oxygen atom. Probe migra-
tions have recently been observed in studies conducted by Ziao et al. [34] [35], 
both in the case of two imidazopyridinyl-chalcone derivatives and four benzi-
midazolyl-chalcone derivatives using water molecule as probe. Thus, only ener-
getic parameters of the complexes on the nitrogen atoms of these three DP mo-
lecules have been calculated. Geometric parameters of the complexes formed on 
the three nitrogen atoms are recorded in Table 1 below. 

Results of Table 1 show that for the same level of calculation and hydrogen 
bonding site, values obtained for each parameter are virtually the same from one 
molecule to another. Thus for the linearity angles α of the complexes formed on 
the N2 and N6 atoms with sp2 hybridization, the mean values are respectively 
165.7˚ and 160.5˚ at the DFT level and 165.3˚ and 156.8˚ at the HF level for the  
 
Table 1. Geometrical parameters of hydrogen bond complexes on N2, N6 and N8 atoms. 

HF/6-311G(d,p) 

 

d α θ1 θ2 θ3 

N2 N6 N8 N2 N6 N8 N2 N6 N8 N2 N6 N8 N8 

DP_1 1.79 1.88 1.98 165.5 156.9 174.2 113.6 115.2 104.1 128.7 128.0 100.9 111.5 

DP_2 1.79 1.88 1.98 165.2 156.7 174.3 113.6 115.2 104.1 128.8 127.9 100.9 111.4 

DP_3 1.79 1.88 1.98 165.1 156.7 174.4 113.6 115.2 104.1 128.8 127.9 100.9 111.4 

B3PW91/6-311G(d,p) 

 
d α θ1 θ2 θ3 

 
N2 N6 N8 N2 N6 N8 N2 N6 N8 N2 N6 N8 N8 

DP_1 1.58 1.64 1.78 165.8 160.5 174.9 111.6 112.1 103.3 130.8 131.0 101.6 112.6 

DP_2 1.58 1.64 1.78 165.7 160.5 174.3 111.6 112.1 103.4 130.8 131.0 101.4 112.6 

DP_3 1.58 1.64 1.78 165.6 160.4 174.4 111.6 112.1 103.5 130.8 131.0 101.3 112.6 
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Figure 5. Geometries of hydrogen bond complexes on oxygen of furan in DP: (a) before 
optimization (b) after optimization. 
 
three molecules. For the nitrogen N8 with sp3 hybridization we have 174.5˚ and 
174.3˚. The approach direction angles for N2 and N6 are such that θ1 < θ2 for in 
nearly any case. This can be explained by the fact that the fluorine atom F having 
a high electron density can be a proton acceptor and especially an acid proton of 
the closer basic fragment N8H2. And this atom can form another hydrogen bond 
(F ··· H (N8)). This type of HB has already been investigated [36] [37] [38]. This 
new HB thus reduces the approach direction angle of the N8 side. For complexes 
formed on N8, the results indicate θ1 ≈ θ2 < θ3. This result can be explained by 
the repulsion between the electron density of the pyrimidine nucleus and that of 
the F atom of the hydrogen fluoride.The sp2 nitrogen atom has a single lone pair 
pointing in a direction of 120˚ with each of the two adjacent single bonds. As for 
the sp3 nitrogen, the lone pairpoints out with an angle at about 109˚ with each of 
the three adjacent single bonds. Given the electrostatic character of HB, it will 
therefore tend to form in the optimal direction of the lone pair. Moreover, the 
mean values of the angles of direction θ, of the complexes on N2 and N6 at the 
DFT level are in the same order 121.2˚ and 121.5˚ (121.2˚ and 121.6˚ at the HF 
level) and 105.8˚ (105.5˚) for N8 atom. These mean values are very close to 
optimal values. Concerning the lengthsdof HB: d(N2···H) = 1.58 Å, d(N6···H) = 
1.64 Å and d(N8···H) = 1.78 Å at the DFT level and d(N2···H) = 1.79 Å, 
d(N6···H) = 1.88 Å and d(N8···H) = 1.98 Å at the HF level. These values are all 
lower than 2.65 Å sum of Van der Waals radii of nitrogen atom with 1.55 Å and 
hydrogen atom with 1.1 Å [39]. This result thus provides H-link contacts. 
Finally, the analysis of the set of geometric parameters indicated the possible 
formation of intermolecular hydrogen bond on nitrogen atoms in these three 
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pyrimidine derivatives. 

3.3. Energetic Parameters 

All values of the enthalpies changes are negative (Table 2), expressing exother- 
mic reactions whereas some values of the free enthalpies changes are negative 
translating spontaneous complexations, while others are positive, showing non- 
spontaneous reactions in the conditions of the study. Thus, the two levels of 
theory predict spontaneous reactions on N6 for the three derivatives and on N2 
for the DP-1 and DP-2 derivatives; for DP-3, the HF method predicts a spon- 
taneous reaction and DFT provides a non-spontaneous reaction as on nitrogen 
N8 for the two theories levels. A classification in ascending order of the free en-
thalpy change of complexation gives the following result for each derivative, and 
also for each computation level:  

( ) ( ) ( )0 0 0
298 298 298N6 HF N2 HF N8 HFG G G∆ < ∆ < ∆� � � . It appears from this 

energetic study that on N6 nitrogen atom, the variation of the free enthalpy of 
complexation is the smallest, values being −4.649 kcal/mol, −4.500 kcal/mol and 
−0.951 kcal/mol with DFT method and −1.840 kcal/mol, −1.758 kcal/mol and 
−1.740 kcal/mol with HF method respectively for DP-1, DP-2 and DP-3. There-
fore N6 is the preferred hydrogen bonding site in these pyrimidine derivatives. 

