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A B S T R A C T

A combined theoretical and experimental investigation on a pharmaceutically important molecule 1,2,4-
triazolo-[1,5-a]pyrimidine (TP) is presented in this study. Theoretical Density Functional Theory (DFT)
study on the geometry, vibrational properties, energetics, and chemical shifts of the ground state of TP
was carried out at B3LYP/6-311++G(d,p) level. Experimental infrared and Raman spectra of TP were
presented and complete assignments of all vibrational modes were proposed by using the results of Total
Energy Distribution (TED) analysis. The structure, spectra and energetics of TP in chloroform, carbon
tetrachloride (CCl4), methanol, dimethyl sulfoxide (DMSO) and water solvents have been calculated at
the same level of theory by employing polarized continuum (PCM) model. Energies, relative stabilities,
and dipole moments of TP were also evaluated in the gas phase and in polar and apolar solvents as well.
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1. Introduction

1,2,4-Triazolo-[1,5-a]pyrimidine (TP) is a heterocyclic com-
pound which consists of a pyrimidine and a triazole ring fused
together. TP, and its derivatives, have been subject to many studies
due to its physical and chemical properties [1–3]. They have found
applications in pharmaceutical, agricultural and other areas [4–6].
For example, 7-(N,N-diethylamine)-5-methyl-1,2,4-triazolo-[1,5-
a]pyrimidine is clinically used as a coronary dilator [7] and several
1,2,4-triazolo-[1,5-a]pyrimidine-2-sulfonamides act as active her-
bicides for the control of broad leaf weeds in cereal crops [8,9].
Several TP derivatives are known as cardiovascular vasodilators
[10], dual thrombin/factor Xa inhibitors [11], and human adeno-
sine A2a and A3 receptor ligands [12–14]. They are also reported to
possess potential anti-tumor activities [15–17].

TP derivatives have been the subject of many studies and their
physical, chemical, and spectrosopic properties were examined.
However, the researches on TPs have been mostly concerned with
5,7-dimethyl-1,2,4-triazolo-[1,5-a]pyrimidine (dmTP) and 4,7-H-
5-methyl-7-oxo-1,2,4-triazolo-[1,5a]-pyrimidine (hmTPo). Salas
et al. elaborated spectroscopic properties, structural characteriza-
tion and biological activity of metal complexes of TP and of its
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several derivatives [18]. Szłyk et al. synthesized several metal
complexes of TP derivatives, and investigated them by using X-Ray
diffraction and NMR spectroscopy [19–23]. Another study has
focused on the synthesis of new TP derivatives, and their use as
two-photon absorption spectral properties [24].

Solvent effects play an important role in organic reactivity
phenomena such as chemical equilibrium, rate of chemical
reactions, conformational preferences, vibrational spectra and
biochemical quantities [25]. Solute-solvent interactions (including
ion-dipole, dipole-dipole, dipole-induced dipole, and H-bonding
interactions) may strongly affect energetic, electronic, and
vibrational features of molecular structures [26]. Hence, studying
the effects of solvation on chemical entities assists in understand-
ing the possible interactions between any specified molecule and
the solvent [27].

The spectroscopic properties of TP have not been studied yet to
the best of our knowledge. The importance of this molecule and the
lack of information on its molecular properties have been
motivated us to investigate geometrical, vibrational, electronic,
and energetic features of TP in the gas phase, and in polar and
apolar solvents. The most stable ground-state geometry of TP is
computed and the results obtained are compared with the data
taken from the literature. Experimental FTIR and Raman spectra of
TP were recorded, compared with the computation results, and a
complete assignment of vibrational bands are proposed depending
on the computation results and total energy distribution (TED)
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Fig. 1. 1,2,4 triazolo [1,5-a] pyrimidine (TP) molecule and atoms numbering.
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analysis. Atomic charges, frontier molecular orbitals, and nuclear
magnetic shielding tensors are also obtained theoretically. Besides,
geometric and vibrational features of TP are analysed in various
solvents (carbon tetrachloride, chloroform, methanol, dimethyl
sulfoxide, and water) by employing Polarized Continuum (PCM)
Model.

