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1. INTRODUCTION

From long time the pyrimidine nucleoside analogs and their derivatives are used as antiviral
agents in the clinical treatment of numerous diseases, as reported in the literature [1-16] and,
due to that they present a series of contraindications or side effects, new drugs were and are
designed in order to improve their biological properties [1-6,9-16]. For instance, the
structural changes implies the introduction of different atoms or groups in the pyrimidine or
ribose rings to produce new drugs of therapeutic interest such as, halogen and/or sulphur
atoms giving idoxuridine and trifluridine which are used respectively in the treatment of
herpes simplex virus (HSV) and/or varicella-zoster virus (VZV) infections or emtricitabine
used for the treatment of human immunodeficiency virus (HIV) infections [6]. The
evaluations of some cytidine derivatives and of amino and halogenated pyrimidine analogs as
potential antimicrobial agents were studied by Azhar et al. [4] and Sreenivas et al. [9],
respectively while others authors have reported that the pyrimidine derivatives also exhibit
the anti-inflammatory, anticancer, anticonvulsant, antibacterial, antioxidant and antifungal
properties [1-5,9]. In particular, the nucleoside idoxuridine (IDU), is an analog of thymidine
because the CHj; group was replaced by an iodine atom, whose IUPAC name is 1-
[(2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)oxolan-2-yl]-5-iodo-1,2,3,4-tetrahydropyrimidine-
2,4-dione. For the first time, Prusosif synthesized IDU and their biological activities reported
in this opportunity [17]. The detailed crystal and molecular structure of IDU were determined
by Camerman and Trotter [18] by using X-ray diffraction and a Mo Ka scintillation counter
data. These authors have suggested that a probable explanation for the antiviral property of
IDU could be the existence of charge transfer bonding involving the donation of oxygen lone-
pairs electrons to vacant 5d orbitals of the iodine atom. They say that, the replacement of CH3
by iodine atom increase the stability of IDU, in relation to thymidine [19], because in part
modify the electronic density of the pyrimidine ring in order to strengthen the hydrogen
bonding to the purine base in the complementary DNA chain [18]. This way, the structural
properties of IDU are of interest to know and understand these experimental observations
especially due to the presence of two chiral C atoms and to explain the changes observed
when the pyrimidine environmental is modified, in relation to their very important antiviral
activity. On the other hand, the structural studies are also necessary to identify the isomers of
IDU in different media using their infrared, Raman, NMR and/or UV-visible spectra. In this
context, the aims of this work are: (i) to study theoretically the stable isomeric structures of

IDU in gas and aqueous solution phases by using the hybrid B3LYP method [20,21] and the
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polarized continuum (PCM) [22,23] and solvation (SM) models [24], (ii) to predict the
infrared, Raman, NMR and UV-visible spectra and, then, to compare these with the
corresponding experimental available ones, (iii) to calculate the atomic charges, bond orders,
molecular electrostatic potentials, stabilization energy, topological properties and solvation
energy, (iv) to predict the reactivity and behaviour’s of the different structures in the two
media using the frontier orbitals and some descriptors reported in the literature [19,25-31]
and, finally, (v) to perform the complete vibrational assignments combining the experimental
available infrared spectra with the scaled harmonic quantum mechanical force field (SQMFF)
methodology [32] and taking into account their natural internal coordinates. Here, the
suggestions proposed by Camerman and Trotter [18] were confirmed by using natural bond
orbital (NBO) [33, 34] and atoms in molecules (AIM) [35, 36] calculations and, moreover,
new structural information is obtained with the aid of the theoretical calculations and the
experimental available infrared, NMR and UV-visible spectra of IDU. The reactivity’s and
descriptors for all the isomers of IDU in both media were compared with the corresponding
values obtained for thymidine [19] revealing that the presence of the iodine atom increase
notably their reactivity’s in both media, as proposed by Camerman and Trotter [18] while the
NBO studies support the higher stability of IDU due to the higher number of charge transfers

observed.
2. METHODOLOGY

In this work, we have considered five isomeric structures of IDU because this molecule has
two chiral centres in the 2 and 5 positions of the ribose ring which are: the cis isomer (2R,5S)
named C1; the trans isomer (2S,5S), named C2; the cis isomer (2S,5R) named C3; and the
two trans isomers (2R,5R) named C4 and C5, respectively in similar form to those structures
reported for emtricitabine by Bartra Sanmarti et al. [37]. The study of these structures are of
interest for classify their properties taking into account that the cis (2R, 5S) isomer of
emtricitabine has significant antiviral activity while low activities are observed in the other
cis (2S,5R) isomer and in the two trans isomers (2S,5S) and (2R,5R), for which, these three
latter forms have low therapeutic interest. The five structures of IDU can be seen in Figure 1
together with the labelling atoms. Here, in accordance to the packing of the IDU molecules
observed by X-ray diffraction [18], two different dimeric species were also studied in order to
explain the intensities of some infrared bands that cannot be justified with the monomeric

