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Density functional calculations (DFT) by various methods were performed to clarify wavenumber assign-
ments of the experimental observed bands. A comparison with the molecule of uracil was made, and spe-
cific scale factors were deduced and employed in the predicted wavenumbers of 5-IU. Comparisons were
also performed with other halo-uracil derivatives. The scaled wavenumbers were compared with IR and

Raman experimental data. Good reproduction of the experimental wavenumbers is obtained and the %
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error is very small in the majority of cases. The equilibrium geometry of 5-IU was also calculated at sev-
eral levels, as well as the atomic charges and several thermodynamic parameters. All the tautomer forms
of 5-iodouracil were determined and optimized. Several general conclusions were underlined.

© 2009 Published by Elsevier B.V.

1. Introduction

The halogenated pyrimidines have been synthesized in the
1950s as potential antitumor agents after the discovery that cer-
tain tumors preferentially incorporated uracil rather than thymine
into the DNA [1]. Among these compounds the 5-halogenated ura-
cils have special attention [2]. They have been found to exert pro-
found effects in a variety of microbiological and mammalian
systems [3], and they have been used as antitumor [4], antibacte-
rial [5], and antiviral [6] drugs. In this last case, they have been
tested against HIV [7] and HSV [8]. Influence of halogenation on
the properties of uracil and its noncovalent interactions with alkali
metal ions has been also reported [9]. Extensive work, both theo-
retical and experimental, has been done with the structural ana-
logues of pyrimidine metabolites, i.e. the preparation and
properties of oligodeoxynucleotides containing 5-1U [10], the study
of alkenyl acyclonucleosides derivatives of 5-halogenouracil as
antiviral and antitumoral agents [11] or the photoreactivity of 5-
iodouracil (5-1U) containing DNA-Sso7d complex in solution [12]
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have been reported. In previous works, we have studied 5-fluoro-
uracil [13], and 5-bromouracil [14] molecules, and other uracil
derivatives [15]. Now in order to extend this study further, in the
present paper we undertake the study of 5-IU molecule.

5-IU is an important antimetabolite like other halogenated ura-
cils, being in the case of 4-aminobutyrate aminotransferase the
most effective inhibitor [4]. For the study of the effects of its incor-
poration to the RNA [16], and the identification of the binding site
of the nucleic acid-protein complexes has been used the photo-
cross-linking technique [17]. Some of 5-IU derivatives have also
antitumor activity [18], and have been used in the treatment of
hepatitis B infections [19]. Some of 5-IU based nucleoside ana-
logues have been found to be selective inhibitors of herpes simplex
viruses [20].

From the spectroscopic point of view, Electronic Absorption
[21,22], Thermoluminescence emission [23], Electron Spin Reso-
nance, NMR [24,25], mass electron- and chemical-ionization spec-
tra [26] measurements of 5-IU and other substituted uracils have
been reported. The particular interest [27] is due to the biological
effects of the radiation on these molecules. The irradiation with
ultraviolet light causes changes in the infrared spectrum [28], pos-
sibly associated with the formation of loosely associated species.


http://dx.doi.org/10.1016/j.theochem.2009.10.003
mailto:v_krastogi@rediffmail.com
http://www.sciencedirect.com/science/journal/01661280
http://www.elsevier.com/locate/theochem

30 V.K. Rastogi et al./Journal of Molecular Structure: THEOCHEM 940 (2010) 29-44

Thus what is happening is photocleavage of the iodine to make a
radical.

It is surprising that the vibrational spectra of 5-IU, taken for
low-temperature matrices and for the polycrystalline state, have
been looked into relatively little [18,29-32], and that the literature
assignments of a number of fundamental vibrations are often in
conflict. The assignments of the bands have been mainly based
on normal coordinate analysis together with a comparison with
the assigned spectrum of uracil. Only Zwierzchowska et al. [30]
have reported ab initio calculations but of some stretching frequen-
cies, and Dobrowolski et al. [33], the best paper, with calculations
at the B3PW91/6-311G** level and Ar matrix spectra of the five 5-
halouracil derivatives. However, doubts appear in the assignment
of several bands or this assignment is not enough accurate. In
the present study we try to clarify the matter with the use of sev-
eral ab initio quantum chemical methods, and accurate scaling pro-
cedures. The assignment was performed according to the definition
of the normal modes of the uracil molecule [50]. Moreover, we
have included a study of its tautomerism for the first time.

2. Experimental

5-lodouracil (solid state) of spectral grade was purchased from
M/s Aldrich Chemical Co (Milwankee, WI, USA) and used as such
without any further purification.

The FT-Raman spectrum of 5-iodouracil was recorded at room
temperature in the powder form in the region 50-4000 cm™ on a
Bruker IFS66 optical bench with an FRA 106 Raman module attach-
ment. The sample was mounted on the sample illuminator using
an optical mount and no sample pretreatment was undertaken.
The NIR output (1064 nm) of an Nd: YAG laser was used to excite
(the probe) the spectrum. The instrument was equipped with a li-
quid-nitrogen-cooled Ge detector. The laser power was set at
100 mW and the spectrum was recorded over 1000 scans at a fixed
temperature. The spectral resolution was 6.0 cm ™! after apodisation.