2. Experimental

1,2,4-triazolo-[1,5-a]pyrimidine (TP) was purchased from
Aldrich and used without further purification. The infrared
spectrum is recorded between 3500 and 550 cm�1 on a Bruker
Vertex 80 FT-IR spectrometer, and the sample of the free ligand was
examined by Pike MIRacle ATR apparatus. Far-IR spectrum was
recorded between 700 and 40 cm�1 on Bruker IFS 66/S system. The
Raman spectrum of TP was recorded between 3500 and 50 cm�1 on
Bruker FRA 106/S spectrometer, using 1064 nm excitation from a
Nd:YAG laser. The detector is a liquid nitrogen-cooled Ge detector.

3. Computational

All the calculations were carried out by using Gaussian 03W
package [28] on a personal computer. The geometry of TP was
optimized, and its vibrational frequencies were calculated in the
gas phase and in CCl4 (e = 2.228), chloroform (e = 4.9), methanol
(e = 32.63), DMSO (e = 46.7), and water (e = 78.3) at the B3LYP/6–
311 + +G(d,p) level of theory. The effect of solute-solvent inter-
actions on geometries, vibrational frequencies, and dipole
moments was modeled using the self-consistent reaction field
(SCRF) method within the Tomasi’s Polarized Continuum Model
(PCM) [29]. Using the gas phase optimized structures as starting
points, all the geometries were re-optimized at the B3LYP/6-311+
+G(d,p) level by employing the PCM model in different solvents.
Assignments of the calculated normal modes were made according
to the corresponding total energy distributions (TEDs). The TEDs
were calculated by using the Parallel Quantum Solutions software
[30]. The theoretical Raman intensities were calculated according
to the formula

IRi ¼ C: n0 � nið Þ4:n�1
i : 1 � exp �hnic=kTð Þ½ ��1

:SRi ð1Þ

where ni is the calculated frequency of normal mode Qi, SRi is the
Raman scattering activity of the normal mode Qi, C is a constant
which is equal to 10�12 [31]. In this equation h, k, c, and T are Planck
and Boltzmann constants, speed of light and temperature in Kelvin,
respectively. n0 is the excitation frequency of the laser line (in this
study we have used n0 = 9398.5 cm�1 which corresponds to the
wavelength of 1064 nm of a Nd:YAG laser), and IRi is given in
arbitrary units. NMR chemical shifts were calculated using the
Gauge Independent Atomic Orbital (GIAO) method and presented
with respect to the reference compound tetramethylsilane (TMS).

4. Results and discussion

4.1. Molecular structure of TP

1,2,4-Triazolo-[1,5a]-pyrimidine (TP) molecule has 13 atoms,
and it consists of a pyrimidine and a triazole ring fused together.
The C¼N and C¼C bands in the triazolopyrimidine ring (TP) reveal
a more pronounced double-bond character, due to the p-electron
localization [20]. B3LYP/6-311++G(d,p) optimized geometry and
atoms numbering of TP are shown in Fig. 1. Geometrical
parameters are listed in Supplementary information (Table S1)
together with the experimental data taken from literature
[19,21,22,32].
The optimized geometry of TP in the ground state corresponds
to Cs symmetry group. The data presented in Supplementary
information (Table S1) show that B3LYP/6–311 + +G(d,p) level of
calculations have given suitable results which are concordant with
published experimental data. Maximum deviation between
experiment and theory is 0.035 Å for bond lengths and 3� for
bond angles. These deviations may be attributed to the solid-state
inter-molecular interactions related to the strong hydrogen
bonding and crystal packing effects [33].

C1��N6, C2��N9, C10��N9, C10��N8, C2��N5, and C3��N5
bond lengths are 1.322 Å (calc. 1.317 Å), 1.330 Å (calc. 1.329 Å),
1.352 Å (calc. 1.349 Å), 1.322 Å (calc. 1.334 Å), 1.372 Å (calc. 1.405 Å),
and 1.364 Å (calc. 1.355 Å), respectively, which indicate the
presence of distinct single and double bonds between nitrogen
and carbon atoms, and are in good consistency. The optimized
bond angles of N6��C2��N9, C2��N5��N8, C1��N6��C2, and
N8��C10��N9 are 130.199�, 110.010�, 116.563�, and 116.932�

respectively, which are in good accordance with X-ray data.
The solvent effects on the molecular geometry of TP molecule

was investigated with PCM. The gas phase structure was
reoptimized at the same level of theory, using the same basis
set, and by employing the PCM model.