species. Thus, Figure S1 shows the most stable dimeric species studied. Those five initial
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structures were modelled with the GaussView program [38] and, later these species in both
media were optimized using the Gaussian 09 program [39]. All the calculations were
performed by using the hybrid B3LYP method [20,21] and the CEP-4G [40], Lanl2dz [41]
and 3-21G* [42] basis sets because for the iodine atom there are few basis sets defined. Here,
only the calculated properties using those two latter basis sets were considered because the
energies obtained using the CEP-4G basis set were considerably lower than the other ones.
Thus, the atomic natural population (NPA) and Mulliken’s charges together with the bond
order expressed as Wiberg indexes were analysed in both media. The stabilization energies
and the topological properties were computed with the NBO [33, 34] and AIM2000 programs
[35, 36] while the gap energies and some descriptors were calculated by using the frontier
orbitals [19,25-31]. The harmonic force fields in both media at the Lanl2dz and 3-21G*
levels of theory were obtained using the harmonic scaled quantum mechanical force field
(SQMFF) procedure [32], the internal coordinates and the Molvib program [43]. The
Moldraw program [44] was employed to calculate the volume variations that experiment the
isomers in aqueous solution in relation to their values in the gas phase. The GIAO method
[45] was used to predict the *H-NMR and *C-NMR spectra in aqueous solution while the
ultraviolet-visible spectra for all the isomers in the same medium were predicted in solution
by using the time-dependent density functional theory (TD-DFT) calculations at the same

level of theory.
3. RESULTS AND DISCUSSION
3.1. Optimized structures in both media

Table S1 shows the total and relative energies and dipole moment values for the five
configurations of ldoxuridine by using the Lanl2dz and 3-21G* basis sets together with the
population analysis in the two studied media. Analysing exhaustively the results we observed
that the C5 isomer is the most stable in the gas phase with both basis sets but C4 is the most
stable in solution by using Lanl2dz basis set while C5 is the most stable in this medium using
the 3-21G* basis set, this way, these two isomers can probably be present in both media due
to their higher populations, as can be seen in Table S1. The structure of the C4 isomer is in
agreement with the anti-conformation experimentally reported for IDU by Camerman and
Trotter [18] with an 02-C10-N7-C14 dihedral angle of -67°, as will see later. When these
relative energies using both basis sets are represented in function of the five configurations

we observed clearly different behaviours in both media, as can be seen in Figures S2a and 2b,
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thus, C5 is the most stable isomer in both media using 3-21G* basis set while C4 is the most
stable one in solution using the other basis set. Figures S2c and 2d show clearly that the
higher changes in the dipole moment values are observed using the 3-21G* basis set while
the graphic of the volume values with the five configurations show that C2 present the higher
values in both media using both basis sets and that C3, C4 and C5 have different behaviours
in the two media by using both basis sets. Thus, Figure S2 evidence the notable influence of

the basis set on the three properties analysed.

It is very important to clarify that the C2, C4 or C5 structures correspond to Trans isomers
while those corresponding to the C1 and C3 isomers have Cis conformations. In this analysis,
we have considered only the trans C5 isomer in accordance with the better correlations with
the experimental anti-structure [18], their high populations and low energies using the 3-
21G™ basis set. The calculated geometrical parameters for the C5 isomer in the two studied
media by using both basis sets were compared in Table 1 with the corresponding
experimental ones [18] by using the root-mean-square deviation (RMSD) values. Here, the
bond lengths (0.038-0.037 A) and angles (2.7-2.3 °) for that isomer show very good
concordance with the experimental values. The two levels of approximation predict values
for the glycosidic C10-N7 bonds closer to the experimental one (1.49 A) [18]. Probably, the
low dipole moment and the higher volume variation in solution explain their high stability in
solution, as mentioned by Camerman and Trotter [18], because they have observed that when
the CHj3 group in thymidine is replaced by iodine atom increase the stability of IDU. On the
other hand, when the distances between the more electronegative atoms in gas and agqueous
solution phases are investigated using both basis sets we observed that the high stability of
C5 using 3-21G™* basis set can in part be explained by the higher separation 02-O3 and O5-
03 distances and the low O6-11 distances, as observed in Table S3. Apparently, a shorter O6-
I1 distance is the structural requirement for the high stability of an isomer of IDU, as
suggested by Camerman and Trotter [18]. Probably, this distance is a structural requirement
due to the ability of the iodine atom to form charge transfer and, in other words, maybe the
molecular basis for the antiviral activity of IDU, as reported by Camerman and Trotter [18].

