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Abstract

The structural and vibrational properties of acid species, hexa-hydrated and anhydrous trisodic salts of antiviral drug foscarnet
in gas phase and in aqueous solution have been studied in this work by using the hybrid B3LYP method with the 6-31G* and
6-311++G** basis sets. The properties in solution were carried out with the self consistent reaction force (SCRF) method by using
the integral equation formalism variant polarised continuum (IEFPCM) and SD models while the complete vibrational assignments
for those three species were performed in both media by using the experimental available infrared spectrum of hexa-hydrated
trisodic salt and the scaled quantum mechanical force field (SQMFF) methodology. The natural bond orbital (NBO) studies suggest
that the hexa-hydrated salt in solution is most stable than the anhydrous one in the same medium but in gas phases the anhydrous
salt shows a higher stability in solution. The atoms in molecules (AIM) analyses have revealed the ionic characteristics of the O---
Na bonds in both salts supporting the higher stability of the hexa-hydrated salt in solution. The evaluation of the frontier orbitals
show that the anhydrous salt is the most reactive species in solution, as supported by its higher solvation energy and volume
variation. Apparently, the presences of phosphate group in foscarnet probably increase its activity when it is used as drug. The
experimental infrared bands observed in the hexa-hydrated species at 1059 and 983 cm™ are clearly attributed to the stretching
modes of phosphate group while the strong bands at 1445 and 1333 cm™ are associated to the stretching modes of carboxylate
group. In addition, the force constants for the carboxylate and phosphate groups are reported.
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Abbreviations: SCRF: Self Consistent Reaction Force; IEFPCM: Integral Equation Formalism Variant Polarised Continuum; SQMFF:
Scaled Quantum Mechanical Force Field; NBO: Natural Bond Orbital; AIM: Atoms In Molecules; HIV: Human Immunodeficiency
Virus; PCM: Polarized Continuum Model; NPA: Atomic Natural Population; MK: Merz-Kollman; PED: Potential Energy Distribution
Components; BO: Bond Orders; MEP: Molecular Electrostatic Potentials; AIM: Atoms in Molecules; RCPs: Ring Critical Point

Introduction
Foscarnet is an antiviral agent used in the treatment of human 'being .am.ong (')the,rs, cancer and .cardiovascular abnormal'iti'es
immunodeficiency virus (HIV) infections and of herpes viruses including in patient’s transplanted kidney produces nephro toxicity
(HSV-1, HSV-2, VZV, CMV, etc.), as was reported from long time ago

[1-4]. However, the continuous use of this drug in numerous patients

[5-13]. This later disease can be diagnosed analyzing carefully from
a biopsy the crystal solid deposited in the sample by using different
spectroscopictechniques,asreportedin theliterature [5-13]. Hence,

can generate pathological micro calcifications in various tissues ) o
the preparations of other derivatives of foscarnet are useful and

and, as a consequence different kinds of diseases can be found, | ) . ) ) o
important to design new drugs with the same biological activities
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but with fewer side effects [14-18]. Temperini et al. [19] have found
that foscarnet also can acts as an activator/inhibitor of the metallo
enzyme carbonic anhydrase and they have resolved the structure
of this adduct by using X-ray diffraction, including the structure of
foscarnet. Structurally, this drug s the trisodium phosphonoformate
salt and, despite their very simple structure the conformers in gas
phase only for the acid form of foscarnet were recently studied by
Khalili et al. [20] from a theoretical point of view [20]. Thus, these
authors have studied conformers, gas phase acidity and metal ion
affinity with selected cations and alkaline earths by using DFT
calculations but the trisodium phosphonoformate and their hexa-
hydrated salts were not studied in that work. On the other hand,
the Micro-Fourier Transform Infrared (LFTIR) and Raman spectres
copies are very useful techniques to identify and analyze samples in
different aggregation state in easy and quick form, such as biopsies
and, in particular the presence of phosphate group in foscarnet
[9-13]. Hence, the experimental infrared spectrum and imaging
from Raman spectroscopy were reported by those authors but
the structural properties and vibrational spectra of the trisodium
phosphonoformate and their hexa-hydrated salts of foscarnet were
no assigned so far. Hence, the aims of this work are:

a)

foscarnet and their two trisodium phosphonoformate and hexa-

To study the theoretical structures of the acid form of

hydrated trisodic salts in gas phase and in aqueous solution in
order to compute their structural, electronic, topological and
vibrational properties,

b)
and their two salts in order to identify those species of foscarnet

To perform the complete vibrational analysis of the acid

by using the vibrational spectroscopy.

For these purposes, theoretical calculations were performed
for foscarnet in both media by using the hybrid B3LYP method and

the 6-311++G** basis set [21,22]. Here, it is important to mention
that the calculations for the trisodic salt with six implicit water
molecules in both media were also considered because this salt
is the form commercially available. In solution, the effect solvents
were computed with the self consistent force field (SCRF) method by
using the integral equation formalism variant polarised continuum
model (IEFPCM) model and SD models in order to calculate their
properties together with the solvation energy [23-25]. With the
optimized structures of the acid and their salts in both media the
harmonic frequencies were calculated in order to combine with
the experimental available infrared spectrum and to perform the
complete assignments of foscarnet in both media by using their
corresponding force fields. To calculated the force fields the SQMFF
methodology was employed together with the Molvib program
and the corresponding normal internal coordinates [26,27]. Here,
all properties were calculated in both media in order to compare
with those obtained in gas phase. The predicted infrared and
Raman spectra for the two salts of foscarnet were also reported
together with the ultraviolet-visible spectra in aqueous solution.
These results will permit that the different species of foscarnet can
be easily identified by using the vibrational spectroscopy in gas
and in aqueous solution phases. Besides, in order to understand
why foscarnet is biologically active it is essential to predict their
reactivities and behaviours in the two media. Hence, the frontier
orbitals [28] were computed to calculate the gap values in the two
media by using the same level of theory and later, with the gap
values some global descriptors were calculated in order to predict
the behaviours of those species of foscarnet in both media [29-
33]. In addition, the gap values together with the descriptors were
compared with those reported in the literature for other antiviral
agents, such as thymidine, cidofovir, brincidofovir, isothiazol
derivatives, trifluridine, emtricitabine and idoxuridine [34-40].
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Figure 1: Molecular theoretical structures of the acid species and, anhydrous trisodic and hexa hydrated salts of foscarnet and

the atoms numbering.
N J
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Methodology of calculations

The structural modelled of the acid form and the trisodic salt
of foscarnet were performed by using the GaussView program
[41] while the hexa-hydrated trisodic species was built with the
HyperChem program [42] adding water molecules to the periodic
box size of the trisodic salt from one up to complete six, in similar
form as were modelled the penta and dihydrate species of sucrose
[43]. Here, an important factor is the orientation of water molecules
around the OH groups of the trisodic salt because it determines
their solvation energetics, as reported by Te et al. during a study on
solvations of sugars [44]. Later, the optimizations of those species in
gas phase were carried out with the Gaussian 09 package program
[45] by using the hybrid B3LYP/6-311++G** method [21,22]. The
three structures of those species of foscarnet can be seen in Figure
1 together with their corresponding labelling atoms. The self
consistent reaction force field (SCRF) method with the polarized
continuum (PCM) model were used [23,24] in their optimizations in
aqueous solution at the same level of theory because these models
take in account the solvent effects while the solvation energies of
those species were computed with the solvation model [25].