The mean absolute deviation (MAD) values of calculated bond
lengths from experiment are 0.0017, 0.0019, 0.0020, 0.0044 and
0.0017 Å, for the calculated structure in CCl4, chloroform, metha-
nol, DMSO and water, respectively. For the bond angles, the
deviations between theory and experiment are found to be 0.3354�

for CCl4, 0.3224� for chloroform, 0.3102� for methanol, 0.3092� for
DMSO, and 0.3117� for water. The differences between the
experimental and theoretical results could be attributed to the
existence of crystal packing forces in the solid phase which are
non-existent in solution.

Analysis of calculation results showed that, on going from gas
phase to solvation phase, there were slight changes in the bond
lengths. For example, several bond lengths like C1��C7 and C2��N5
were predicted to be longer in the gas phase comparing to those in
the solvents whereas C2��N9 and C10��N9 bonds were calculated
shorter in the gas phase than those in solvent media.

The N��N and C��H bond lengths increased on going from the
gas phase to the solvation phase. Similar type of changes in the
values of the bond angles have also been noticed on going from the
gas phase to the solvation phase. For example, bond angles like
6N��2C��9N and 2C��5N��8N were decreased with the increased
solvent polarity while 5N��3C��11H and 8N��10C��13H increased
from gas phase to aqueous solution. The results revealed that the
geometrical structures were affected by the solvent effect.



Fig. 2. Experimental (a) Raman (b) Mid-IR spectra of 1,2,4 triazolo[1,5-a]
pyrimidine in solid state.
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4.2. Vibrational modes

All of the fundamental vibrational frequencies of TP were
calculated by using the B3LYP method and 6-311++G(d,p) basis set,
and then scaled by 0.9982 [34]. Experimental FTIR and Raman
spectra of TP are shown in Fig. 2. The measured and calculated
vibrational frequencies, IR intensities and Raman intensities for the
TP along with corresponding vibrational assignments and intensi-
ties are given in Table 1. There is a good agreement between the
experimental and theoretical vibrational frequencies.

Having Cs point group symmetry, TP molecule has 13 atoms and
33 modes of fundamental vibrations which span the irreducible
representation as 23A' + 10A”. Our calculated frequencies are
slightly higher than the observed values for the majority of the
normal modes due to the calculations are utilized for harmonic
approach.

C��N stretching bands in the pyrimidine ring are predicted at
790 cm�1, 1339 cm�1, 1472 cm�1, and 1657 cm�1 (modes 10, 23, 26,
and 29). These bands are observed at 800 cm�1 (Ra 801 cm�1),
1349 cm�1 (Ra 1351 cm�1), 1454 cm�1 (Ra 1459 cm�1), and
1620 cm�1 (Ra 1622 cm�1) in the experimental spectra. For the
triazolo ring C��N stretching bands are predicted at 1192 cm�1,
1237 cm�1, and 1385 cm�1 (modes 19, 21, and 24). They are
observed at 1186 cm�1 (Ra 1199 cm�1), 1229 cm�1 (Ra not
observed), and 1391 cm�1 (Ra 1393 cm�1) in the experimental
spectra.

The two most characteristic bands of TP and its derivatives are
reported as ntp (1612–1637 cm�1) and npy (1515–1550 cm�1) by
Szłyk et al. [20–22]. In their work, these bands have been defined
as the whole triazolopyrimidine ring skeletal vibration and the
pyrimidine ring skeletal vibration, respectively. On the other hand,
we have observed npy at 1620 cm�1 (Ra 1622 cm�1, calc. 1657 cm�1)
with very strong intensity and assigned it as a mixed mode of C��N
and C��C stretching vibrations in the pyrimidine ring. In addition,
we also have observed ntp at 1532 cm�1 (Ra not observed, calc.
1562 cm�1) with very strong intensity. According to the results of
TED (total energy distribution) analysis, although this mode is
mainly contributed by C��N stretching vibrations in the pyrimi-
dine ring it is also partly contributed by the stretchings in triazolo
ring. This suggests that this mode is the whole triazolopyrimidine
ring skeletal vibration.

Vibrational spectroscopy is a very sensitive tool which is
commonly used to probe the solute–solvent interactions [35]. To
clarify the vibrational frequencies, it is essential to examine the
geometry of any compound since small changes in geometry can
potentially cause substantial changes in vibrational frequencies
[36]. Our results also reveal that the dielectric medium has
significant effect on vibrational frequencies. Changes computed in
solvation phase are given in Table 1 on going from the gas phase to
different dielectric media. All optimizations have been carried out
at B3LYP/6-311++G(d,p) level in the gas phase and in CCl4,
chloroform, methanol, DMSO and water solvents. Gas phase
geometry has been used as starting structure in the further
calculations.