3.2. Solvation energy

We have computed the solvation energy values for the five configurations of IDU using the
two basis sets and the values are summarized in Table 2. Hence, Table 2 shows the

uncorrected and corrected solvation energies using the two levels of theory together with the
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values corresponding to the total nonelectrostatic terms due to the cavitation, dispersion and
repulsion energies computed with the PCM [22,23] and SM [24] models at the same levels of
theory. When these values are represented in function of the five configurations at different
levels of theory, as can be seen in Figure S3, the Lanl2dz basis set predicted the most
negative values but the 3-21G* basis set shows the higher difference among the isomers.
Thus, the lower values observed for C1 and C5 using 3-21G* basis set could justify their low
dipole moment values in solution (Table S1). Figure S4 shows the different magnitude and
directions of the dipole moments using the Lanl2dz basis set which evidence clearly that the
different charge distributions in the five structures have to influence on their stabilities and

reaction sites.
3.3. NPA charges, Wiberg indexes, and MEP studies

The study of the charge distributions in the different configurations of IDU are of particular
interest taking into account the presence in their structures of the C-I, C=0O, N-H and OH
groups and of N and O atoms containing lone pairs because the attraction and repulsion
effects in the molecules are controlled by a variety of weak interactions, as mentioned by
Immel [46]. In fact, the charge distributions determine the different properties and
behaviour’s of the molecules in the different media. For this reason, in the section 3.1 we
have analysed in Table S3 the separation O-N and O-O distances between the electronegative
N and O atoms which have showed, for instance, that a shorter O6-11 distance could be an
important structural requirement for the high stability of an isomer of IDU due to the
available d orbitals of the | atom. When we analyzed the NPA charges on all the O atoms in
both media the most negative values are observed on the O3 and O4 atoms using the Lanl2dz
basis set, as compared with the Mulliken charges while the Mulliken charges on the N7 and
N8 atoms in both media at B3LYP/3-21G* level of theory show the most negative values, as
observed in Table S4. The analysis of these charges on the iodine atoms shows that the NPA
charges using both basis sets predicted higher values than those corresponding to the
Mulliken ones. When we analysed the bond orders, expressed as Wiberg indexes, whose
results are presented in Table S5, we observed that the Lanl2dz basis set predicted higher
values for the I, N, C and H atoms in general and, lower values for the O atoms. Note that the
higher bond order values are observed in the O5 and O6 atoms, as expected due to that their

bonds have the double character.
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A very important result was observed when the molecular electrostatic potential surface
mapped was investigated for C5 in the gas phase at the B3LYP/3-21G* level of theory
because the expected sites reacting with potential biological nucleophiles or electrophiles
were clearly observed, as shown Figure S5. Thus, this map has shown strong red colors on
the O4, O5 and O6 atoms indicating nucleophilic sites reacting with potential biological
electrophiles while the blue colours are observed on the H25, H27 and 11 atoms indicating
these sites as electrophilic sites reacting with potential biological nucleophiles. Obviously,
the mapped surface observed in the C5 configuration compared with that corresponding to
the most stable C3 conformer of thymidine (Figure S6) could explain the higher experimental

antiviral property observed for IDU than thymidine.
3.4. NBO and AIM analysis

Evidently, the C-I, C=0, N-H and OH groups and N and O atoms lone pairs belonging to the
C5 structure of IDU contribute to their energetic stability and, for this reason, the knowledge
of the type and interaction degree among those groups is important in order to understand the
chemical and biological properties of these species in the different media. Hence, NBO [34]
and AIM [36] calculations were employed to compute the stabilization energies and some
topological parameters of interest to evaluate the type and degree of interaction. Particularly,
in this study, we observed the importance of the basis set on the observed properties. Thus,
for C5, five main delocalization energy values are observed in Table S6 using the Lanl2dz
basis set, which are the AE,_, o, AE,, », AE, »~, AE n_, ~ and AE«_, ~ charge transfers
while when the 3-21G* basis set is used appear a new AE,_, ,~ charge transfer while
disappearing the AE,~_, » charge transfer. Besides, two new LP(2)0O2-—>c*n7.c10 and
LP(2)0O3—>0™04-128 Charge transfers are observed in both media using the 3-21G* basis set.
Note that using both bases sets the AE,_, ~ charge transfers are very weak as compared with
the other ones while the higher values are calculated for the AE,_, ~ charge transfers. This
way, the total AEt. contribution result higher using the Lanl2dz basis set than the other one
due to the additional 4E ~_, ,~ charge transfer observed only for this basis set. The study in
both media reveals the high stability of C5 due to the stabilization energies, which are mainly
associated to the presence of double C=0 and C=C bonds and the lone pairs of the I, O and N
atoms, as indicated in Table S5. Here, the antiviral activity observed for IDU could in part be
justified only using the 3-21G* basis set because the calculations show slightly polarizations

of the C16<«11 bonds from the 11 atom (polarized a 42.31%) toward the C atoms (polarized a
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57.69%) and, also, the presence of electrons available in the d orbitals (0.44%) of the iodine
atom. On the contrary, the Lanl2dz basis set reveals only the 11 atom polarized a 41.98% and
the C atoms polarized a 58.02%.