Their
calculated from the Merz-Singh-Kollman scheme [46] by using the

molecular electrostatic potential surfaces were
Merz-Kollman (MK) charges and, in addition, the atomic natural
population (NPA) together with the bond orders and stabilization
energies were also considered. Hence, the NBO program was used
to calculate those latter parameters from a natural bond orbital
[47,48] while the Bader's theory and the AIM 2000 program were
used to analyze and visualize the different interactions [49,50]. The
frontiers orbitals [28] are interesting factors to predict reactivities
and, also to compute global descriptors by using known equations
[29-33]. The vibrational frequencies of all species were also
calculated and later used to perform their complete assignments
by using their force fields computed at the same level of theory
and the experimental available infrared and Raman spectra for
the hexa hydrated salt [11,13]. The vibrational assignments of
acid and anhydrous salt were performed taking into account the
potential energy distribution components (PED) > 10% and their
normal internal coordinates with the SQM procedure [26] and the
Molvib program [27]. However, the complete assignments of the
hexa hydrated salt were performed with the aid of the GaussView
program [41]. Here, it is very important to mentioned that the hexa
hydrated salt in gas phase was optimized but their frequencies
were not obtained and only the IR spectrum could be predicted

in solution by using the B3LYP/6-311++G** method and, for this

reason, the B3LYP/6-31G* level of theory was also employed
and the Raman spectrum for this salt was predicted by using this
level of theory. On the other hand, the HF/6-311++G** method
for the hydrated salt in solution generates imaginary frequencies.
Nevertheless, the B3LYP/6-311++G** level of theory was employed
to calculate the ultraviolet-visible spectra of all species of foscarnet
in aqueous solution by using TD-DFT calculations and the Gaussian
09 program [45]. Here, the properties in both media were compared
and discussed for all species.

Results and Discussion

Structures, Solvation Energies and Volumes in Both
Media

For the three studied species of foscarnet, the calculated total
energy, dipolar moments and volume values in gas and aqueous
solution phases can be observed in Table 1 together with the
volume variations and corrected Solvation energies. As was
mentioned before only for the hexa hydrated salt the properties
presented en Table 1 were calculated by using the hybrid B3LYP
method with the 6-31G* and 6-311++G** basis sets while for the
other species only the B3LYP/6-311++G** level of theory was used.
Here, the uncorrected Solvation energies (A Gu#) were calculated
from the differences between the total energy values in aqueous
solution and those obtained in gas phase and, besides considering
the energetic effects of the non electrostatic terms while all volumes
were computed by using the Moldraw program [51]. Analyzing
exhaustively the results from Table 1 we observed that the volume
for the acid species in aqueous solution practically do not change
in relation to their value in the gas phase and, for this reason, this
variation is -0.1 A3 while the species most hydrated is the anhydrous
salt, as expected because the presence of six water molecules limit
the complete hydration in the hexa hydrated species. However,
the value of the dipole moment in aqueous solution is higher in
the hexa hydrated salt than the other ones probably because this
species present a higher volume in this medium. Therefore, greater
corrected Solvation energy is observed for the anhydrous salt in
accordance to their higher volume variation (9.4 A%) in solution.
Moreover, the high Solvation energy values show clearly that these
three species of foscarnet are highly soluble in water. Note that
both methods predicted approximately the same volume variations
for the hexa hydrated salt (2.1-2.0 A3) but a slight increase in the
solvation energy is observed by using the B3LYP/6-31G* level of
theory probably due to their low dipole moment value in solution
with this method.

Table 1: Calculated total energy (E), dipolar moments (n ) and volume (V) values for the three studied species of foscarnet in gas and

aqueous solution phases.

B3LYP/6-311++G**a

GAS PHASE AQUEOQUS SOLUTION/PCM
SPECIES E (Hartrees) 1 (D) V (A3) E (Hartrees) 1 (D) V (A3)
ACID -757.6230 2.73 100.6 -757.6523 411 100.5
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SALT -1242.9240 14.03 222.7 -1243.0206 12.65 232.1
SALTe«6 (H20) -1701.8622 8.84 318.4 -1701.9333 16.69 320.4
Solvation energy (kJ/mol)
SPECIES AGu# AGne AGc AV (A3)
ACID -76.85 31.35 -108.20 -0.1
SALT -253.38 14.55 -267.93 9.4
SALTe«6 (H20) -186.49 33.15 -219.64 2.0
B3LYP/6-31G*
SALTe«6 (H20) -1701.4329 9.41 3129 -1701.5093 14.37 315.0
Solvation energy (kJ/mol)
SPECIES AG # AG,, AG, AV (83
SALTe«6 (H20) -200.40 29.18 -229.58 2.1

“This work, AG #, See text

Atomic Charges, Molecular Electrostatic Potential, Bond
Orders

For the studied species of foscarnet is very interesting to
investigate the distribution of the charges around the phosphate
groups in order to know the influence of the water molecules on
the atomic charges in the hexa hydrated salt in relation to the
anhydrous salt and the acid species. Hence, two types of charges
were studied, they are the atomic MK and NPA charges in gas and
aqueous solution phases at the B3LYP/6-311++G** level of theory.
The higher size basis set was used to calculate all properties for the
hydrated salt because it produces the minima energies. Moreover,
the molecular electrostatic potentials (MEP) and the bond orders
(BO) were also predicted by using the same level of theory. The
results of those two charges for the three species are presented in
Table 2 together with their corresponding variations expressed as
the differences between the values in solution and gas phase while

the results for those other two properties are presented in Tables
3 and 4. Regarding first the charges, we observed that the NPA
charges present higher values in all species than the MK ones and,
also, that the hexa hydrated salt is the species where higher charges
variations are observed on all their atoms while on all atoms of
the acid species are observed the lower variations. Note that to
comparison, for the hydrated salt only ten atoms are considered.
Note that both charges on the P atoms show diminishing in the
three species in solution, having in particular, the higher value in
the hexa hydrated salt. If now, we analyzed from Table 3 the MEP
values on all atoms of the three studied species of foscarnet in gas
and aqueous solution phases and their corresponding variations
at the same level of theory the acid species present practically the
lower variations on all atoms while higher MEP variations on five of
the ten atoms of the anhydrous salt are observed.

Table 2: Atomic MK and NPA charges for the three studied species of foscarnet in gas and aqueous solution phases and their
corresponding variations (A) at B3LYP/6-311++G** level of theory.

MK charges
ACID SALT SALT+6 (H20)

Atoms GAS PCM A Atoms GAS PCM A GAS PCM A
1P 1.231 1.228 -0.003 1P 1.418 1.352 -0.066 1.138 1.058 -0.080
20 -0.783 -0.791 -0.008 20 -0.940 -0.968 -0.028 -0.917 -0.828 0.089
30 -0.660 -0.665 -0.005 30 -0.937 -0.950 -0.013 -0.807 -0.719 0.088
40 -0.706 -0.678 0.028 40 -0.939 -0.969 -0.030 -0.821 -0.732 0.089
5C 0.594 0.574 -0.020 5C 0.415 0.607 0.192 0.553 0.507 -0.046
60 -0.667 -0.653 0.014 60 -0.776 -0.766 0.010 -0.758 -0.711 0.047
7H 0.551 0.554 0.003 7 Na 0.881 0.865 -0.016 0.931 0.877 -0.054
8 H 0.475 0.490 0.015 8 Na 0.867 0.875 0.008 0.927 0.859 -0.068
9H 0.527 0.511 -0.016 9 Na 0.854 0.872 0.018 0.906 0.837 -0.069
100 -0.563 -0.571 -0.008 100 -0.842 -0.917 -0.075 -0.799 -0.818 -0.019