Frequency deviations are predicted while passing from gas
phase to solvation phase. On going from gas phase to polar solvent
(water), it has been seen that the vibrational modes 9, 14, 15, and
16 show upshift of 8, 6, 14, and 22 cm�1, respectively. In non-polar
solvent (CCl4), the modes 9, 14, 15, and 16 show upshift of 5, 3, 5
and 9 cm�1, respectively. Besides, the modes 1, 2, 3, 4, 5, 6, 7, 8, 12,
and 13 remain almost unaltered. A relatively larger shift in the
vibrational bands of TP in DMSO results from the relatively large
dipole moment of DMSO. A strong dipole–dipole interaction
between TP � DMSO results in a larger frequency shift in the
vibrational bands of TP.
While passing from lower to higher dielectric, the dipole
moment increases and there are very significant shifts in
vibrational frequencies due to dielectric medium. The C��H bond
lengths increased on going from the gas phase to the solvation
phase. Hence, the C��H stretching frequencies in pyrimidine ring



Table 1
Experimental and calculated vibrational frequencies (scaled and unscaled) (in cm�1), calculated vibrational frequency shifts (Dy) (in cm�1) of TP in different solvents and TEDs
obtained for the gas phase.

B3LYP/6-311G++(d,p) Experimental e = 1 e = 2.228 e = 4.9 e = 32.63 e = 78.3

Mode Sym. Calc. Sca. I inf. I
Ra.

IR Ra Dya Dy Dy Dy Dy TED (�5%) (B3LYP)

1 A” 214 214 2.0 0 211vw 110vs 0 0 2 1 3 GCNCN(37) + GCNNC(20)+ GCNCN(14) (py) + GNNCC(11)
2 A” 247 247 0.0 1 237m – 0 1 4 2 2 GNNCN(15) +GCNCN(15)+ GCNCC(12) (py) + GCNCN (11) (py)

+GNNCC(12) + GCCCN(5) (py)
3 A” 425 424 0.6 9 435m 436w 1 1 2 2 4 GCNCC(23) (py) + GCCCN(15) (py) +GCNCN(10)+ GCCCH(11) (py)

+GNNCN(6) (py) + GCNCN(9) (py) + GCNCH(8)+ GCNNC(6)
4 A' 472 471 6.6 8 468vs 576s - 1 �2 �2 �2 0 dNNC(26)+ dNCN(18)+ dCNC(13) (py) + dNCN(9) (py)
5 A” 578 577 3.8 0 572vs – 0 0 1 0 0 GCCCN(28) (py) + GCNCC(11) (py) + GCCCH(9) (py) + GCNCN(9)

+GNNCN(8) (tr)+ GNNCC(6) + GCNNC(5) (tr)
6 A' 582 581 3.0 34 651m 651m 0 �1 �1 �1 1 dCNC(20)(py)+ dNCC(18)(py)+ dNCN(8)(py)+ nNC(7) (tr)+

dNCN(7) +dCCC(5)(py)+ dCCH(5)(py)
7 A' 660 659 1.2 25 659vs – 0 �1 �1 �1 0 GNCNN(29)(tr)+ GNCNC(24)(tr)+ GCNNC(12)(tr) + GHCNN(7)(tr)

+ GCNCN(5)(tr)+ GHCNC(5)(tr)
8 A” 664 663 7.8 5 670vw – 0 0 1 1 0 nNC(26) (py) + dNCN(13)(tr)+ dNNC(11)(tr)+ dCCC(8)(py)+

dCNC(6) (py)+ dNCN(5) (py)+ dNCC(7)(py)+ dCNC(6)(tr)+
dHCC(5) (py)

9 A” 775 774 18.7 0 778vs 782vs 5 7 11 10 8 GCNCN(25)(py) + GCNCC(15)(py) +GNNCN(12)(tr) + GCNCN(11)
(tr)+ GCCCN(5)(py) + GNCNC(5)(tr)

10 A” 791 790 45.1 1 800vs 801w 3 4 5 5 6 GHCCN(51)(py)+ nNC(35)(py) + nNC(19)+ nNN(12)(tr)+ nCC(6)
(py)+ dNCC(5)(py)

11 A' 794 793 1.3 90 – – 1 2 5 4 5 GCNCH(14)(py) + GCCCH(13)(py) + GNNCH(13)
12 A' 920 918 0.0 37 915w 914m 0 0 0 0 3 dCCC(13)(py)+ dNCC(13)(py)+ nNN(12)(tr) +nNC(11)+ nNC(9)