The topological properties for C5 in both media using both basis sets were also computed
with the AIM2000 program [36] in the bond critical points (BCPs) and ring critical points
(RCPs), as predicted the Bader’s theory [35]. Hence, the intra-molecular interactions
observed were characterized by using four parameters: (i) electron density distribution, o(r),
(ii) the Laplacian values, [12p(r), (iii) the eigenvalues (11, A2, A3) of the Hessian matrix and,
(vi) the 21/43 ratio. In fact, the interaction is covalent if 11/43 > 1, [°p(r) < 0 and p(r) and
[%p(r) have high values while in the highly polar covalent or of hydrogen bonds ionic
interaction those values are: A1/43 < 1 and [1%p(r) > 0 [47]. Here, the results for C5 in both
media using both methods are presented in Table S7 and the same reveal different
interactions, as observed in Figure S7 using the 3-21G* basis set. Thus, with this basis set
three BCPs and five RCPs in the gas phase are observed for C5 in gas phase where, RCP1,
RCP2, and RCP3 are the new RCPs formed by the three O---H BCPs and, where RCPg and
RCPs are those RCPs corresponding to the base and sugar rings, respectively. In solution
with this basis set, only two BCPs are predicted. Note that the lanl2dz basis set predicted in
gas phase only two BCPs (02---H26 and O3---H28) which are similar to those observed in
solution by using 3-21G* basis set while in solution with the lanl2dz basis set, only the O5---
H19 interaction and a new RCP with the same properties are observed. Obviously, the high
stability of C5 is evidenced by these H bonds interactions, as can be seen in Table S7. Both
NBO and AIM studies support the high stability of C5 in both media and, moreover, show the
importance of the basis set on the determination of these properties. When the p(r) and
sz(r) values for both rings of IDU are compared with the values corresponding to the most
stable C3 conformer of thymidine we observed that the effect of change the CH3 group by an
iodine atom is to increase those two values of the sugar ring (o(r)= 0.0386 a.u. and sz(r) =
0.2756 a.u.) while the values for the base ring decrease up to (o(r)= 0.0190 a.u. and sz(r)
=0.1484 a.u.). The differences observed are justified because the calculations were performed
on different basis sets.
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3.5. Gap and descriptors values

Many works have reported the importance of the use of the frontier orbitals to predict
reactivity and behaviors of species with different biological properties in diverse media
[19,25-31]. Thus, for the C5 configuration of IDU in both media, the HOMO-LUMO orbitals
and the chemical potential (u), electronegativity (y), global hardness (#), global softness (S),
global electrophilicity index (w) and global nucleophilicity index (£) descriptors were
calculated at B3LYP/Lanl2dz and 3-21G* levels of theory. These properties are presented in
Table S8 compared with the corresponding values for the antiviral thymidine [19] and
brincidofovir agents, where the latter antiviral drug is used for the treatment of the Ebola
disease [31]. The results show different behavior with the basis set and with the medium
considered. Thus, the calculations using both basis sets show that C5 is less reactive in gas
phase than in aqueous solution and, also, it is most reactive than thymidine and less than
brincidofovir. Hence, the interchange of an iodine atom by a CH3 group increases notably
their reactivities in both media and with the two basis sets, as proposed by Camerman and
Trotter [18]. Here, the low gap and global hardness (7) values and, the high global softness
(S) values for brincidofovir could explain their high reactivity against to idoxuridine and
thymidine. Besides, the pyrimidine ring of brincidofovir present high values of p(r)= 0.0212

a.u. and [2p(r)= 0.1644 a.u., as compared with the values of the base in IDU.
3.6. NMR study

Tables S9 and S10 show for the C5 isomer of IDU in aqueous solution the *H- and **C-NMR
chemical shifts, respectively by using the GIAO method [43] at the B3LYP/Lanl2dz and 3-
21G* levels of theory. These values were compared with the corresponding experimental
available for thymidine in DMSO-d6 and D,O from Refs. [48,49] by means of the RMSD
values. Note that the better correlation is observed for the H nuclei (2.34-2.33 ppm) whose
little differences could be attributed: (i) to that thymidine differs of idoxuridine by a CHj3
group, (ii) to the medium, because the theoretical values were calculated in agueous solution
while the experimental ones were registered in DMSO-d6 solution and, (iii) to the presence
of intra-molecular O---H bonds where the H25 and H28 atoms are involved, as observed by
the MEP map and AIM studies. Note that both methods predicted very low values for those
two H atoms in relation to the experimental ones observed of 5.25-5.04 ppm. In relation to
the calculated chemical shifts for the **C nucleus, we observed that the Lanl2dz basis set

predicted slightly higher values than the experimental ones, as can be seen in Table S10.
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Obviously, the correlation for these atoms isn’t very good due to presence of the CH3 group
in thymidine that modify principally the properties of the pyrimidine ring including the dipole
moment value that increases in solution up to 11.02 D, in relation to idoxuridine whose
dipole moment values are 9.14 and 4.00 D using the Lanl2dz and 3-21G* basis sets,
respectively. Possibly, another isomer of idoxuridine can be present in the solution that

modifies the chemical shifts, as reported for the antiviral emtricitabine by Shi-Yun et al. [50].
3.7. Vibrational analysis