NPA charges
ACID SALT SALT«6 (H20)
Atoms GAS PCM A Atoms GAS PCM A GAS PCM A
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1P 2.211 2.212 0.001 1P 2.215 2.195 -0.020 2.258 2.241 -0.017
20 -1.096 -1.104 -0.008 20 -1.193 -1.229 -0.036 -1.233 -1.212 0.021
30 -0.983 -0.986 -0.003 30 -1.236 -1.249 -0.013 -1.226 -1.205 0.021
40 -0.979 -0.984 -0.005 40 -1.193 -1.229 -0.036 -1.197 -1.217 -0.020
5C 0.521 0.524 0.003 5C 0.476 0.488 0.012 0.480 0.481 0.001
60 -0.673 -0.673 0.000 60 -0.867 -0.784 0.083 -0.825 -0.834 -0.009
7H 0.524 0.527 0.003 7 Na 0.876 0.864 -0.012 0.906 0.886 -0.020
8H 0.547 0.552 0.005 8 Na 0.936 0.937 0.001 0.860 0.860 0.000
9H 0.545 0.551 0.006 9 Na 0.910 0.929 0.019 0.868 0.866 -0.002
100 -0.617 -0.620 -0.003 100 -0.924 -0.923 0.001 -0.824 -0.838 -0.014

Table 3: Molecular electrostatic potentials for the three studied species of foscarnet in gas and aqueous solution phases and their
corresponding variations (A) at B3LYP/6-311++G** level of theory.

ACID SALT SALT+6 (H20)
Atoms GAS PCM A Atoms GAS PCM A GAS PCM A
1P -54.020 -54.021 -0.001 1P -54.173 -54.188 -0.015 -54.152 -54.149 0.003
20 -22.416 -22.422 -0.006 20 -22.507 -22.519 -0.012 -22.463 -22.483 -0.020
30 -22.312 -22.310 0.002 30 -22.491 -22.511 -0.020 -22.490 -22.481 0.009
40 -22.304 -22.303 0.001 40 -22.507 -22.519 -0.012 -22.488 -22.464 0.024
5C -14.591 -14.592 -0.001 5C -14.707 -14.726 -0.019 -14.698 -14.699 -0.001
60 -22.267 -22.259 0.008 60 -22.415 -22.444 -0.029 -22.413 -22.412 0.001
7H -0.880 -0.874 0.006 7 Na -35.408 -35.408 0.000 -35.432 -35.423 0.009
8H -0.901 -0.896 0.005 8 Na -35.456 -35.453 0.003 -35.507 -35.496 0.011
9H -0.895 -0.887 0.008 9 Na -35.478 -35.466 0.012 -35.482 -35.468 0.014
100 -22.339 -22.349 -0.010 100 -22.408 -22.425 -0.017 -22.414 -22.411 0.003
These results are in agreement with the higher volume [~ h
variations observed for this species in solution and with their high Acid
solvation energy value. Here, the distribution of charges on the 0.097-+0.097
anhydrous species is totally modified in solution, as observed from ’ -
their corresponding surface mapped presented in Figure 2 and, as

evidenced by the different values observed in solution on all atoms

from Table 3. The colorations observed from Figure 2 on all atoms

in the acid species are very different from those observed on the Anhydrous '
anhydrous and hexa hydrated salts, thus, in the acid are observed -1.52-+1.52
red colours on the O atoms belong to the PO3 and C=0 groups Hexa-hvdrated

while on the H atoms belong to the OH groups are observed blue -“.9?_:‘_“.9,?

colours while in the two salts are observed only blue colours on

.

Figure 2: Calculated electrostatic potential surfaces on
the molecular surfaces of the acid, anhydrous and hexa
hydrated salts of foscarnet in gas phase. Color ranges are
expressed for each species in the corresponding figure.
colorations observed on some regions in the three species are inert B3LYP functional and 6-311++G** basis set. Isodensity

places where reactions with potential biological nucleophiles or value of 0.005.

the Na atoms because these regions are strongly electrophilic sites.
Hence, strong nucleophilic and electrophilic sites are observed only
for the acid species and, of course, different properties are expected
for this species in relation to the two salts. Obviously, all green

electrophiles are not carried out.

Table 4: Bond orders expressed as Wiberg indexes for the three studied species of foscarnet in gas and aqueous solution phases and
their corresponding variations (A) at B3BLYP/6-311++G** level of theory.

ACID SALT SALT+6 (H20)
Atoms GAS PCM A Atoms GAS PCM A GAS PCM A
1P 3.6933 3.687 -0.006 1P 3.794 3.777 -0.017 3.704 3.733 0.029
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20 1.4872 1.473 -0.014 20 1.342 1.281 -0.061 1.298 1.322 0.024
30 1.632 1.631 -0.001 30 1.285 1.257 -0.028 1.308 1.331 0.023
40 1.6365 1.633 -0.004 40 1.342 1.281 -0.061 1.372 1.333 -0.039
5C 3.7774 3.782 0.005 5C 3.643 3.726 0.083 3.758 3.738 -0.020
60 2.0173 2.021 0.004 60 1.736 1.831 0.095 1.790 1.782 -0.008
7H 0.7315 0.728 -0.004 7 Na 0.239 0.259 0.020 0.190 0.226 0.036
8H 0.7047 0.699 -0.006 8 Na 0.132 0.127 -0.005 0.281 0.279 -0.002
9H 0.7067 0.700 -0.007 9 Na 0.181 0.141 -0.040 0.265 0.267 0.002
100 2.0252 2.021 -0.004 100 1.654 1.656 0.002 1.789 1.774 -0.015

Table 5: Wiberg bond index matrix in the NAO basis for the anhydrous salt of foscarnet in gas and aqueous solution at the B3LYP/6-

311++G** level of theory.

Anhydrous salt/Gas phase
Atoms 1 2 3] 4 6 7 8 O 10
1.P 0 1.031 1.007 1.032 0.631 0.029 0.022 0.006 0.010 0.027
2.0 1.031 0.000 0.067 0.074 0.076 0.011 0.009 0.005 0.056 0.013
3.0 1.007 0.067 0.000 0.067 0.057 0.009 0.008 0.061 0.006 0.003
4.0 1.032 0.074 0.067 0.000 0.075 0.011 0.009 0.005 0.056 0.013
5.C 0.631 0.076 0.057 0.075 0.000 1.404 0.052 0.007 0.010 1.330
6.0 0.029 0.011 0.009 0.011 1.404 0.000 0.071 0.008 0.035 0.157
7.Na 0.022 0.009 0.008 0.009 0.052 0.071 0.000 0.001 0.001 0.065
8.Na 0.006 0.005 0.061 0.005 0.007 0.008 0.001 0.000 0.000 0.039
9.Na 0.010 0.056 0.006 0.056 0.010 0.035 0.001 0.000 0.000 0.006
10.0 0.027 0.013 0.003 0.013 1.330 0.157 0.065 0.039 0.006 0.000
Anhydrous salt/PCM
1.P 0 1.001 0.987 1 0.685 0.035 0.028 0.005 0.006 0.032
2.0 1.001 0.000 0.064 0.068 0.059 0.009 0.010 0.005 0.056 0.010
3.0 0.987 0.064 0.000 0.064 0.054 0.010 0.009 0.061 0.006 0.004
4.0 1.000 0.068 0.064 0.000 0.059 0.009 0.010 0.005 0.056 0.010
5.C 0.685 0.059 0.054 0.059 0.000 1.489 0.045 0.005 0.010 1.320
6.0 0.035 0.009 0.010 0.009 1.489 0.000 0.090 0.009 0.004 0.175
7.Na 0.028 0.010 0.009 0.010 0.045 0.090 0.000 0.001 0.002 0.066
8.Na 0.005 0.005 0.061 0.005 0.005 0.009 0.001 0.000 0.000 0.036
9.Na 0.006 0.056 0.006 0.056 0.010 0.004 0.002 0.000 0.000 0.003
10.0 0.032 0.010 0.004 0.010 1.320 0.175 0.066 0.036 0.003 0.000