(tr)
+ dCNC(8)(py)+ dCNC(5)(tr)+ dNCH(5)(py)

13 A” 927 925 9.1 0 922m – 0 1 1 1 2 GHCNC(44)(tr) + GHCNN(43)(tr)
14 A' 950 948 0.8 8 950vw 953s 3 6 8 8 6 nNC(19)+ dNCN(19)(tr)+ dCNN(15)(tr)+ nCC(6)(py)+ dHCN(7)(tr)

+ nCN(6)(tr) + dCNC(6)(tr)+
15 A” 953 951 0.2 0 – – 5 8 10 10 14 GHCCH(54)(py) + GCNCH(19) (py) + GCCCH(15)(py)
16 A” 962 960 1.0 1 973vw – 9 15 20 20 22 GHCCH(36)(py)+ GCCCH(24)(py) +GCNCH(20) (py) + GNNCH(12)

+ GHCCN(6)(py)
17 A' 1049 1047 2.2 31 1118s 1035m 2 4 5 5 7 nCC(55) (py) + dHCC(13) (py) +dHCC(6) (py)
18 A' 1133 1131 4.4 4,1 – 1122m �2 �4 �6 �6 3 dHCC(34)(py)+ dCCH(20)(py)+ +nCC(12)(py) + nNN(7)(tr)

+dNCH(6)(py)
19 A' 1194 1192 48.9 43 1186vs 1199s 4 5 4 4 11 nCN(28)(tr) + dHCN(20)(tr) + nNC(8) + nNC(7)(py) + nCC(8)

(py) + nNN(6)(tr)
+dNCN(5)+ dCNC(6)(tr)

20 A' 1211 1209 23.5 24 1216w 1234vw �2 �2 �1 �1 1 dHCN(28)(tr) + nNN(17)(tr)+ nCC(10)(py) +dHCC(7)
(py) + nCN(6)(tr)

21 A' 1239 1237 17.9 10 1229s – 1 2 4 4 8 nCN(52)(tr)+ nNC(14)(py)+ dHCN(5)(py)+ dHCC(6)(py)+
dNCN(6)
+dNCH(6)

22 A' 1299 1297 44.4 29 1308s 1311vs �4 �8 �10 �11 �5 nCN(46)(tr)+ nNN(10)(tr)+ dNCN(10)(tr)+ dHCN(10)(tr) + nNC(5)
(py)

23 A' 1341 1339 35.3 43 1349m 1351w �3 �6 �8 �9 �2 nNC(21)(py) + CN(13)(tr) + dHCC(13)(py) + dCCH(8)
(py) + nnCC(5)(py)
+ nNC(5)+ nNN(6)(tr)+ dNCN(5)(tr)+ dNCH(6)(py)+ dHCN(5)(tr)

24 A' 1387 1385 28.1 13 1391vs 1393s �7 �11 �15 �16 �5 nNC(30)(tr)+ dHCN(29)(py)+ dHCC(16)(py)+ nNC(6)(py)
25 A' 1430 1427 23.1 78 – – �4 �7 �11 �11 �3 nNC(32)(py)+ dNCH(14)(py)+ dCCH(11)(py)+ nCN(6)

(tr) + dHCC(7)(py)
+ dHCN(6)(tr)

26 A' 1475 1472 17.0 13 1454m 1459m �3 �4 �5 �6 2 nNC(21)(py)+ nCN(16)(tr)+ dHCN(4)(py)+ dHCC(6)(py)+
dCNN(7)(tr)

27 A' 1547 1544 104.3 14 1512vs 1534s �3 �6 �9 �10 �3 nCC(34)(py)+ dHCC(16)(py) + nNC(13)(py)+ nNC(5)
28 A' 1565 1562 21.3 17 1532vs – �3 �3 �3 �3 1 nNC(26)(py)+ nNC(22)(tr)+ dHCC(11)(py) +dHCN(7)(py) +nCC(7)