The mid-infrared spectrum of the compound form 400-
4000 cm™! was recorded with a Perkin Elmer FT-IR model 1760 X
instrument, using the KBr technique with 1 mg sample per
300 mg KBr. For the spectrum acquisition, four scans were col-
lected at 4 cm™! resolution.

3. Computational methods

The calculations were carried out by using semiempirical and ab
initio quantum chemical methods. As semiempirical methods, AM1
[34] and SAM1 [35] were selected, which are implemented in the
AMPAC 5.0 program package [36], being the AM1 also included
in the GAUSSIAN 03 package [37]. As ab initio methods were uti-
lized the HF and the B3LYP [38], both with the 3-21G** split va-
lence basis set. The use of this small basis set is because for the
iodine atom, it is the largest standard gaussian basis set available
in the GAUSSIAN. To avoid this limitation, the DGDZVP basis
[39], Stevens-Basch-Krauss ECP triple-split basis (CEP-121G)
[40], and the Stuttgart-Dresden ECP basis (SDDAII) [41] were also
used with the B3LYP method. These basis sets have been previ-
ously tested on the uracil molecule.

In all cases, the optimum geometry was determined by mini-
mizing the energy with respect to all geometrical parameters with-
out imposing molecular symmetry constraints. The keywords OPT
and FREQ were used for optimization and frequency calculations,
respectively with the GAUSSIAN, while the PRECISE and FORCE
keywords correspond to the AMPAC 5.0. In the optimization was
used the TIGHT criteria of convergence with GAUSSIAN and the
GNORM = 0.001 with AMPAC.

4. Results and discussion
4.1. Geometry optimization

The optimized bond lengths and angles in 5-IU using AM1,
SAM1, HF and B3LYP methods are given in Table 1, while the label-

Table 1

Optimized and experimental geometrical parameters, bond lengths (in A) and angles (in degrees) obtained in uracil and 5-iodouracil.
Parameters 5-1U Uracil®

AM1 SAM1 HF/3-21G** B3LYP/DGDZVP X-ray® B3LYP/DGDZVP X-ray*© Electron diffraction

Bond lengths
N1-C2 1.4180 1.412 1.3808 1.3939 1.36 1.3955 1.369(2)¢ 1.395(6)¢
C2-N3 1.3982 1.402 1.3741 1.3865 1.38 1.3857 1.369(2)¢ 1.391(6)¢
N3-C4 1.4111 1.415 1.3942 1.4109 1.38 1.4140 1.369(2)¢ 1.415(6)¢
C4-C5 1.4721 1.488 1.4636 1.4722 1.44 1.4614 1.430(3) 1.462(8)
C5=C6 1.3657 1.371 1.3296 1.3557 1.32 1.3532 1.340(2) 1.343(24)
N1-C6 1.3735 1.386 1.3744 1.3778 1.37 1.3786 1.3557° 1.396
N1-H 0.9952 0.999 0.9889 1.0131 1.0126 - 1.002¢
C2=0 1.2477 1.268 1.2093 1.2207 1.20 1.2219 1.230(2)¢ 1.212(3)
C4=0 1.2398 1.255 1.2091 1.2207 1.24 1.2246 1.230(2)¢ 1.211(3)
C-1 2.0076 2.132 2.1044 2.1056 2.11 1.0824 -
Bond angles
N-C2-N 117.75 116.0 113.17 112.81 114.9 113.12 114.0(1) 114.6(20)
C-N3-C 123.22 125.6 128.36 128.65 126.5 128.04 126.7(2) 126.0(14)
N-C4-C 116.21 114.0 113.38 113.18 113.0 113.62 115.5(1) 115.5(18)
C4-C5=C6 119.67 121.3 119.62 119.68 122.0 119.82 118.9(2) 119.7(21)
C2-N1-H 117.39 1171 116.04 115.25 115.02 = 115.7¢
N3-C2=0 122.43 122.6 123.91 124.24 120.2 124.22 122.3° 121.6
C4-N3-H 119.43 1183 115.95 115.78 116.37 - -
N3-C4=0 117.58 120.2 120.69 120.33 120.1 120.27 119.1° 120.2
C4-C5-1 120.47 119.1 117.72 118.43 116.4 118.30 - 118.1¢
C=C6-H 122.39 123.0 122.36 122.65 122.61 - 122.8°

¢ From Ref. [47].
> With H11 instead of 111, from Refs. [42,43].
¢ From Ref. [44].
4 Mean value.

¢ Fixed parameter.

f Determined with the data reported in Refs. [42,44].
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ling of the atoms is plotted in Fig. 1. For comparison purposes, in by X-ray and by electron diffraction in the molecule of uracil
the last two columns of Table 1 are collected the values obtained [42-44]. Although X-ray data of complexes of 5-IU with transition
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Fig. 1. Structures and labeling of the atoms in the neutral form of 5-iodouracil tautomers. (U1) 2,4-dioxo 5-iodouracil, (U2) 2-hydroxy-4-oxo 5-iodouracil, (U3) 2-oxo0-4-
hydoxy 5-iodouracil, (U4) 2,4-dihydroxy 5-iodouracil, (U5) 1H-2-hydroxy-4-oxo 5-iodouracil, (U6) 3H-2-0x0-4-hydroxy 5-iodouracil, (U7) 1H-2,4-dioxo 5-iodo(1H)uracil,
(U8) 2-0x0-4-hydroxy 5-iodo(1H)uracil, (U9) 3H-2,4-hydroxy 5-iodo(1H)uracil, (U10) 1H-2,4-hydroxy 5-iodo(1H)uracil.
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metals [45] and with dihydropyrimidine dehydrogenase [46] have
been reported, but only few data appears for 5-1U [47].