To perform this analysis we have considered the C4 and C5 isomers because these species are
energetically stables using the Lanl2dz basis set while using the other one basis set C5 is the
only stable. In Figure 2 it is compared the available infrared spectrum of idoxuridine taken
from Ref [51] in Mujol mull with the corresponding predicted for C4 and C5 by using both
levels of calculations while their predicted Raman spectra for these species are compared in
Figure 3 with the available experimental in the solid phase taken from Ref. [52]. The
influence of the basis set on the infrared spectrum of the C5 isomer of idoxuridine in gas
phase using the hybrid B3LYP method and 3-21G* and Lanl2dz levels of theory can be
clearly seen in Figure S8. Note that the presence of the dimeric species justifies the two
strongest bands observed in the infrared spectrum in the higher wavenumbers region. The
optimized structures of both species using the two basis sets present C; symmetries and 78
normal vibration modes where all these modes have activity in IR and Raman. The observed
and calculated wavenumbers and assignments for the C4 and C5 isomers of idoxuridine are
summarized in Table 3. In fact, in this table we have also added the IR bands of IDU in the
solid phase taken from Ref [53]. The vibrational assignments were performed following the
SQMPFF procedure [32] with the Molvib program using both levels of approximations. In this
case, to calculate the corresponding harmonic force fields we used scale factors defined for

the 6-31G™* basis set [32]. The assignments for some groups are discussed below.
3.7.1. Band Assignments

Region 4000-2500 cm™. In this region, the N-H, OH and C-H stretching modes and, the CH
antisymmetric and symmetric modes are expected for C4 and C5 in both media. In general,
we observed that the SQM calculations for C5 using the Lanl2dz basis set predicted the
frequencies to higher wavenumbers than the 3-21G* basis set, as observed in Table 3. Hence,
the broad and intense IR band at 3319 cm™ can be easily assigned to the N-H, OH and C-H
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stretching modes while the weak Raman band at 3088 cm™ and the very intense band at 2866
cm™ are assigned to the antisymmetric and symmetric CH, stretching modes, respectively
and, to the C9-H18 and C12-H22 stretching modes, as predicted by SQM calculations. Note
that the two intense bands predicted at 3370 and 3212 cm™ in the IR spectrum of the dimer
also support the two strong bands observed in the experimental IR spectrum, as shown Figure
2. Besides, these wide bands suggest the intra-molecular H bonds formation, as reported for

the antiviral thymidine [19].

Region 2000-1000 cm™. The Lanl2dz and 3-21G* SQM calculations predicted modes
strongly coupled in this region, thus between 1692 and 1542 cm™ are predicted the C14=05,
C17=06, C15=C16 stretching modes while between 1564 and 1400 cm™ are predicted some
in-plane N-H, C-H, and OH deformation modes together with the CH, deformation modes,
hence, all these modes are associated with the bands observed in those regions, as indicated
in Table 3. Probably, that coupling increase the intensities of the IR bands located at 1446
and 1258 cm™ in the experimental spectrum. On the other hand, the CH, wagging, rocking
and twisting modes and the N7-C15, N8-C14, N8-C17, C12-C13, C9-03, C16-C17
stretching modes are also expected in this region, for this reason, the IR and Raman bands
observed between 1401 and 1010 cm™ are assigned to those vibration modes. Notice that for
C5 in both media, the 3-21G™* basis set predicted a deformation ring mode between 1039-
1020 cm™ while the remaining modes are predicted at lower wavenumbers. Additionally, we
observed from Figure 2 that the IR spectrum for C5 using the 3-21G* basis set present a

better concordance in this region with the corresponding experimental one.

Region 1000-20 cm™. Some expected C-O and N-C stretching and out-of-plane NH, CH and
OH deformation modes in this region are strongly coupled among them and, besides, these
modes are observed in different regions using the different basis sets, as can be seen in Table
3. For these reasons, all these modes were assigned in accordance with the calculations. In
both conformers, the torsion rings modes are predicted using the two basis sets between 410
and 20 cm™, as shown in Table 3 while the SQM calculations with both bases sets predicted
the C-l stretching modes between 215 and 193 cm™, for this reason, this mode in both

isomers can be associated to the Raman band at 210 cm™.
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3.8. Force fields

The harmonic force fields for C4 and C5 using the Lanl2dz and 3-21G* basis sets were
computed with the SQM method [32] and the Molvib program [43] in order to obtain the
harmonic force constants expressed in internal coordinates. Afterwards, these constants were
compared with those calculated for the antiviral zalcitabine [54] using the B3LYP/6-31G*
method in Table 5. The results for C4 and C5 show slight variations with the basis sets and
with the different media employed, thus, the f(+O-H), f(vN-H) and f(+C=0) force constants
evidence the higher changes presenting the f(vC=0) constants the higher values using the 3-
21G™* basis set. Notice that for both conformers the f(vC-O)on, f(+vO-H) and f(+C=0) force
constants are slightly modified in solution as a consequence of the hydration of these sites
with water molecules. The variation in the f(1C-O)as constants corresponding to the sugar
rings show the influence of the hydration of these OH sites on the C-O distances of the ribose
ring. The higher force constant values for zalcitabine, in relation to idoxuridine can probably
in part be justified because their values were calculated using the 6-31G* basis set and, in
part by the absences of a C=0 group and the presence of an NH; group in the pyrimidine ring
and of an OH group in the sugar ring. In general, it is possible to observe a very good
concordance in the force constant values in relation to those reported for compounds with
similar groups [19,27-29].