(py)
29 A' 1660 1657 92.2 7 1620vs 1622vw �4 �7 �9 �10 �6 nNC(36)(py)+ nCC(25)(py)+ nNC(5)(tr)+ + dNCH(6)(py)
30 A' 3157 3151 10.9 55 2997w 3085sh �19 �35 �54 �55 19 nHC(98)(py)
31 A' 3214 3208 0.4 34 3083m 3106m �30 �57 �86 �88 12 nHC(99)(py)
32 A' 3228 3222 0.7 64 3132vw – �31 �55 �80 �82 11 nHC(98)(py)
33 A' 3246 3240 2.3 53 – – �30 �55 �81 �83 0 nHC(99)(tr)

a Dn ¼ nscalsol � nscalgas .
I inf.: infrared intensity, I Ra.: relative Raman intensity (arbitrary units).
sh: shoulder, vw: very weak, w: weak, m: medium, s: strong, vs: very strong, py: pyrimidin, tr: triazole, y: stretch, d: in-plane bending, G: out-of-plane bending.
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should decrease. On the other hand, C��H bond lengths have been
decreased and thus the C��H frequencies should have been
increased accordingly for the aqueous solution. It is clearly seen
from Table 1 that these requirements are fulfilled for TP. While
mode 33 arises from triazolo ring is a C��H vibration which shifts
by 30 upto 83 cm�1 when going from gas phase to solution, no
shifting is predicted for aqueous solution. Pyrimidine C��H modes
(30, 31, and 32) have also showed large frequency shifts from 19 up



Fig. 3. The isosurfaces (green: positive, red: negative) of (a) HOMO and (b) LUMO of
TP in the gas phase.
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to 88 cm�1, though frequency shifts in aqueous solution are
relatively small. These frequency shifts are explained in terms of
increased positive character of carbons in the pyrimidine ring.

The pyrimidine ring torsion (H��C��C��H and C��C��C��H)
vibrations are assigned to 951 and 960 cm�1 in the gas phase. These
bands were shifted upward by 5 to 22 cm�1 in solution. On the
other hand, N��C��N in-plane bending vibration computed as
modes 4, 6, and 8, remain almost unaltered. In addition, the modes
contributed by N��N stretching vibrations in the triazolo ring
(modes 10, 20, and 22) have shown a maximal shift of 11 cm�1.
However, mode 12 which includes an N��N stretching vibration of
the triazolo ring remained unchanged. A similar behavior occured
for the C��C stretching modes of 17 and 27, and an upshift of
7 cm�1 and downshift of 10 cm�1 were observed, respectively.

According to these results, from lower to higher dielectric
medium, the dipole moment increases and there are significant
shifts in vibrational frequencies due to dielectric medium.

4.3. Atomic charges

The atomic charges in TP molecule in the gas and solvation
phases computed by Natural Population Analysis (NPA) with
B3LYP/6-311++G(d,p) level are demonstrated in Supplementary
information (Table S2). As determined in our study, atomic charge
distribution over TP molecule varies for any atom by changing
solvent polarity [37]. For example, the largest negative charge
(�0.507 e) is localized on N9 atom of the triazolo ring of TP which is
similar to the previous theoretical approaches [38]. An increase of
negative charge was also observed on N6 atom in the pyrimidine
ring and N9 atom in the triazolo ring with increasing polarity.
While the negative charges on N6, N8, N9 atoms regularly
increased, a slight variation was observed on N5 (from �0.223 e
to �0.214 e) and C7 (from �0.298 e to �0.292 e). Hence, we have
concluded that the negative charge led to the redistrubition of
electron density. On the other hand, the positive charges increase
while passing from gas phase to solvation phase. Although the
calculated distribution of positive charges on all hydrogen atoms
were regularly increasing with the increasing dielectric constant
(e) of the medium, positive charge on C10 atom remained stable.
The maximum atomic charge was observed on C2 atom comparing
to other atoms in polar and non-polar solvents. C2 atom
accommodates higher positive charge due to the strong negative
charges observed within the ring. Results both indicate that the
charge distributions are sensitive to dielectric media, and the
coordination ability of C and N atoms would be changed in
different solvents which might be helpful when one wants to use
title compound to construct interesting metal complexes with
different coordination geometries [39].