The molecule is completely planar, so torsional angles are 0° or
180°, in general accordance to that obtained experimentally, where
the 5-IU molecules form planar, H-bonded ribbons stacked. Never-
theless small deviations of the planarity [47] have been reported in
the crystal due to the intermolecular H-bonds. The iodine atom
also forms a close contact of 3.76 A with carbon atoms of an adja-
cent pyrimidine ring, which also deviates this iodine atom from the
planarity. The halogen affects the solid state base-stacking pat-
terns, and it has been suggested that stacking interactions involv-
ing the halogen may contribute to the unusual physical and
biological properties of the molecule.

The iodine atom appears out-of the symmetric axis through the
C4-C5 and C5-C6 bonds. The tilt angle ¢ between this axis and the
C-I bond, Fig. 2, has the value of 1.7°, very close to that of uracil,
1.8°, calculated at the B3LYP/DGDZVP level as well as the B3LYP/
6-311++G(3df,pd). Also the O8 atom appears out-of the symmetric
axis through the N1-C2 and C2-N3 angles. The tilt angle ¢ between
this axis and the C2=08 bond has the small value of 0.6°, also very
close to that of uracil, 0.8°. The calculated C-I bond is in accordance
with the X-ray value reported in iodobenzene [48], 2.05 + 0.01 A.

It is noted that the calculated length of the C-N and C-C single
bonds are intermediate between the corresponding aromatic and
the saturated bond. Thus some aromatic character is on the ring
structure. These values appear overestimated, specially the N1-
C2 bond. The values determined by AM1 are in general, ca.
0.005 A, shorter than those by SAM1, but higher than HF and
B3LYP, which are the closest to the electron diffraction results. X-
ray data differs remarkably due to the intermolecular bonds.

In the angles, small differences, ca. 2°-4°, are observed with the
different methods, being close between HF and B3LYP. The highest
differences correspond to the N-C-N and C-N-C bond angles.

4.1.1. Other 5-halouracil derivatives
Several selected calculated geometrical parameters of interest
in F-, Cl- and Br-uracils are listed in Table 2. The experimental data

‘8‘

Fig. 2. Definition of the deformation tilt angles (&) in one of the tautomers.

U9

Fig. 3. Other view of the optimized tautomer U10.

Table 2
Optimized geometrical parameters, bond lengths in A, angles in degrees, calculated at
the B3LYP/DGDZVP level in 5-XU derivatives.

X= F Cl Br

C5-X 1.3438 1.7338 1.8950
C4-C5 1.4674 1.4730 1.4719
C5=C6 1.3487 1.3542 1.3541
N3-C4 1.4084 1.4100 1.4110
C2=0 1.2212 1.2208 1.2207
C4=0 1.2202 1.2196 1.2197
C4-C5-X 117.29 118.26 118.36
C4-C5=C6 121.61 120.15 120.20
N3-C4-C5 112.17 112.82 112.79
N1-C2-N3 113.11 112.87 112.87

by X-ray has been reported in 5-FU [49], 5-CIU and 5-BrU [49b] to
test these values.

The optimized ring structure of these molecules is planar, in
agreement with their experimental data available on uracil and
5-fluorouracil (5-FU). With the 5-substitution on the uracil ring,
several key effects and certainly inter-related, can be underlined
that produces the marked differences in the biological and phar-
macological activities of these nucleobases:

(i) The first effect, and the most important, is the drastic change
of their functional ones expressed in terms of intermolecular inter-
actions. With the increase of the electronegativity of the halogen
atom is produced an increment in the perturbation in the elec-
tronic environment of the heterocyclic ring, and the new possibil-
ity of intermolecular H-bonds through this halogen atom. It also
increases the polarizability of the nucleobases. The calculated nat-
ural atomic charge on the fluorine atom was —0.36, while on the
chlorine and bromine atoms was 0.006 and 0.09, respectively,
and on the iodine atom 0.22.

It is noted that in 5-FU the fluorine atom withdraws electrons
from C5 atom, and it changes from a negative charge, —0.37 in ura-
cil, to a positive charge of 0.31 in 5-FU. Consequently, the positive
charge on the C4 and C6 atoms is reduced in 5-FU by 0.05 and 0.09,
respectively.

In 5-chlorouracil (5-ClU) and 5-bromouracil (5-BrU), with a
small positive charge of the halogen atom, the reduction of the
negative charge on C5 atom is much lower than in 5-FU. The charge
on C5 atom is —0.16 in 5-ClU and —0.25 in 5-BrU. This fact leads to
more close geometric parameters with uracil than with 5-FU.

In 5-1U the charge on the iodine atom (0.22) is very close to the
related hydrogen atom of the uracil molecule, 0.24. This fact leads
to similar atomic charges on C5, —0.39 vs. —0.37 of uracil, and on
C4, 0.71 vs. 0.72 of uracil, and C6, 0.08 vs. 0.09 of uracil; and con-
sequently the ipso angle C4-C5=C6 is similar, 119.7° vs. 119.8° in
uracil, while in 5-CIU and 5-BrU are 120.15° and 120.2°,
respectively.