Another interesting property studied in the three species of
foscarnetis the bond order (BO) expressed as Wiberg index. In Table
4 are summarized these results for the acid and the two salts in gas
and aqueous solution phases at B3LYP/6-311++G** level of theory
together with the variations observed when change the medium
from the aqueous solution to the gas phase. Newly, the higher
variations are observed in the anhydrous salt where in particular,
the 02 and 04 atoms show decreasing in the BO as a consequence
of their hydration while; in general, all the atoms of the acid species
present low variations. The Na7 atom of the anhydrous salt in
solution has the higher BO value while the Na9 atom presents the
lower value in the same medium. On the contrary, in the Na8 and
Na9 atoms of the hexa hydrated species in solution are observed
the higher BO values different from the anhydrous ones. When

the Wiberg bond index matrix in the NAO basis from Table 5 are
analyzed by atoms for the anhydrous species, we observed:

I. That the Na7 atom are coordinated to the P1, C5, 06 and
010 atoms and,

II.  That the BO of all these atoms increases from the gas
phase to the solution with exception of the value corresponding
to the C5 atom because their value decreases from 0.052 to
0.045.

Analyzing the values for the Na8 atoms we observed practically
the same coordination number in both media with the 03 and
010 atoms. In solution, the coordination three observed for the
Na9 atom of this anhydrous salt in gas phase with the 02, 04 and
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06 atoms decrease to two because in this medium practically
disappear the coordination with the 06 atom. If now we analyze the
BO matrix for the hexa hydrated species from Table 6 it is observed
that the coordination number of the three Na atoms is different
among them and different from the anhydrous species. Thus, the
Na7 and Na9 atoms present coordination number four while the

Na8 atom coordination number two. The BO values for the Na7
and Na8 increase in solution justifying, this way, the lower volume
variation observed for this species in this medium. Probably, these
same reasons justify the lower Solvation energy observed for this
hexa hydrated salt in relation to the anhydrous one.

Table 6: Wiberg bond index matrix in the NAO basis for the hexa hydrated salt of foscarnet in gas and aqueous solution at the

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

Gas phase
Atoms 1 2 3 4 6 7 8 9 10
1.P 0.000 0.992 1.000 0.855 0.713 0.044 0.017 0.009 0.010 0.043
2.0 0.992 0.000 0.064 0.058 0.049 0.005 0.003 0.003 0.047 0.011
3.0 1.000 0.064 0.000 0.052 0.050 0.011 0.003 0.051 0.002 0.004
4.0 0.855 0.058 0.052 0.000 0.058 0.013 0.003 0.005 0.011 0.013
5.C 0.713 0.049 0.050 0.058 0.000 1.420 0.024 0.010 0.011 1.418
6.0 0.044 0.005 0.011 0.013 1.420 0.000 0.043 0.008 0.055 0.186
7.Na 0.017 0.003 0.003 0.003 0.024 0.043 0.000 0.001 0.002 0.045
8.Na 0.009 0.003 0.051 0.005 0.010 0.008 0.001 0.000 0.000 0.058
9.Na 0.010 0.047 0.002 0.011 0.011 0.055 0.002 0.000 0.000 0.007
10.0 0.043 0.107 0.004 0.013 1.418 0.186 0.045 0.058 0.007 0.000
PCM
1.P 0.000 1.008 1.007 0.889 0.698 0.038 0.021 0.009 0.009 0.038
2.0 1.008 0.000 0.063 0.600 0.053 0.005 0.004 0.004 0.054 0.011
3.0 1.007 0.063 0.000 0.056 0.056 0.012 0.004 0.058 0.004 0.006
4.0 0.889 0.600 0.056 0.000 0.063 0.013 0.005 0.005 0.013 0.012
5.C 0.698 0.053 0.056 0.063 0.000 1.411 0.031 0.009 0.010 1.404
6.0 0.038 0.005 0.012 0.013 1.411 0.000 0.055 0.007 0.054 0.179
7.Na 0.021 0.004 0.004 0.005 0.031 0.055 0.000 0.001 0.002 0.059
8.Na 0.009 0.004 0.058 0.005 0.009 0.007 0.001 0.000 0.000 0.055
9.Na 0.009 0.054 0.004 0.013 0.010 0.054 0.002 0.000 0.000 0.007
10.0 0.038 0.011 0.006 0.012 1.404 0.179 0.059 0.055 0.007 0.000

Stabilities of the Species in Both Media

The stabilities of the three species of foscarnet were studied by
using the donor-acceptor energy interactions and the topological
properties because different types of interactions are expected due
to the presences of Na atoms in the two salts. Hence, the donor-
acceptor energy interactions for the three species of foscarnet
obtained from the NBO [47,48] calculations can be seen in Table
7. Regarding the results from Table 7, four different interactions
can be observed in these species which are the LP—> o *, LP—> ¥,
c*—>oc* and LP*— LP* interactions whose first three energies
are named E1, E2 and E3, respectively. The first two interactions
are de localizations observed from the lone pairs (LP) of O atoms
toward o *P-O, P-C, C-O or O-H orbital’s while the LP— o *0-H
interactions are only observed in the hexa hydrated salt due to the
water molecules. Hence, the acid species present the lower number
of interactions in both media and, for these reasons, low total

energy values are observed in those media and, as a consequence
this species in solution is the less stable than the other ones while
the anhydrous salt in the gas phase is the most stable (1464.17 kJ/
mol) due to the ¢ *— ¢ * and LP*— LP* interactions only observed
for this salt in this media. On the contrary, the hexa hydrated salt
is the most stable in solution due to the LP— ¢ *0O-H interactions.
Different interactions can be easily investigated by using the
Bader’s theory of atoms in molecules (AIM) [49] by means of the
topological properties calculated in the Bond Critical Points (BCPs)
with the AIM2000 program [50]. Thus, when the electron density,
p (1), the Laplacian, N2 p (r), the eigenvalues (11, A2, A 3) of
the Hessian matrix and, the |A1|/A3 ratio are calculated and, in
particular, when the |A1|/A3 < 1 and N2 p (r) > 0 it is possible to
predict H bonds or ionic interactions. In this work, only for the two
salts are observed intra-molecular and the H bonds interactions in
both media and, their topological properties obtained by using the
B3LYP/6-311++G** method are presented in Tables 8 & 9.
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Table 7: Main donor-acceptor energy interactions (in kJ/mol) for the three studied species of foscarnet in gas and aqueous solution
phases and their corresponding variations (A) at BALYP/6-311++G** level of theory.