4. UV-visible spectrum

In Figure 4 are presented the predicted electronic spectra for the C5 isomer of IDU in
aqueous solution using both basis sets compared with the available experimental spectra for
thymidine in aqueous solution [55] and for idoxuridine in methanol, water and 0.1 M HCI
solutions [56,57] while in Table S11 are presented the positions and intensities of the
observed bands and of the TD-DFT calculated absorption wavelengths. Note in all the cases
the influence of the solvent on the positions of the two experimental bands. The assignments
of these bands were performed taking into account the different charge transfers predicted by
using NBO calculations. In fact, the position of the maxima in the different spectra can be
attributed to the n— #* transitions from the lone pairs of the 11, N7, N8 atoms to the C=0
and C=C antibonding orbitals, as was detailed in Table S6. When we compared the electronic
spectra of thymidine and idoxuridine we observed clearly that the presence of a CH3 group

and the absence of a C=0 in thymidine produce the shifting of both bands toward lower
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wavelengths whiles the presence of the iodine atom and of two C=0O groups in idoxuridine

shift the bands towards higher wavelengths.
5. CONCLUSIONS

In the present work, the theoretical molecular structures of five isomers of idoxuridine, two
Cis, and three Trans configurations, were determined by using the hybrid B3LYP method
with the Lanl2dz and 3-21G* levels of theory in gas and aqueous solution phases. Here, the
structural properties and the spectroscopic studies were performed only for the C4 and C5
isomers according to the experimental anti-structure reported for idoxuridine. Hence, the
infrared, Raman, *H-NMR, *C-NMR and UV-visible spectra predicted for the two most
stable isomers by using the 3-21G* basis set in the two studied media show a reasonable
agreement with the corresponding available experimental spectra. The presence of bands
associated with a dimeric species of idoxuridine was also evidenced in the experimental FTIR
spectrum. The Mulliken, NPA charges, solvation energies and the NBO and AIM studies
evidence clearly the notable influence of the basis set on the properties analyzed. Hence, the
antiviral activity observed for IDU can in part be justified using the 3-21G* basis set because
these calculations show slightly polarizations of the C16<«11 bonds and electrons available in
the d orbitals of the iodine atom. The frontier orbitals show that the presence of the iodine
atom in idoxuridine increases their reactivity as compared with thymidine while idoxuridine

is less reactive than brincidofovir, an antiviral drug used against the Ebola disease.
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Table 1. Comparison of calculated geometrical parameters for the most stable C5 isomer of Idoxuridine
in gas and aqueous solution phases

B3LYP/LANL2DZ? B3LYP/3-21G**
Parameters Exp
Gas phase PCM Gas phase PCM

Bond lengths (A)

C16-11 2111 2.112 2.116 2.118 2.050
Cl6-C17 1.469 1.457 1.459 1.450 1.490
C15-C16 1.366 1.366 1.350 1.354 1.340
C17-06 1.248 1.267 1.233 1.245 1.210
C17-N8 1.423 1.405 1.420 1.406 1.360
C14-N8 1.390 1.388 1.386 1.383 1.380
C14-N7 1.403 1.396 1.402 1.396 1.370
C15-N7 1.403 1.388 1.379 1.370 1.370
C10-N7 1.490 1.490 1.509 1.511 1.490
C10-02 1.451 1.465 1.446 1.451 1.420
C12-02 1.490 1.494 1.497 1.496 1.420
C10-C11 1.544 1.544 1.533 1.532 1.550
C9-C11 1.539 1.540 1.540 1.536 1.560
C9-C12 1.548 1.537 1.552 1.551 1.530
RMSD 0.037 0.038 0.037 0.037

Bond angles (°)

N8-C17-06 119.8 119.6 120.7 120.5 121.0
N8-C14-05 123.3 121.6 124.0 123.7 119.0
C17-Cl16-11 118.3 119.1 116.4 116.5 119.0
C15-C16-11 121.4 121.3 122.6 122.7 123.0
C14-N7-C15 122.0 121.3 122.0 122.2 123.0
N7-C10-02 108.1 108.6 108.0 107.7 109.0
N7-C10-C11 114.0 113.9 111.4 111.3 114.0
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C10-02-C12 109.7 109.4 109.7 109.6 111.0
C11-C10-02 105.4 106.2 106.1 106.8 109.0
C9-C11-C10 102.6 103.7 102.4 102.8 104.0
C9-C12-02 105.7 104.3 104.9 104.4 110.0
C12-C13-04 110.5 110.5 109.7 109.6 113.0
RMSD 2.3 2.3 2.7 2.7

Dihedral angle (°)

02-C10-N7-C14 -168.7 -128.7 -179.9 -172.2 -67.0#
02-C10-N7-C15 9.6 50.4 -6.8 5.3 81.0
C11-C10-N7-C14  74.3 112.9 63.7 70.8
C11-C10-N7-C15  -107.2 -67.8 -123.1 -111.5
N7-C15-C16-I1 179.9 179.9 -179.4 -179.7
02-C12-C13-04 168.1 -174.4 -171.6 -178.3
02-C12-C9-03 -95.7 -83.0 -147.8 -149.1
N7-C10-02-C12 -142.9 -123.8 -103.5 -109.8
N7-C10-C11-C9 152.6 142.5 84.2 88.2

RMSD# 101.7 61.7 79.8 74.4

RMSD 71.9 43.6 87.8 75.7

*This work, "From Ref [18]
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Table 2. Calculated solvation energies (AG) for the stable C5 conformers of idoxuridine

PCM/B3LYP?