(ii) From 5-FU to 5-IU, the C4-C5-X and C6-C5-X angles are in
general opened which produce a reduction of the tilt ¢ angle, from
1.9°in 5-FU to 1.7° in 5-CIU and 1.5° in 5-BrU. 5-1U is an exception,
and the ¢ angle increases to 1.7°. The C4-C5-X angle is always low-
er (from 3.1° to 3.8°) than the C6-C5-X angle.

The N1-C2-08 angle is always higher than the N3-C2-08 an-
gle, from 0.6° to 1.6°. The tilt ¢ angle is very low in 5-FU, 0.3°, while
in 5-ClU, 5-BrU and 5-IU has the same value, 0.6°.

(iii) Other small effects appear with the substitution, in special
from 5-FU to 5-CIU, such as, a small increase of the C4-C5 and N3-
C4 bonds and a shortening of the C4=0 bond, while the C2=0, N1-
C2 and C2-N3 bonds remain almost unchanged. This fact produces
a slightly closening of the ipso angle C4-C5=C6, ~1.5°, and opening
of the N3-C4-C5 angle, ~0.6°, while the N1-C2-N3 angle is little
affected, 0.2°.
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4.2. Vibrational wavenumbers

The scaled IR and Raman spectra of 5-IU are reproduced in
Figs. 4-7. The study is divided in the 3550-3350 cm ™' range, Figs. 4
and 5 corresponding to the IR and Raman spectra, respectively, and
in the 2000-50 cm~! range, Figs. 6 and 7 corresponding to IR and
Raman, respectively. For comparison purposes, in the bottom of
Figs. 6 and 7 are shown experimental spectra. The molecule under
study belongs to the C, point group with the normal mode distribu-
tion 21a’ +9a”. According to the selection rules, both a’ and a”
vibrations are allowed in Raman and IR spectra. a’ vibrations are
totally symmetric and gives rise to depolarized Raman lines.

The harmonic vibrational bands computed with the quantum
chemical methods used are shown in Table 3. The first column lists
the calculated wavenumbers (in cm™!) with AM1, while the second
column collects their relative infrared intensities (A) in %. They
were obtained by normalizing the computed value to the intensity
of the strongest band, the v(C2=0) mode in 5-IU. Similar results
were determined using the SAM1 method, columns 3-4th. With
HF calculations were obtained the relative Raman intensities (S),
7th column. With the B3LYP method and different basis set were
obtained the values of columns 8-17th. The Raman depolarization
ratios for plane polarized (P) and unpolarized (U) incident light,
and the force constant (f) in mDyne/A, are shown in the 15-17th

33

columns, respectively. The values reported [33] at the B3PW91/
6-31G** level is shown in the 18th column. In the last two columns
appear the characterization of the local modes of 5-IU using the
definition of the ring normal modes of uracil [50]. The calculated
% Potential Energy Distribution (PED) of the different modes for
each vibration corresponds to B3LYP/DGDZVP. Similar results were
determined with the other methods. Contributions lower than 10%
were not considered.

An improvement can be carried out on the computed wave-
numbers by the use of scaling procedures. To scale the wavenum-
bers, the simplest procedure is using an overall scale factor [51],
which is the procedure generally used in the literature [52], but
it leads to a high error in the scaled values and impede a clear
and accurate assignment.

Thus to reduce this error and get a trustworthy assignment two
accurate scaling procedures were employed [51], Table 4, the scal-
ing equation and the specific scale factors for each mode. Both pro-
cedures require the previous calculated wavenumbers of the uracil
molecule [50] determined at the same computational level. For
convenience, the 2nd-5th columns of this Table collect the specific
scale factors obtained for uracil molecule. With them and using the
scaling equations were determined the scaled wavenumbers
shown in the 6-14th columns. These values in 5-IU can be directly
compared with the experimental infrared and Raman data reported
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Fig. 4. Theoretical scaled IR spectrum in the 3550-3350 cm ™' range using the scale equation procedure with uracil molecule at B3LYP/6-311++G(3df,pd) and B3LYP/DGDZVP
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in literature by Kumar et al. [29], Zwierzchowska et al. [30] and
Dobrowolski et al. [33], listed in the columns 16-18th and 20th.
The specific scale factors for each mode procedure leads to the
lowest errors, although it requires more effort and with high basis
set the difference is insignificant. Thus for simplicity with the
DGDZVP, CEP and SDAII basis was only used the scaling equation
procedure.

In uracil molecule the linear regression between the calculated
and experimental wavenumbers with the DGDZVP basis set gives a
correlation coefficient of 0.9998 more close to 1 than that obtained
with the CEP and SDAII basis set, 0.9992 and 0.9990, respectively.
Also the standard deviation is lower, 16.2 with DGDZVP, while it is
36.7 with CEP and 40.6 with SDAIl. With the larger 6-
311++G(3df,pd) gaussian basis set was obtained a correlation coef-
ficient of 0.9998, and a standard deviations of 15.8, very close to
the results with the DGDZVP basis, 16.2. For this reason, the results
with this basis set was selected for the discussion in the present
study.

An analysis of the different vibrations is as follows.