belocalization's ACID SALT SALTs6 (H20)
GAS PCM GAS PCM PCM
LP(2)02— & * P1-03 65.92 58.98
LP(3)02— & * P1-03 75.91 55.18
LP(2)02— 5 * P1-04 50.33 42.68 47.86
LP(3)02— G * P1-C4 75.45
LP(3)02-> 6 * P1-C5 65.96
LP(2)02— 6 * P1-C5 80.47 74.95 71.60 63.45 64.96
LP(3)03— o * P1-02 50.79
LP(2)03— o * P1-02 4535 53.09 65.08
LP(3)03— G * P1-04 0.00 50.12 64.41
LP(2)03— 6 * P1-04 53.30
LP(3)03— ¢ * P1-C5 73.36
LP(2)04— o * P1-02 50.54 42.68 52.71
LP(2)04-> G * P1-03 65.79 58.94
LP(3)04— G * 014-H16 78.54
LP(2)04— G * 017-H18 40.92
LP(3)04— 5 * P1-03 58.52
LP(3)04->c *P1-C5 71.85 65.88
LP(3)04— G *014-H16 78.54
LP(2)06— G * P1-C5 47.36 62.49 56.68
LP(2)06— G * C5-010 69.81 67.88 69.18
LP(2)010— o * P1-C5 92.46 91.88 4711 53.84 56.39
LP(2)010— o * C5-06 121.81 119.05 58.77 56.51 67.21
LP(2)014— o * 023-H24 50.29
LP(2)017— o * 020-H22 75.66
E1=LP—oc* 211.88 361.32 778.82 740.19 982.13
LP(2)06— n * C5-010 211.88 218.74
LP(3)010— 1 *C5-06 335.36 339.21 398.52
E2=LP—n* 211.88 218.74 335.36 339.21 398.52
6 * P1-03—> 6 *P1-02 132.42
6 *P1-03> 6 *P1-04 130.83
E3= c*>o* 263.26
LP*(1)Na7—LP*(2)Na7 86.74
AETn—> * 423.77 580.06 1464.17 1079.40 1380.65

Table 8: Analysis of the topological properties for the anhydrous salt of foscarnet in gas and aqueous solution phases at B3LYP/6-
311++G** level of theory.

GAS PHASE SATT FORM

Parameter

oo b O6 - NaT OL0-NaT RCP1 O3 MNas OL0-Nas ROCP2 O2_Nag O6 - Nad ROP3 o4 Nad ROP4

PAra 00505 00286 00205 [ERER] 00263 001 10 00250 00159 00108 00260 0.0z 10

EE(r) 0_1962 01823 o_1Z270 0 2726 01675 00382 01539 O O8O 00551 0. 1544 0O 1103

F -0.0386 -0.0358 -0.0202 00531 00348 00080 003501 00175 00033 -0.0302 00191

oz -0.0385 -0.0349 00398 -0.0504 0332 0.0226 -0.023% -0.0174 0.0209 -0.0240 00152

Fon 02734 02531 0. 1074 0_3762 02357 00335 0_2079 0.1220 00375 0 2086 01142

E . 01412 0. 14143 0_1881 o 1211 0. 1476 0. 2388 0. 1448 0. 1432 0O 0880 0. 1448 01673
R vh 2191 2216 2 089 2 2a4 2 279 2455 2 278

A - - - - - - -
AOOUEOUS SOLUTION SATL.T FORM

pa::’:*]te' O6-NaT OLO-NaT ROCP1 O3 Nas OLO-Naf BROCP2 O2-Nad OG- Nad RCP3 D4 Nad RCP4

pirad 00236 0.0Z2% 00172 00252 00251 00117 0_0Z43 O.0za4 00175

el ©.1311 0.1304 0.0945 01893 01596 0.0459 0.1419 0.1424 o0.088e

Fn 00271 -0.0264 00160 00375 00328 00084 00275 00274 00146

. -0.0264 -0.0252 0.0278 -0.0354 031 0.0175 -0.O267T -D_D268 o0.02a9

Fug 01847 0.1821 00827 02623 0.2239 0.0368 01960 0. 1266 0.0TES

PzlfPey 01367 0.1350 01935 0_1430 O.1465 02285 0_1393 0.1394 O_1858
D“[‘;?cc 2.313 2.320 2203 2259 2297 4004 2296
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Table 9: Analysis of the topological properties for the hexa hydrated salt of foscarnet in gas and aqueous solution phases at B3ALYP/6-

311++G** level of theory.

GAS PHASE SALT=S (H:0)EILYP6-311-—+G**

P’E:“ﬁ“' 02.-Hléw O-HlSw O3.-Hl2w 03.-Nas O4--H2Sw O4--Nall Naf--08 NaS--Ollw
Bl 50839 00454 00402 0029 00410 003218 00313 00183
Vipir.) 0.1665 0.1484 0.1448 0.1442 0.1498 01312 0.1288 0.1198
2 -0.1846 -0.0868 -0.0617 -0.0285 -0.0631 -0.0258 0027 -0.0220
2 -0.1804 0082 00587 00275 -0.0610 00253 -0.0261 00207
hus 05316 03175 02652 02002 02740 0.1824 0.1821 0.1625
Dalfia 03473 0274 02327 01424 02303 01314 01488 0134
D“;‘;‘"“ 1453 1653 1.731 2291 1714 2324 2326 2333
P‘E:’:’J‘*}“" NaS—-020w Na9—-07 Na9—08  Na9—-023w  Nal0-—0O7 IE'%?: If}‘;ﬁ““_
olra) 00225 00246 00223 00233 00227 00168 00157
Vipirs) 0.1420 0.1588 0.1395 0.1559 0.1396 0.0961 0.1334
aa 00297 -0.0305 00267 00317 00292 -0.0200 00238
2 -0.0280 -0.0288 00240 00289 00281 00193 00230
da 0.1997 02181 0.1902 02165 01969 0.1355 0.1803
Dalfis 01487 0.1398 01404 01464 0.1483 01476 0.1320
"i’[‘ﬂ“ 2292 2258 2301 2258 2300 2419 2295
AQUEOUS SOLUTION SALT*6 (H.0) B3LYP6-311—0F*
Fa;:“ﬁ“' 2 _Hléw 2 _HlSw O3 _Hl2w O3 _Na$ O4—H28w O4--Nal0 NaS—O08 NaS—Ollw
pir:) 0.0437 0.0439 00323 00154 0.0317 0.0155 0.0217 00178
Vipir) 0.1176 0.1324 01117 0.1100 01121 0.0787 01329 0.1060
P -0.0699 00727 00454 00223 00443 -0.0161 00277 00216
2 -0.0675 -0.0698 00421 00214 00413 00152 00267 00196
As 02551 02750 0.1992 0.1537 0.1978 0.1101 0.1873 0.1471
Palls 02740 02644 02279 0.1451 02240 01462 0.1479 0.14568
DiT;;E 1.728 1.702 1838 2381 1834 2500 2314 2383
Poremet®’  Nas-020w Na9-07  Na9—O§ Na9—ONw  Nalo-—07 Pl Py
plr) 0.0224 0.0205 0.0196 0.0230 00217 00184 00195
Tipir.) 0.1420 0.1170 0.1102 0.1498 0.1306 0.1119 0.1171
2 00298 00233 200220 00310 00274 00231 -0.0240
Rz -0.0281 0022 00204 -0.0288 00264 00221 00224
Ia 02000 0.1626 0.1526 02096 0.1845 01572 0.1636
Gl 0.1450 0.1433 01442 0.1479 0.1485 0.1469 0.1467
D“E“‘-‘ 2293 2354 2375 2275 2319 2367 2350