4.4. Frontier molecular orbitals

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are the main orbitals taking
part in chemical stability. The HOMO represents the ability to
donate an electron and LUMO represents the ability to accept an
electron [40]. Molecular orbitals and their properties are very
informative for physicists and chemists. Frontier molecular
orbitals are also used to predict the most reactive position In
p-electron systems and also they explain several types of reactions
in conjugated systems [41]. Fig. 3 shows that the HOMO of TP has
bonding nature between the atoms 8N��10C, 3C��5N��2C��9N,
7C��1C��6N, whereas it has anti-bonding nature between the
atoms 8N��5N, 10C��9N, 2C��6N, 3C��7C. On the other hand,
LUMO exhibits anti-bonding nature for 1C��7C, 9N��2C��5N, and
bonding nature between 5N��3C, 3C��7C, 10C��9N, 2C��6N,
6N��1C.
Quantum chemical descriptors have been widely used for QSAR
(quantitative structure-activity relationship) studies on the
biological activity of compounds. The atomic partial charges,
HOMO–LUMO energies, frontier orbital densities, and other
quantum chemically calculated descriptors have been shown to
correlate well with various biological activities [42]. Eigenvalues of
HOMO, LUMO, and the gap between them reflect the chemical
activity of the molecule. Besides, the HOMO and the LUMO are
responsible for the charge transfer [42]. Recently, the energy gap
between HOMO and LUMO has been used to prove the bioactivity
from intramolecular charge transfer (ICT) [41,43,44].

Our computational results indicate that when in solvation
phase, electron density distributions are almost the same of gas
phase electronic density. Hence, the electrostatic field contour
maps of HOMO and LUMO of TP in solvation phase are not
presented in here. Besides, it has been seen that the LUMO�HOMO
energy gap of TP is marginally affected by the presence of solvent.
The energy gap values are computed as 5.240, 5.216, 5.246, 5.248,
and 5.268 eV for CCl4, chloroform, methanol, DMSO, and water
respectively. For the gas phase, the HOMO-LUMO energy gap of TP
is calculated as 5.138 eV.

4.5. Solvation energy, solvation free energy, and dipol moment

Solvent effects improve the charge delocalization in the
molecules, therefore the dipole moment of the system become
induced and raised in magnitude. Hence, solvent energies show
correlation with the dielectric constants or dipole moments.
Ground-state dipole moment is an important factor in measuring



Table 3
Theoretical a and experimental chemical shifts (in ppm) of 1,2,4-triazolo[1,5-a]
pyrimidine.

Atoms b Exp. c Exp. d Exp. e Exp. f TP
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solvent effects, a large ground-state dipole moment gives rise to a
strong solvent polarity effect [45].

Table 2 includes the calculation results for solvation energies
(DEsolv), solvation free energies (DGsolv), and dipole moments of TP
in the gas phase, and in non-polar and polar solvents predicted at
B3LYP/6-311++G(d,p) level of theory. Dipole moments affect
intermolecular interactions in substances. Due to the additional
dipole moment induced by the solvents, a polar molecule will have
a larger dipole moment in a polar solvent than in the gaseous
phase, which in turn will increase the stability of the molecular
system [46]. The dipole moment is expected to be larger in solution
than the corresponding dipole moment in the gas phase.
Calculated dipole moments increase while passing from gas phase
to solvation phase, mainly due to major charge redistribution in the
molecule, and also by changes in the distances between the charge
separations [47].

As seen from Table 2, the dipole moment increases in solvation
phase and is sensitive to the polarity of the solvent medium.
Besides, the increase predicted in the dipole moment is more
apparent for polar solvent. The dipole moment of TP molecule was
found to be 4.32 Debye in the gas phase and 5.15, 5.76, 6.36, 6.40
and 6.08 Debye in chloroform, CCl4, methanol, DMSO and water,
respectively.

The dipole moment has some relationship with the solvation
energy. The interaction between the solute molecules and solvent
(polar and non-polar) molecules, namely solvation energy, is
stronger with large dipole moment than the one with small dipole
moment [47]. Solvation energies depend only on the molecular
structure and electronic distribution, and are usually not strongly
basis set or model dependent [48]. Since the larger dipole moment
causes larger solvation energy, this results in better stabilization of
the molecular system when in solvation phase. Moreover, the
solvent with larger dielectric constant results in larger stabilization
energy for the polar species. In our study, the order of solvation
energies for TP is predicted as follows: DMSO < methanol <

chloroform < water < CCl4.
The solvation free energy, DGsolv, is the work needed to transfer

molecule from gas phase into solution [49]. It plays a significant
role in the understanding of the chemical behavior of molecules in
condensed phase. Since it represents the desolvation cost of a
ligand binding to a receptor, solvation free energy is considered as
an important molecular characteristic in drug discovery studies.
Most of the recent developments in the estimation of solvation free
energy require the use of molecular mechanics and dynamics
calculations. Calculated DGsolv of TP are listed in Table 2. The DGsolv

value is expected to increase with solvent polarity, and thus,
solvation of TP increases with the polarity of the solvent. The data
on DGsolv values in Table 2 shows that the value of DGDMSO is more
negative than that of methanol, water, chloroform, and CCl4 which
means that the solvation of TP in DMSO is better than in other
mentioned solvents.