4.2.1. C=0 modes

4.2.1.1. Stretching modes. The carbonyl stretching region is some-
what peculiar and (=0 modes are the most important modes of
nucleic acid base derivatives, because they take part in hydrogen
bonding. Therefore, comparison of C=0 stretching wavenumbers
in different nucleic acid base derivatives has been reported [53].

The pattern of the C=0 bands in uracil and its derivatives is always
very complex. Usually the two C=0 modes split into several peaks.
It is believed that the Fermi resonance of fundamentals with com-
bination bands is responsible for this splitting. In the present study
with 5-IU molecule, the two strong IR bands at 1783 and
1747 cm™' have been identified as v(C2=0) mode (ring normal
mode no. 26 in uracil [50]) and that at 1700 cm™! as ¥(C4=0) mode
(ring normal mode no. 25), in accordance with those reported [33]
in Ar matrix at 1765.5 and 1761.5 cm ™' for v(C2=0) and at 1722.5,
1706.5 cm™! for ¥(C4=0). The corresponding bands in the Raman
spectrum appeared at 1765 and 1715 cm~!. These modes appear
coupled with 6(N-H) modes, although the calculated degree of
coupling change slightly among the different DFT methods used.
Thus the scaled band by B3LYP/DGDZVP at 1756.4 cm™! has been
assigned to v(C2=0) and coupled ca. 12% with §(N3-H) and 11%
with §(N1-H), while the scaled band at 1716.6 cm™! has been as-
signed to v(C4=0) and coupled ca. 20% with §(N3-H). The coupling
between the C=0 groups is less than 5%. The semiempirical meth-
ods fail in this sense with this group, as well as in calculating at
higher wavenumber the v(C4=0) than the v(C2=0).

The absence of a v(OH) band in the 3500-3700 cm~! range and
the appearance of v(C=0) modes as strong bands in the 1600-
1750 cm ™! range, indicate that in the solid state the molecule ex-
ists in the keto form.

Regardless of the C5 substitution, the v(C2=0) band’s position
is predicted to remain almost unaffected by changes in the molec-
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ular structure of the uracil ring. This is caused by the fact that the
C2=0 group is quite distant from the C5-I group and, moreover, it
is surrounded by the two N-H groups, which buffer it from influ-
ences of the remaining molecular moieties. On the other hand,
the C4=0 moiety neighbors the C5-I group, and as the halogen
mass is increased, the corresponding v(C4=0) harmonic mode
drifts slightly towards lower wavenumbers, from 1786 cm™! for
5-FU to 1781 cm™' for 5-CIU, 1778 cm™' for 5-BrU, and
1771 cm™! for 5-1U.

The two band intensities are practically equal for uracil and 5-
FU. For heavier halogens, the v(C2=0) IR band intensity increases,
whereas the v(C4=0) band intensity decreases proportionally so
that, for the 5-IU molecule, the former is twice as intense as the lat-
ter, as can be seen in Table 3 with all the theoretical methods used,
although by AM1 is ca. five times higher. This C2=0 IR band inten-
sity is the highest in the spectrum in accordance with that ob-
served experimentally.

However, the C2=0 Raman intensity calculated by DFT meth-
ods is ca. three times lower than v(C4=0) in U and 5-FU, in contra-
diction with the experimental Raman spectrum [13] of 5-FU where
the intensity of the v(C2=0) mode is higher than v(C4=0). By con-
trast HF reproduces well the Raman intensity pattern in this case.
For this reason the simulation of the Raman spectra by HF was in-
cluded in Figs. 5 and 6. In 5-IU the Raman intensity by DFT meth-
ods of the v(C2=0) mode is calculated slightly lower than of the
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Fig. 6. Theoretical scaled IR spectrum in the 2000-50 cm™~! range using the scale
equation procedure with uracil molecule at B3LYP/6-311++G(3df,pd) and B3LYP/
DGDZVP levels, and with 5-iodouracil molecule at B3LYP/DGDZVP and HF/3-21G*
levels. In the bottom is experimental IR spectrum of 5-iodouracil in the range 400-
2000 cm™.
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Fig. 7. Theoretical scaled Raman spectrum in the 2000-50 cm~! range using the

scale equation procedure with uracil molecule at B3LYP/6-311++G(3df,pd) and
B3LYP/DGDZVP levels, and with 5-iodouracil molecule at B3LYP/DGDZVP and HF/3-
21G* levels. In the bottom is experimental Raman spectrum of 5-iodouracil in the
range 50-2000 cm ™.

1(C4=0), while by HF the intensity of the v(C2=0) mode is ca.
two times lower than that of the v(C4=0).

4.2.1.2. In-plane bending modes. The §(C=0) local mode, ring mode
no. 6, appears characterized by its strong coupling with the J.4(r-
ing) mode, and it was calculated at 625.7, 601.3, 592.7 and
586.8 cm~! for the 5-FU, 5-ClU, 5-BrU and 5-IU molecules, respec-
tively, in accordance with the reported [33] values by B3PW91/6-
311G** level at 630, 605, 600 and 590 cm™'. The analogous mode
in U is predicted to absorb at 539.1 cm™!. The theoretical IR inten-
sity of the mode is weak in all the spectra studied, and for 5-CIU it
is practically inactive. The theoretical Raman activity of the mode
is weak. The low experimental intensity of this mode is the reason
why the investigators have had difficulties in assigning the band in
halouracil spectra.