The topological properties calculated in the Ring Critical Point
(RCPs) are also presented in both tables. In the anhydrous species
in gas phase are observed seven different intra-molecular O---Na
interactions generating four RCPs while in solution only six 0---Na
interactions are observed and three RCPs. Note that the 06---Na9
interaction disappear in solution together with the corresponding
RCP3. Obviously, the large distance of 4.004 A observed between
those two 06 and Na9 atoms involved justify such observation. For
this same reason in gas phase, the 03---Na8 interaction show the
higher values in the topological properties because the distance
between the two atoms is the lowest (2.089 A) than the other ones.
When the topological properties are analyzed for the hydrated
salt we observed the same numbers of interactions in both media,
thus, eleven inter- molecular O---Na and four H bonds O---H
interactions are observed. Here, with the w letter are identified
those interactions related with the O and H atoms corresponding
to the water molecules of this hydrated salt. A very important
observation is the low values in the distances O---H in gas phase in

relation to the values in solution. As a result, the presences of water
molecules of the solvent justify the higher distances in solution.
For this salt, we also observed that those interactions where the
distances between the atoms involved are lower than the other
ones their topological properties present higher values. Hence,
in both media the four O---H interactions and the intra-molecular
Na9---07 and Na9---023, interactions have the higher values. This
AIM study clearly evidences the high stability of the hexa hydrated
salt in both media while the NBO study reveals a higher stability for
the anhydrous salt.

HOMO-LUMO Study and Global Descriptors

The gap parameters, expressed as the difference between
both frontier orbital’s, are very useful to predict the reactivities of
different species because when their value is high a low reactivity is
expected for this species. Besides, with the gap value it is possible
to calculate a series of global descriptors used to predict their
behaviour in different media. Thus, for the three studied species
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of foscarnet in gas and aqueous solution the frontier orbital’s and
chemical potential (p), electro negativity (x), global hardness (1),
global softness (S), global electrophilicity index (w) and global
nucleophilicity index (E) were calculated at B3LYP/6-311++G**
level of theory. The values are presented in Table 10 together with
their corresponding equations. Analyzing first the gap values it
is observed that the anhydrous salt is the most reactive species
in both media and, in particular in solution, as expected because
this species has higher solvation energy and volume variation, as
observed from Table 1. On the other hand, the hydrated salt is most
reactive than the acid species probably due to that this acid species
practically do not modify their volume in solution. In reference
to the descriptors, the global hardness and softness values are in

Copyrights@ Silvia A B, et al.

agreement with the most reactive species, thus, the higher hardness
values are observed for the anhydrous and hydrated salt while the
higher softness values are observed in both media for the most
reactive anhydrous species. The anhydrous salt evidence the higher
electrophilicity index and the lower values are observed for the hexa
hydrated salt in both media. The above parameters were compared
with values reported for other antiviral agents, such as thymidine,
cidofovir, brincidofovir, isothiazol derivatives, trifluridine,
emtricitabine and idoxuridine [34-40]. These comparisons are
summarized in Table 11 and they correspond to the conformations
most stable in solution and, only for cidofovir and brincidofovir the

values presented were those obtained in gas phase.

Table 10: Calculated HOMO and LUMO orbitals and chemical potential (j1), electro negativity (), global hardness (1)), global softness
(S), global electrophilicity index (@) and global nucleophilicity index (E) (in eV) for the three studied species of foscarnet in gas and

aqueous solution.

B3LYP/6-311++G**a
B ACID SALT SALT«6 (H20)
GAS PCM GAS PCM GAS PCM
HOMO -8.3252 -8.2658 -4.8511 -4.3762 -6.9135 -5.5549
LUMO -1.4152 -1.3618 -1.9335 -1.8447 -0.6413 -1.5869
|GaP| 6.9100 6.9040 29176 2.5315 6.2722 3.9680
DESCRIPTORS
ACID SALT SALT+6 (H20)
Sl GAS PCM GAS PCM GAS PCM
x -3.4550 -3.4520 -1.4588 -1.2658 -3.1361 -1.9840
H -4.8702 -4.8138 -3.3923 -3.1105 -3.7774 -3.5709
n 3.4550 3.4520 1.4588 1.2658 3.1361 1.9840
S 0.1447 0.1448 0.3427 0.3950 0.1594 0.2520
)] 3.4325 3.3564 3.9442 3.8218 2.2749 3.2135
E -16.8265 -16.6172 -4.9487 -3.9371 -11.8463 -7.0847

Table 11: Calculated HOMO and LUMO and chemical potential (p1), electronegativity (x), global hardness (1)), global softness (S),
global electrophilicity index (o) and global nucleophilicity index (E) of antiviral compounds by using the hybrid B3LYP level of

theory.
B3LYP/6-31G* 3-21G*
Orbits PCM GAS PHASE PCM PCM PCM PCM
Thymidinea Cidofovirb Brincidofovirb Isothiazolc Trifluridined | Emtricitabinee Idoxuridinef
HOMO -6.2634 -5.9366 -5.5435 -6.692 -6.9621 -6.1049 -6.2613
LUMO -0.8206 -0.6401 -1.7720 -2.185 -1.4443 -1.0690 -1.2703
|GAP| -5.4428 -5.2965 -3.7715 -4.507 -5.5178 -5.0359 -4.991
DESCRIPTORS
(eV) Thymidinea Cidofovirb Brincidofovirb Isothiazolc Trifluridined | Emtricitabinee Idoxuridinef
% -2.7214 -2.6483 -1.8858 -2.2535 -2.7589 -2.5598 -2.4955
[T -3.5420 -3.2884 -3.6578 -4.4385 -4.2032 -3.6227 -3.7658
n 2.7214 2.6483 1.8858 2.2535 2.7589 2.5598 2.4955
S 0.1837 0.1888 0.2651 0.2219 0.1812 0.1953 0.2004
® 2.3050 2.0416 3.5474 43710 3.2018 2.5635 2.8414
E -9.6392 -8.7087 -6.8979 -10.0022 -11.5962 -9.2734 -9.3976
Citation: Maximiliano A I, Silvia A B. Structural and Vibrational Study On the Acid, Hexa-Hydrated and Anhydrous Trisodic Salts of 99

Antiviral Drug Foscarnet. Drug Des Int Prop Int ] 1(3)- 2018. DDIPIJ.MS.ID.000114. DOI: 10.32474.DDIPI].2018.01.000114.



http://dx.doi.org/10.32474/DDIPIJ.2018.01.000114

Drug Des Int Prop Int ] Copyrights@ Silvia A B, et al.

For thymidine and emtricitabine [34,38,40] the results corre- drugs. On the other hand, emtricitabine is most reactive than triflu-
spond to the C6 conformers, for trifluridine, C3 [35], for idoxuri- ridine showing that the change of a C=0 group by an amine group
dine, C5 [36] while the isothiazole derivative correspond to 3-mer-  with only an F atom increase the reactivity. When the descriptors
capto-5-phenyl-4-isothiazolecarbonitrile (I) [39]. For cidofovir, the are compared among them we observed the higher electrophilicty
most stable tautomer is the amino-oxo form which can be seen in  index for the isothiazole derivative and the low value for cidofovir
Figure 3 together with the other structures compared. When these  while the higher nucleophilicity indexes are observed for trifluri-
entire gap values are compared with those obtained for the species  dine and the isothiazole derivative probably due to the CF3 and
of foscarnet clearly it is observed that the most reactive antiviral C=N groups present respectively in their structures. The low val-
species is the anhydrous salt of foscarnet and, then follow brin- ue of this latter index is observed for brincidofovir. In relation to
cidofovir being the least reactive trifluridine in solution. Evident-  the anhydrous species of foscarnet, we observed an electrophilicity
ly, the presences of phosphate groups in their structures probably index comparable to cidofovir and the isothiazole derivative while
increase the activities of these compounds when they are used as  this antiviral salt evidences the lowest nucleophilicity index.
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Figure 3: Molecular structures of antiviral compounds compared with the three species of foscarnet.
N J
Table 12: Observed and calculated wave numbers (cm-1) and assignments for the three studied species of foscarnet in gas and
aqueous solution phases.