AG (kd/mol)

LanL2DZ

Conformers AG,” AGre AG,

C1l -147.94 24.95 -172.89
C2 -162.10 25.46 -187.56
C3 -157.38 26.12 -183.50
C4 -159.48 25.58 -185.06
C5 -137.18 25.58 -162.76
3-21G*

Cl -74.49 25.00 -99.49
C2 -131.15 24.12 -155.27
C3 -110.28 25.37 -135.65
C4 -108.59 26.50 -135.09
C5 -99.67 24.83 -124.50

_ #
AGc = AGuncorrected - AGTotal non-electrostatic
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Table 3. Observed and calculated wavenumbers (cm™) and assignments for the C4 and C5 isomers of
idoxuridine in gas phase and aqueous solution

BLVE LBNLIDT EEIN=TE RS Lo
Experimental = =3 5
Gas phaze Agqu=cus molution Gas phase Aquecus salution Gas phase Aguecus malution
I IR Raman” SO Aszignment SONT Asignment SoT Hzignrment SO Aszignment SOT Azignment SOMT Aszignment
35 w03-HIS 3586 vod-HIE 3 w03 3535 w04-HIB 3383 wNE-HZT 37 wOs-HIS
3359zh  338Em 3498 yO4-HIE 3535 yO3HIS 3526 u04-HZB 3535 yO3-HS 376 4O3HS 3354 yNB-HZY
395 3343sh 3857 wlE-HIT 3433 yME-HIT 3457 uNE-HIT 34IF yNE-HIT 3242 yOd-HIE 34 yC15-H2E
3240 sh 3303k 33 4C15-HIS M3 yC15-H2§ 3138 4C15-H2S 336 yC1S-HEZE 332 yCl5-H2E 3065 yO4-HIE
76w 3088w 3040w CH{C1S) 3062 oCI0HI8 3073w CH(CL3) 3064 oCI0-HID 3064 yCH(CLL) 3063w CHCLY)
3028sh 3028w 3038 wCH(CLL) 3047 wCH(CLS) 3049 wCHCLL) 3056 wCH(CLS) 5005 wCl2-Hz2 3024 wC10-HI9
2891 vw 991 yCI0-HI19 3042 wCHCIL) 298 yCI0-HIO 3042 wCH(CLL) 3002 yCI0-HIg 3008 wC12-H22
2852ws  2877m 2885 wiZ3-H1E 3003 wiD3-H1E 28565 wCH.{C11] 5000 vC3-H1E 2088 w/CHL(C13) 2093 wiZ3-H1E
2021ws 2073k 2966 LCI2HZZ 0 2981 4 CHJC13] 2045 LOB-HIB 2975 wCHJE1Y] 2977 wCHJCLY) 298l wCHLC1Y
2BS6ws 2BS3sh 294Bw 2961 wOH(C13) 2976 wOHJC11) 2828 wCHJC13] 2958 o01Z-HZ2 0 2833 oO8-HIS IR aCH,C13)
2B26vs 2B51ws 2821w 2858 wCHJ(C1Y 2863 yCl2-HZz 0 2818 yol2-HZz 0 2855 wOHJCLE] 2B wOHJC13]  2ES6 wCHLCLE)
1683 vs 1702vs 168Gch 1648 4014=D5 1604 yo15=Ci6 1645 401405 1583 oC15=cis 1682 4C17=06 1635 yC14=05
1665vs 1675ws 1675vs 1617 4C17=D6 1564 BME-HZT 1615 4C17=06 1558 4C14=08 1678 4C149=08 1616 C17=06
1600 m 1609:  1B08: 1583 vC15=C16 1542 vC17=06 1582 wC15=C16 1542 vC17=06 1587 vC15=C16 1575 vC15=C16
1455 1481r  148Im L4 50, (C13) 1449 ocaoH1s 1945 sodqc1yy 0 1455 zoagH1s 1503 soeqc1d) 1503 SC1304H2E
1434zh 1427w 1MdBch 145 5gH(c11) 1437 EoC13) 1435 E0M 013 1433 SoM,(013) 1489 SCIS0amRE 1480 5C0H,(0L3)
1816w 1413w 1416w 1435 SCI04H8 1428 SC 011y 1417 oi0-H1s 1426 sod(e1ry 1483 soqo1ny 1453 s (01N
1401w 130w 1399 CoHis 1413 pCIS-HPE 1403 waglHC13) 1407 oCS-HIZ 1417 BME-HZT 1422 gCe-H1E
1304:h 1307w 1384 pNE-HZT 1807 SCE-HIB 1395 o'C5-HIB 1400 pCiSHEE 1415 oCS-HIB 1815 CA0-HIS
1385w 1381 m 1383 wagfH(013) 1385 oopaHzz 0 1392 BME-HET 1388 waglH(C13) 1402 oo13-HE2 1402 guE-HIT
1373:h | 1373 zo1a-HE: 1382 waglHC13) 1372 ~C10H1D 1372 BME-HZ7 1335 goioH1s 0 1388 soizma
cC10-H19 £CH.{C13]
1360 m 13850 1371 1370 WC1=05 1381 1350 SC1304HIE 1375 oCO-HAD 1380 waplH(C13)
BC15-H2E 5C1304HIR
1360:h 1354w  1353: 1358 5Ci3oqnze 1358 oC10-HID 1336 oC13-H22 1387 ocioHio 1333 oCi0oHIo 1357 -CI0-HID
1381w 1345 poishe 1345 sc13oaHzE 1343 BCISHEE 1352 sotzdzz 1330 wegtHioly 13m  FCA0HLS
£C10-H1D
EC15-H2E 5C1304HZE £CO-HiB £C10-H1D
1337 sh 1334 1341 1334 1340 1318 BCIS-HIE 1334 pCB-HIB
pC8-HLE w014 wagtH,(C11) o' C10-H18
1328 sh 1377 oC10-H1S 1333 o05-HIE 1335 pC10-HIS 1335 wagCHJCIL) 1318 7014 1312 W71
1204:h 1208m 1313w 1313 poipHrz 1316 ooizHz3 1300 gopnedpn 0 1312 goizpa 1287 ooinMra 13000 BLogCsHIS
1280 m  1270m 1260w 1283 waplH(CLY) 1301  wapCH(CL1] 1281  waplH(CLL) 1203 ~co-Him 1365 waglH(CL1) 1374 ~ci3H22
12585 1257 m 1265  wN7-CIS 1257 wNB-C14 1262 yNP-CIS 1258 yNB-CI4 1255  5CO03HIS 1256 wagCHLCLY)
1245 m 1241w 1203 oCH,CI5) 1215 pCHjci1) 1212 pos-His 1214 poHCa3) 1236 uNTClS 1242 WNI-CIS
193m 1208w l22m 1208 S0 fild 1202 SCO0BHZS 1197 oCHJCR1] 1203 oCHJCRl) 1230 pCHLCES) 1212 pCHL{CI3)
5CA03HS
1180 sh 1173 whE-C1d 1182 wNB-C17 1158 wiNE-Cl1d 1188 SCA0SHIS 1187 SCHLC11) 1181 pCH{C11)
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[0, stretching; (1, scissoring; wag, wagging or out of plane deformation; [, rocking; [, torsion; twist, twisting;
a, antisymmetric; s, symmetric ; ip, in-phase; op, out-of-phase; R, ring; pyrimidine ring, (A6); sugar ring, (A5)