The another 6(C=0) mode, ring mode no. 3, appears also char-
acterized by its strong coupling with a §(ring) mode. Analogously,
it is also calculated with weak IR and Raman intensity. Its wave-
number at 392.6 cm~! in 5-1U is analogous to that calculated in
5-BrU at 393.2 cm~!. However, this mode appears coupled with
the v(C-X) mode in 5-FU and 5-CIU, shifting to 386.5 and
402.2 cm ™!, respectively. In uracil it was calculated at 384.2 cm ™.

4.2.1.3. Out-of-plane bending modes. The two y(C=0) out-of-plane
bending vibrations are also coupled strongly with ring modes, in
contradiction to the coupling reported by Dobrowolski et al. [33]



Table 3
Comparison of the calculated harmonic wavenumbers (e, cm™?), relative infrared intensities (A, %), relative Raman scattering activities (S, %), Raman depolarization ratios for plane (P) and unpolarized (U) incident light and force
constants (f, mDyne/A) obtained in 5-iodouracil with different quantum chemical methods.

AM1 SAM1 HF/3-21G** B3LYP/ B3PW91* Ring no. Characterization
3-21G** CEP-121G  SDDAIl DGDZVP
0] A 0] A ) A S ) A 0] 0] ) A S P U f 0]
3458 29 3464 O 3977 20 100 3707 21 3614 3634 36212 15 100 022 037 834 34865 30 99%, v(N1-H)
3438 23 3436 0 3940 14 69 3668 12 3576 3599 35845 10 74 028 043 8.16 34414 29 99%, v(N3-H)
3113 7 2890 1 3489 0 47 3311 0 3207 3266 32356 0 50 034 051 6.75 3080.9 27 99%, v(C6-H)
1997 100 1906 100 1954 100 9 1794 100 1698 1713 18129 100 21 020 033 15.67 1814.1 26 70%, v(C2=0) + 12%, §(N3-H) + 11%, §(N1-H)
2039 23 1970 38 1926 61 22 1742 45 1659 1681 17709 54 25 037 054 18.04 1765.0 25 80%, v(C4=0) + 15%, 6(N3-H)
1788 42 1824 36 1808 19 33 1653 11 1620 1649 16585 10 51 019 032 923 1636.0 24 67%, v(C5=C6) + 16%, v(C2-N3) + 14%, v(C-N1-C)
1621 26 1621 21 1615 7 10 1476 6 1463 1491 14874 9 11 0.58 0.73 3.51 1458.0 23 79%, 5(N1-H) + 14%, v(C-C6-N)
1526 18 1542 11 1500 31 4 1343 22 1406 1430 1408.7 10 3 057 0.73 3.07 1374.7 21 40%, v(CN3C) + 35%, 5(N3H) + 13%, v(C=C6H) + 11%, 5(N1-H)
1496 1 1453 7 1566 0 3 1420 0 1380 1407 13975 6 0 074 085 229 1373.4 20 34%, 5(N3-H) + 31%, v(C-N) + 23%, 5(N1-H)
1436 1 1379 1 1479 10 24 1373 15 1344 1370 13502 2 22 031 047 195 1316.5 22 40%, 5(C6-H) + 24%, 5(C=C6) + 15% 5(C-N) + 11%, 5(N1-H)
1359 0 1265 0 1306 12 3 1180 18 1198 1215 1201.7 9 2 068 081 1.75 1173.4 18 28%, v(C-N) + 28%, 5(C6-H) + 24%, 5(N1-H) + 19%, 5(N3-H)
1297 4 1218 3 1230 9 1 1129 0 1148 1163 1161.6 3 2 074 085 2.50 1140.9 17 58%, v(ring) + 23%, S(N1-H)
1150 1 1118 14 1140 4 7 1047 5 1017 1041 10338 5 2 036 0.53 4.33 1020.3 16 100%, &(ring) mainly on C5
1087 0 1080 3 1038 2 2 949 3 956 978 974.3 2 2 073 084 1.68 962.9 14 35%, V(NCN) + 21%, 5(N3-H) + 16%, 6(C6-H) + 10%, 5(N1-H)
944 0 893 0 1132 0 5 975 1 931 955 917.9 2 1 0.75 0.86 0.68 901.1 15 95%, y(C6-H)
890 0 887 2 828 0 13 765 0 752 774 770.9 0 24 011 020 3.13 771.5 12 100%, v(ring)
777 11 636 0 991 43 1 865 28 783 845 760.8 2 0 075 086 3.53 758.7 10 46%, y(C4=0) + 44%, y(CCN3) + 10%, y(ring)
718 5 690 0 892 2 4 797 5 733 765 747.7 5 0 075 0.86 3.68 755.7 11 80%, y(C2=0) + 20%, y(ring)
603 22 664 2 811 1 6 737 3 699 732 663.9 11 2 075 0.86 0.29 657.8 9 75%, y(N3-H) + 16%, y(N1-H)
654 1 648 5 670 4 1 613 5 595 612 609.5 4 1 073 084 1.60 606.3 7 100%, 6,5(ring)
606 0 588 0 645 1 7 593 0 570 587 586.8 1 5 024 039 1.40 587.4 6 57%, o(ring) + 43%, 5(C=0)
496 10 512 1 709 15 2 646 16 629 659 547.3 6 0 0.75 086 0.20 563.4 8 75%, y(N1-H) + 16%, y(N3-H)
544 1 572 1 585 2 4 530 2 523 540 534.0 1 3 024 039 138 530.4 5 100%, &(ring)
394 3 415 0 432 4 2 391 3 375 386 392.6 2 2 060 075 1.12 393.1 3 74%, §(C=0) + 26%, j(ring)
401 7 342 1 478 2 2 431 3 400 422 382.9 3 2 075 086 0.26 385.0 4 100%, y(ring)
256 0 238 0 308 0 0 276 0 265 281 249.2 0 0 075 086 0.41 2529 2 100% puckering N1
263 0 252 0 260 0 7 243 0 231 235 238.5 0 4 031 047 0.53 239.9 70%, v(C-I) + 30%, 5(ring)
168 0 130 0 172 0 1 158 0 156 159 156.8 0 1 075 0.86 0.17 158.0 80%, 5(C-I) + 20%, d(ring)
141 0 145 0 200 0 0 176 0 162 170 141.6 0 0 075 086 0.11 150.0 1 100% puckering N3
68 0 69 0 96 0 0 89 0 83 85 80.5 0 0 0.75 0.86 0.04 81.3 59%, Y(C=0) + 29%, y(C-I) + 12%, y(ring)