4.6. Nuclear magnetic resonance

Experimental 1H, 13C, and 15N NMR spectra of TP ligands were
reported by the previous studies [21,22,50,51]. In our study, the
Table 2
Solvation energies (aDEs), solvation free energies (bDGs), and dipol moments m (in
Debye) of TP in the gas phase and in different solvents.

e = 1 e = 2.228 e = 4.9 e = 32.63 e = 46.7 e = 78.3
aDEs 0 �21.0040 �35.4443 �50.4096 �51.1972 �35.1851
bDGs 0 �21.6551 �37.2295 �52.5336 �53.4341 �34.1604
m 4.3284 5.1506 5.7557 6.3646 6.4007 6.0821

aDEs = Esolution� Egas (in kJ/mol).
bDGs=Gsolv� Ggas (in kJ/mol).
NMR chemical shifts were obtained theoretically using the Gauge
Independent Atomic Orbital (GIAO) method at the B3LYP/6–
311 + +G(d,p) level in the Gaussian 03W software package.
Tetramethylsilane (TMS) was accepted as internal reference, and
the solvent employed was DMSO. The data were reported in ppm as
shifts with respect to TMS. Note that theoretical 13C NMR shifts
were scaled according to the scaling equation dscal = 0.95dcalc + 0.30
before comparing with experimental data [52]. Theoretical
chemical shifts of all tautomers and the previously published
experimental data are given in Table 3. Calculated chemical shifts
correlate well with the experimental data. The linear correlations
between theoretical and experimental data are determined. The
squared correlation factors (R2) are 0.999 when our results are
compared with the experimental results published before. We do
not report any correlation factors for 1H NMR for a reason. A good
correlation for proton shifts was not expected, since the protons
are located on the periphery of the molecule and are supposed to
be more susceptible to solute-solvent effects [53].

5. Conclusion

We have conducted a combined experimental and theoretical
investigation on the spectroscopic, structural, and electronic
properties of 1,2,4-triazolo-[1,5-a]pyrimidine (TP). The gas phase
geometry and vibrational features of the title ligand were
computed and compared with the experimental results. A
complete assignment of vibrational frequencies was proposed
by using total energy distribution analysis. Solvent effects on the
spectroscopic, structural and electronic properties of TP were also
analysed computationally in chloroform, carbon tetrachloride
(CCl4), methanol, dimethyl sulfoxide (DMSO) and water. It has been
seen that there is a relationship between the dielectricity of solvent
media and the investigated features of TP. Solvation energy and
solvation free energy of TP are decreased while the dielectric
constant of the media increased. Hence, the stability of TP is
increased. Introducing the solvation model caused only small
variations on the geometrical parameters of TP. On the other hand,
vibrational frequencies are affected by the change of medium.
Torsional vibrations in the triazolopyrimidine skeleton are
significantly affected. C�H bands of the title compound are also
strongly perturbed. The dipole moment of TP is correlated with the
dielectric constants of the media, and due to larger dipole moment
the TP structure becomes more stable in solution. Calculated
natural atomic charges on TP show that the nitrogen atoms of the
triazolopyrimidine skeleton are rich in negative charge. Charge
distribution on TP skeleton is affected by the solvent in small
extent, though the charges on 6N, 8N, and 9N are found to be
sensitive to dielectric medium. On the other hand, the frontier
electron distribution over TP and the LUMO�HOMO energy gap is
almost not affected from the presence of a dielectric medium.
1C 156.7 156.1 156.0 155.5 155.3
2C 154.1 156.0 155.1 154.6 155.7
3C 138.7 138.0 138.1 137.4 137.7
7C 109.9 111.6 111.3 110.9 111.4
10C 154.7 156.7 156.3 155.8 156.7
4H – – 8.91 – 9.40
11H – – 9.43 – 9.60
12H – 7.47 7.38 – 7.80
13H – 8.72 8.69 – 9.00

a Solvent is DMSO.
b Atom numberings as given in Fig. 1.
c,d,e,f See Refs. [21,22,50,51].
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