*This work, "From Ref [51], “From Ref [52], “From Ref [53], *'From scaled quantum mechanics force field
B3LYP/Lanl2dz, °From scaled quantum mechanics force field B3LYP/3-21G*

Table 4. Scaled harmonic force constants for the stable conformers of in gas and aqueous solution phases
by using

Idoxuridine® Zalzitabine®
Force B3LYP/LanL2dz B3LYP/3-21G* B3LYP/6-31G*

Gas PCM Gas PCM  Gas PCM
constant

C4 Cs5 C4 C5 C5 C5 C1 C2 C1 C2
f(+O-H) 6.98 6.94 6.99 7.01 6.12 5.79 7.15 717 7.14 7.19
f(WN-H) 6.63 6.63 6.49 6.53 6.38 6.24 6.79 6.82 6.78 6.74
f(VC-H)as  5.39 541 537 5.38 5.38 541 5.30 3.48 5.38 5.31
f(C-H)ps 4.85 489 5.04 5.04 4.84 497 480 465 4.84 4.74
f(vC=C) 7.77 7.80 7.77 7.79 7.99 7.80 7.83 797 792 8.07
f(+C=0) 9.79 9.81 8.75 8.73 10.74 10.00 11.30 1145 09.72 9.99
f(VC-O)ps  3.94 3.92 3.68 3.71 4.01 396 436 447 468 4.27
f(LC-0)oy 4.39 418 4.23 4.23 4.45 4.27 5.18 509 4.83 4.79
f(vC-N) 5.26 5.28 5.39 5.39 5.04 5.13 5.99 6.01 6.06 6.09
f(MC-C)pg  4.87 485 5.16 5.17 4.62 4.85 5.57 555 573 5.73
f(LC-C)as  3.97 4.02 4.04 4.04 3.90 3.94 3.96 3.96 3.98 3.97
f(oH-C-H) 0.74 0.76 0.70 0.74 0.81 0.80 0.76 054 0.74 0.74
f(oC-O-H) 0.75 0.80 0.79 0.79 0.96 1.03 0.83 082 0.79 0.75

v, stretching; &, angle deformation.

Units in mdyn A™ for stretching and mdyn A rad  for angle deformations
This work

°From Ref [54]
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