¢ Ref. [33].
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Table 4

Scaled and experimental wavenumbers (v, cm™') obtained in 5-IU with different procedures.

Ring no. Scale factors Scaled frequencies Experimental
Semiempirical HF B3LYP B3PW91" IR Raman’
AM1 SAM1  HF B3LYP AM1 SAM1  3-21G*™® 3-21G** 3-21G**¢ 3-21G™¢ CEPY' SDAI“> DGDz% 6-311G** Matrix® Matrix" Solid®  Solid Solid
30 1.0043 1.0055 0.8743 0.9383 3473 3483 3505 3477 3506 3478 3499 3481 3469.2 3514.0 3469.9 3470.0
29 0.9965 0.9985 0.8708 09360 3426 3431 3473 3431 3470 3433 3462 3448 34344 34764 34260 3426.0
27 0.9809 1.0707 0.8842 0.9321 3054 3094 3076 3085 3135 3086 3108 3130 31040 31020 3086 3106 m, 3086 m 3087
26 0.8851 0.9274 0.9005 09799 1768 1768 1726 1760 1714 1758 1661 1651 1756.4 17924 1765.4" 17655,1761.5 1760% 1747, 1783 s 17658
25 0.8538 0.8865 0.8997 0.9915 1741 1746 1702 1733 1665 1727 1624 1619  1716.6 1749.6 17231  1722.5,1706.5 17208 1700 17158
24 0.9082 0.9037 009002 09815 1624 1648 1598 1627 1581 1622 1587 1589 16101 1619.7 1630% 1606 vs, 1652 vs, br  1640'
23 0.9053 0.9047 009024 09825 1467 1467 1428 1457 1416 1450 1436 1438  1448.1 1458.0 1453.0 1455 1465 s, 1508 sh 1472
21 0.9254 09443 09259 1.0221 1412 1456 1385 1389 1363 1373 1381 1380 13735 1378.1 1392.5 1420 1431 1410
20 0.9418 09834 08681 09617 1409 1429 1327 1359 1291 1366 1356 1358 13629 13685 1384.0 1400 m?
22 0.8806 0.9545 09120 0.9804 1265 1316 1308 1349 1319 1346 1322 1323 13181 13147 1328.0 1338 1323 s 1340
18 0.9008 1.0034 1156 1177 1138 1184 1182 1175 11774 11746 1189.5,1186.0 1228 1215 vs, 1225 sh 1215
17 0.9228 09729 09274 09991 1197 1185 1089 1141 1090 1128 1134 1125 11395 11456 1149.0 1137 vs
16 09101 09363 09124 09920 1047 1047 1010 1040 1014 1039 1008 1009 10184 1019.6 1029.5 1022 sh, 1046 s
14 0.8937 09038 09297 1.0117 971 976 921 965 922 960 950 949 962.1 961.7 964.5 996 m
15 1.0094 1.0513 0.8265 0.9419 953 939 1003 936 946 918 926 927 908.6  907.9 904.0 910  939s
12 0.8547 0.8518 09290 09961 761 756 736 769 749 762 784 822 7694  775.7 756.5 760 756 vs, 776 s 750
10 0.8546 0.9422 879 847 843 815 754 754 7598  769.6 810? 849 m, 884 m?
11 1.1198 1.1635 0.7985 0.9023 804 803 792 712 779 719 736 746 7474  761.0 752.5 740  732vs 732
9 1.0997 09750 0.8209 0.8943 663 647 721 666 723 659 703 714 6680  678.1 657.5 670 669, 636 vs 668
7 09270 09286 09179 1.0072 606 602 597 615 607 617 604 600 6165  614.0 607.5 615 620, 640
6 0.9693 09537 09147 1.0075 587 561 575 590 588 597 580 576 595.0  595.1 = 598 m
8 1.1849 1.0436 0.7709 0.8463 588 534 631 547 638 547 636 645 557.6  577.6 551 vs
5 0.9030 0.9865 522 528 529 523 535 531 5450  540.0 551.0 540 543 vs 550
3 0.9332 1.0317 388 403 399 403 393 384 4111 407.8
4 0.8212 0.8937 428 393 436 385 417 419 4019  399.6 430  428'vs 422
2 0.8894 1.0000 279 274 291 276 287 284 2752 2698 420
= = = = 236 260 255 240 265.1  258.1 245™
= = = = 159 181 183 168 187.7 1783 235
1 184 198 188 178 1733  171.0 140
= = = = 92 116 113 97 1154  105.9 75