However, the relatively small differences between changes in free enthalpy of 
complexation at the N2 and N6 atoms ranging from 0.745 kcal/mol to 1.159 
kcal/mol at the DFT level and 1.530 kcal/mol to 1.585 kcal/mol at the HF level 
could justify the existence of competition between these sites. It is therefore 
necessary to calculate the relative abundances of the complexes formed on the 
N2 and N6 sites. To do this, we will analyze the complexation equilibria on the 
nitrogen atoms N2 and N6. 
 
Table 2. Energetic parameters of hydrogen bonding reactions. ( 0 0

298 298,H G∆ ∆  in kcal/mol 

and 0
298S∆  in cal/mol·K). 

     
HF/6-311+G(d,p) 

   

 
N2···HF N6···HF N8···HF 

 
0
298H∆  0

298S∆  0
298G∆  0

298H∆  0
298S∆  0

298G∆  0
298H∆  0

298S∆  0
298G∆  

DP_1 −9.018 −29.389 −0.256 −10.472 −28.951 −1.840 −5.521 −26.276 2.314 

DP_2 −8.956 −29.275 −0.227 −10.384 −28.932 −1.758 −5.432 −26.256 2.396 

DP_3 −8.910 −29.201 −0.203 −10.361 −28.915 −1.740 −5.410 −26.265 2.421 

     
B3PW91/6-311+G(d,p) 

  

 
N2···HF N6···HF N8···HF 

 
0
298H∆  0

298S∆  0
298G∆  0

298H∆  0
298S∆  0

298G∆  0
298H∆  0

298S∆  0
298G∆  

DP_1 −12.847 −30.714 −3.689 −13.463 −29.563 −4.649 −6.987 −27.234 1.133 

DP_2 −12.745 −30.154 −3.755 −13.389 −29.816 −4.500 −6.893 −27.678 1.359 

DP_3 −12.681 −43.230 0.208 −13.334 −41.535 −0.951 −6.878 −39.624 4.936 
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Table 3. Percentages of N2 and N6 nitrogen H-bond complexes.
 

 
HF/6-311+G(d.p) B3PW91/6-311+G(d.p) 

 
xN2 (%) xN6 (%) xN2 (%) xN6 (%) 

DP-1 6.44 93.56 16.52 83.48 

DP-2 7.02 92.98 22.15 77.85 

DP-3 6.95 93.05 12.39 87.61 

 

[ ]
[ ]2

N2 ΗF
DP HF N2 ΗF;

DP
K+ =

�
� �  

[ ]
[ ]6

N6 ΗF
and DP HF N6 ΗF;

DP
K+ =

�
� �  

If we consider N2x  and N6x  the fractions of the complexes formed on N2 
and N6 respectively, then: 

0
298

N2 N6 N2
6

2

1 and 1 with exp
1

Gx x x K
RTK

K

 ∆
= = − = − 
    +  

  

 

The various values of N2x  and N6x  are summarized in Table 3. 
Values in Table 3 show that, whatever the calculation method is, the com-

plexes formed on N2 nitrogen are in a minority compared to those formed on 
N6 nitrogen. This result indicates that the N6 nitrogen atom in the pyrimidine is 
the major hydrogen bonding site with the average percentages of 82.98% at the 
B3PW91/6-311+G(d,p) level and 93.19% at the HF/6-311+G(d,p) level. 

4. Conclusion 

Ab initio and DFT calculation methods have been used to determine hydrogen 
bonding sites of three pyrimidine derivatives usingB3PW91/6-311+G(d,p) and 
HF/6-311+G(d,p) levels. Molecular electrostatic potentials maps, geometric and 
energetic parameters of hydrogen bond complexes with hydrogen fluoride as 
probe, were the investigation criteria. Results showed on the first hand that the 
nitrogen atoms N2 and N6 of pyrimidine nucleus are the most favorable to an 
electrophilic attack according to molecular electrostatic potentials maps. On the 
other hand, the geometric parameters indicated the possible formation of 
hydrogen bond on these heteroatoms. Finally, analysis of energetic parameters 
showed that nitrogen N6 is the major site of hydrogen bond with the per- 
centages of 82.98% at the B3PW91/6-311+G(d,p) level and 93.19% at the HF/6- 
311+G(d,p) level. Nitrogen N2 and N6 are in the same molecular environment 
in the pyrimidine nucleus. Although, one can notice that N6 is far away the 
major hydrogen bonding site. This result confirms the absolute necessity of 
more investigation in order to undoubtedly determine the intermolecular 
interaction site in pyrimidine derivatives. So, during all further synthesizing 
processes, one must avoid involving nitrogen atoms N2 and N6 of pyrimidine 
nucleus, in order to preserve analgesic properties of pyrimidine derivatives. 
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