Exp Acd | 4 cid peme Salt | o 1t pCMe ?ﬁlt(')(),
gas?® Gas? PCiVla
IR SQMP Assig,? SQM® Assig? SQMP Assig? SQMP Assig? SQM® Assig?
3330vs 3679 v 0-H(W5)
3231vs 3691 4 C5010H7 3642 3 C5010H7 3679 v 0-H(W4)
3670 v 04-H9 3606 v 03-H8 3678 v 0-H(W6)
2929s 3649 v 03-H8 3595 v 04-H9 3676 v O0-H (W1)

3672 v 0-H(W2)
3671 v 0-H(W3)
3359 CO-H(W6)
3341 v 0-H(W1)
3322 v 0-H(W5)
3227 v 0-H(W4)
3095 v 0-H(W2)
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3054 | v O0-H(W3)
2220m 2403 v P1-C5 2401 v P1-C5 2091 v P1-C5 2295 v P1-C5
1651s 1621 v CO, 1570 § 0-H(W4)
1633m 1561 § 0-H(W2)
1545 § 0-H(W3)
1542 § 0-H(W5)
1553s 1543 v CO, 1527 § 0-H(W1)
1501 § 0-H(W6)
1445m 1426 v €O, 1444 v €O,
1396s 1185 | vO10-H7 | 1385 v CO,
1333vs 1238 vaP03 1153 v P03 1333 v €O,
1239w 1182 v 010-H7 1054 | &P103H8 | 1102 v P03 1047 v €02
1059vs 1019 & P104H9 1021 | &P104H9 | 1060 v P03 1015 v P03 1032 v PO,
1002 5 P103H8
983s 966 v €O, 947 v'sCO, 984 v €O, 968 v P03 969 v PO,
942sh 864 v PO, 889 v PO, 869 v P03 891 v PO,
853w
829w 831 v P03 820 5 €O,
789w 795 v PO, 800 v PO, 815 | §H18017H22
01 omte
§ 02H18017
733 | §017H22020
5 P102H18
718w 707 § 03H12011
682 v CO, 702 3 €O, 687 v CO, 697 v €O,
661 7 CO, 663 5 CO, 666 § 04H28026
678 v €O, 655 TH-0
t 0-H
561 5 €O, 551 co, 557 3 sPO,
530 3 PO,
517 ©C5-0 511 5 PO, 510 | 9 Hl;g;é““
500 5sPO, 502 3 aPo,
493 1C5-0 481 N l\iag_gzo
462 3 PO, 471 T O-H
448 3 PO, 448 10-H
435 3 PO, p CO, 435 5 PO,
421 pCO, 419 p CO, 419 5 PO,
388 3 PO, 397 5 PO, 397 pCO, 391 1 Na5-011
381 5 PO, 378 3 PO, 383 v g?l;gjg 375 pCO,
364 v P1-C6
361 | &H15014H24
359 T O-H
334 | 5aP03p’PO3 | 326 5aP03 325 v 04-Na9
315 TP-0 303 p’PO3 298 7 Na5-020
p PO3
287 v 010-Na7 286 § C608Na9
v 07-Na10
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v 04-Na9
276 S 03Na8 274 v Na9-023
261 5 P104Na9 264 T H-0
256 T P-0 252 6 H19017H22
243 v 0-H vaO-H
235 vNal0-026
229 v 0-H
v 0-H
226 v Nal0-026
223 Tt H-0
7 C5-0 5 P103Na5
227 /€02 227 5 P103Na8 214 g
220 v 010-Na7 208 p’PO3
216 Tt wPO, 220 5 P104Na9 202 v 08-Na9
199 T wPO 207 6 P103Na8 199 0 P1'03Na8 197 v 0-H
3 p’'PO3
p'PO3
191 5 P103Na5
187 p PO3 188 p PO3 180 va02-H
T wPO, 1t 03-Na5
173 p PO, 173 § P104Na9 171 § P103Na5
167 p'PO, 169 vsO-H
v 03-Na5
156 5 C5010Na7 146 e
134 p 'PO3 128 5 C607Nal10
122 v 0-H
117 1 C5-0 114 6 C5010Na7 111 4 03Na5020
105 v 0-H
1 03-Na5
96 T wPO, 81 5 P1O2H18
78 8 03Na5020
8 P103Na5
72 1 C5-0 73 T wC02
66 6 03Na5020
TwCo, 7 08-C6
64 b PO, 64 twCO, 62 £ 07-C6
0 H1602H18
54 1 02-P1
1t 03-Na5
50 7 Na5-020
47 Tt wCO, 42 Tt wCO, 38 Tt P-0 42 Tt wPO, 43 1t 03-Na5
33 T P-0
0 P104H28
27 t Nal10-026
5 07Na10026
Vibrational Analysis predicted in solution by using the B3LYP method and the 6-31G*

The acid species and the anhydrous salt present only 24
vibration modes while for the hexa hydrated species are expected
78 vibration modes where all their modes evidence activities in
both infrared and Raman spectra because they are optimized
with C1 symmetries. In Figure 4 is presented the experimental
infrared spectrum of the hexa hydrated salt taken from Ref [11,13]
in the 4000-600cm™ region compared with the corresponding

and 6-311++G** basis sets while in Figure 5 are compared the same
spectra in the 2000-0 cm™ region. The Raman spectrum predicted
for the hydrated salt at the B3LYP/6-31G* level can be seen in Figure
6. The predicted IR spectra with both methods apparently show
in all region a reasonable concordance with the corresponding
experimental one (Figure 4) but when only the 2000-Ocm™ region
is considered are clearly observed four pairs bands in the 1750-

Citation: Maximiliano A I, Silvia A B. Structural and Vibrational Study On the Acid, Hexa-Hydrated and Anhydrous Trisodic Salts of
Antiviral Drug Foscarnet. Drug Des Int Prop Int ] 1(3)- 2018. DDIPIJ.MS.ID.000114. DOI: 10.32474.DDIPI].2018.01.000114. 102


http://dx.doi.org/10.32474/DDIPIJ.2018.01.000114

Drug Des Int Prop Int ]

Copyrights@ Silvia A B, et al.

1100cm™ and in 1100-1000cm™ where two of these latter bands
(indicated with arrows in Figure 5) evidently are predicted separate
by using the 6-311++G** basis set. Hence, the strong bands at 1059
and 983cm-1 are clearly associated to the phosphate group and are
the typical bands used by different authors to identify foscarnet.
In Table 12 are summarized the observed and calculated wave
numbers and assignments for the three studied species of foscarnet
in gas and aqueous solution phases. The assignments for the most
important groups are presented below.

4 A

Experimental

W,

BILYPG-3114++G**

Absorbance

BILY Pio-310*

4000 3000 2000

Wavenumbers/cm-1

1000 0

Figure 4: Experimental IR spectrum of the hexa hydrated
salt taken from Ref [11,13] in the 4000-600cm-1 region
compared with the corresponding predicted in solution by
using the B3LYP method and the 6-31G* and 6-311++G**
basis sets.

PCM/B3LYP/6-31G*

Raman Intensity

3000 2000 1000 0

Wavenumbers/em-1
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Figure 6: Predicted Raman spectrum for the hydrated salt
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Figure 5: Experimental IR spectrum of the hexa hydrated
salt taken from Ref [11,13] in the 2000-Ocm-1 region
compared with the corresponding predicted in solution by
using the B3LYP method and the 6-31G* and 6-311++G**
| basis sets. )

at the BBLYP/6-31G* level of theory.

A J

Assignments

Phosphate Groups: The symmetry of this group in a tetrahedral
environment was considered C3v, as in similar compounds
containing this group [37,52]. Hence, two anti symmetrical and a
symmetrical mode are expected for this group, thus, these vibration
modes are frequently assigned between 1175 and 954 cm and, for
this reason, the strong IR bands at 1059 and 983cm-1 are clearly
assigned to those vibration modes for the hexa-hydrated species,
as detailed in Table 12. However, note that in the acid these modes
are predicted at 1238, 864 and 795cm™ while in the anhydrous
salt they are assigned respectively at 1015, 968 and 869cm™. In
the lower wave number region are expected the deformation,
wagging, rocking and twisting modes of this group, hence, the three
deformation modes for the hydrated salt are predicted at 557, 502
and 435cm while the rocking modes at 208 and 191cm™. In the
anhydrous salt the deformation modes are predicted between 530
and 419cm™ while in the acid 435 and 326cm’, thus, these modes
are assigned in the regions predicted by SQM calculations. A very
important observation, is that the P-C stretching modes in the
hydrated species is predicted at 364cm™ while in the anhydrous
salt and acid species they are predicted at 2403 and 2091cm
1 respectively. The strong shifting of this mode in the hydrated
species could probably be justified by the six water molecules that
are linked to the O atoms of phosphate group.

Carboxylate Groups: The asymmetric and symmetric
stretching modes are usually assigned between 1772 and 1660cm!
[32-34,40,53]. Here, these vibration modes in the three species of
foscarnet are predicted in different regions. Thus, in the hydrated
salt those vibration modes are predicted at 1444 and 1333cm
! while in anhydrous salt the SQM calculations predicted these
modes in gas phase and in aqueous solution at 1385/984 and
1426/1047 cm’, respectively. In the acid species, the asymmetric
and symmetric stretching modes are predicted in the gas phase at
1621/966cm™ while in aqueous solution at 1543 and 947cm. In
both species, acid and anhydrous, is notable the shifting of these
modes in solution, as a consequence of the hydration of these

groups with water molecules. Obviously, these modes are assigned

Citation: Maximiliano A I, Silvia A B. Structural and Vibrational Study On the Acid, Hexa-Hydrated and Anhydrous Trisodic Salts of
Antiviral Drug Foscarnet. Drug Des Int Prop Int ] 1(3)- 2018. DDIPIJ.MS.ID.000114. DOI: 10.32474.DDIPI].2018.01.000114.

103


http://dx.doi.org/10.32474/DDIPIJ.2018.01.000114

Drug Des Int Prop Int ]

Copyrights@ Silvia A B, et al.

as predicted by calculations and, as reported in similar compounds
[32-34,40,53]. The in-plane, out-of-plane deformation, rocking and
twisting modes are normally assigned in the lower wave numbers
region. Hence, in the hydrated species these modes are predicted
respectively at 820, 697, 375 and 73cm™ while in the anhydrous
species at 702, 661, 419 and 64 73cm™. In particular, in the acid
species the out-of-plane deformation is predicted at higher wave
numbers (682cm™) than the in-plane deformation (551cm) while
the rocking and twisting modes are predicted at 421 and 42cm™.
Hence, these modes are assigned accordingly, as indicated in Table
12.

Water Vibrations: These vibration modes are predicted only
for the hexa-hydrated species. The strong IR bands at 3330, 3231
and 2929cm-1 are obviously assigned to the anti symmetric and
symmetric stretching modes expected for the OH groups of six
water molecules while the three strong IR bands at 1651, 1633
and 1553cm™ are associated to the OH deformation modes of
those six water molecules. The librations modes, such as waging,
rocking and twisting modes related to the water molecules are
expected in the lower wave numbers region, this way; the SQM
calculations predicted those vibration modes from 655 up to 27cm
1 as observed in Table 12. Note that in this region also are observed
other OH deformation modes related to the association of two water
molecules and to the stretching and deformation modes associated
to phosphate group linked to the water molecules.

Table 13: Comparison of scaled internal force constants for the
three species of foscarnet in both media by using B3LYP/6-
311++G** calculations.

B3LYP/6-311++G**a
Acid Anhydrous Hydrated
COFI‘I’ST:M Gas PCM Gas PCM PCM
f(v CO,) 8.99 8.49 7.43 8.08 8.33
f(vPO,) 6.40 6.17 6.77 5.13 6.55
f( v P-C) 2.55 2.54 2.09 2.45 2.60
f( 6 PO,) 1.18 1.20 191 1.69 2.77
f( 6 CO,) 1.19 1.14 2.22 1.72 1.95

Force fields: For the acid and anhydrous and hexa-hydrated
salts of foscarnet were calculated the force constants from the
corresponding force fields in both media by using the SQM
methodology and the Molvib program [26,27]. The values of these
constants for the Carboxylate and phosphate groups are presented
in Table 13. In general, it is observed that the acid and anhydrous
salt show a slight decreasing in the force constants values in
solution, as a consequence of the hydration, probably due to water
molecules linked to the Carboxylate and phosphate hydration sites.
On the other hand, the increase in the force constant value related
to P-C bond in the anhydrous species could be attributed to the
geometrical parameter because in gas phase present higher value
than the corresponding in solution while the force constant value

for the acid practically do not change in solution, in accordance
with the value of its geometrical parameter. In the hydrated species,
the predicted P-C distance in gas phase is 1.90 A while in solution
decreases its value at 1.893 A and, this way, probably justify the
shifting of this vibration mode towards lower wave numbers, as
observed in the above section.

Conclusions

Here, the structural and vibrational properties of acid species,
hexa-hydrated and anhydrous trisodic salts of antiviral drug
foscarnet in gas phase and in aqueous solution were theoretically
studied by using the hybrid B3LYP method with the 6-31G* and
6-311++G** basis sets. The properties in solution were studied
with the self consistent reaction force (SCRF) method by using the
integral equation formalism variant polarised continuum (IEFPCM)
and SD models because these models consider the solvent effects.
The complete vibrational assignments for those three species
were performed in both media by using the experimental available
infrared spectrum of hexa-hydrated trisodic salt and the scaled
quantum mechanical force field (SQMFF) methodology. The NBO
studies suggest that the hexa-hydrated salt in solution is most
stable than the anhydrous in the same medium but in gas phase
the anhydrous salt shows a higher stability in solution. The AIM
analyses have revealed the ionic characteristics of the O---Na bonds
in both salts supporting the higher stability of the hexa-hydrated
salt in solution. The evaluation of the gap values by mean of the
frontier orbital’s show that the anhydrous salt is the most reactive
species in solution, as supported by its higher solvation energy and
volume variation. Apparently, the presences of phosphate group in
foscarnet probably increase its activity when it is used as drug. The
experimental infrared bands observed in the hexa-hydrated species
at 1059 and 983cm-1 are clearly attributed to the stretching modes
of phosphate group while the strong bands at 1445 and 1333cm-1
are associated to the stretching modes of carboxylate groups of the
hexa-hydrated salt.
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