T

a n

d
d
d

o R

— R e - T W@

With the scaling equation vscajeq = 7.7 + 0.8795 - Veajculated-
With the specific scale factors of the column 4th.
With the scaling equation vscajeq = 32.6 + 0.9370 - Veajculated-
With the specific scale factors of the column 5th.
With the scaling equation vscajeq = 33.1 + 0.9589 - Veajculated-
With the scaling equation vscajeq = 16.3 + 0.9535 - Veajculated-
With the scaling equation vecjeq = 39.2 + 0.9472 - Veajculated-
€ In Ar Matrix, Ref. [30].

In the solid state, Ref. [29].

Determined in the present work.
And at 1761.3 cm ™.
And at 3048, 3056 cm™, Ref. [31].

And at 3060 cm™', Ref. [31].
And at 1606 cm ™!, Ref. [31].
And at 1608 cm™!, Ref. [31].

™ From Ref. [31].
In Ar Matrix, Ref. [33].
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with the another y(C=0) mode. The 7(C4=0) mode (no. 10) is pre-
dicted to occur at ca. 760.8 cm~!, while the analogous wavenum-
ber in U is predicted to occur at ca. 720cm™! and has a
significant contribution (PED ca 20%) in y(C5-H) mode. The calcu-
lated IR intensity of this mode is weak and exhibits a tendency to
increase as the halogen mass increased. The Raman activity is pre-
dicted to be very weak or null. The band does not appear to be af-
fected by halogen substituents.

The 7(C2=0) mode (no. 11) is predicted to occur at ca.
747.7 cm~!. The theoretical IR intensity tends to decrease from U
to 5-IU and is predicted to be ca. two to three times higher than
that of the 9(C4=0) mode. Raman activity is predicted to be almost
zero.

4.2.2. Overtones and combination bands

The experimental wavenumbers detected in the IR of 5-IU at
1871 (m), 1919 (vw), 1949 (w), 1986 (w), 2053 (vw), 2091
(w,br), 2134 (sh), 2209 (sh), 2275 (sh), 2315 (vw), 2366 (w),
2422 (w), 2467 (w), 2537 (sh), 2603 (sh,br), 2676 (sh,br), 2750
(w), 2824 (s) and 2880 cm ! (sh) were not assigned, as they corre-
spond to overtones and combination bands.

Out of four of the publications on IR spectra of halouracils in
cryogenic matrices [33,54-56] only Nowak [54] and Dobrowolski
et al. [33] explained the knotty pattern of the v(C=0) region in
terms of a Fermi Resonance; the origin of the resonance remained
unresolved, however. The most reasonable is the one that assigns
the §(N3-H)+ §,,(C=0) combination tone as resonating with a
y(C=0) mode.

4.2.3. C=C modes

The stretching v(C5=C6), ring mode no. 24, was calculated at
1720.4 cm™! in 5-FU. Its wavenumber shift toward lower values
with an increase in the halogen mass from 1676.0cm™' for 5-
ClU, 1669.0 cm™! for 5-BrU, to 1658.5 cm™' for 5-IU. For unsubsti-
tuted uracil, the band is calculated to occur at 1678.7 cm™!, a posi-
tion that agrees very well with the literature value [57] of
1643 cm'. The PED analysis suggests that the v(C5=C6) mode is
ca. 70% pure. This means that the v(C5=C6) vibration is coupled
to the v(C-N) mode for a value of, at most, 30%.

The position of the C=C stretching vibrations bands in the
experimental spectra is in agreement with those in the theoretical
prediction. In the case of unsubstituted uracil, the band (at
1643 cm™! in Ref. [57]) appeared too weak to be detected in the
measured spectra.

Unlike the band frequency, the IR intensity is predicted to in-
crease with the halogen mass from ca. 42 km/mode for 5-FU to
ca. 90 km/mol for 5-IU.

4.2.4. Ring modes
4.2.4.1. Stretching modes. The C-N and C-C stretchings correspond
to 21, 18, 17, 14 and 12 ring modes. The description of mode 21 is
complex. Mainly it is characterized as v(C-N3-C) strongly coupled
with §(N3-H) and with some contribution of the v(C=C-H) and
6(N1-H) modes.

The C-N mode no. 18 is predicted to occur in the 1180-
1150 Cm™~! range. Its wavenumber increases with the halogen
mass, 1192.0cm™! (5-FU), 1199.8 cm™! (5-BrU), 1200 cm~! (5-
CIU). In 5-IU it was calculated at 1201.7cm™! (scaled at
1177.4cm™ ") in accordance to the IR bands in Ar matrix at
1189.5 and 1186.0 cm™!, and in the solid state at 1215cm™". In
uracil molecule the mode is calculated at 1201.7 cm~'. The IR
intensity of the band is medium and is little affected by substitu-
tion at the C5 atom.

Mode no. 17 appears coupled with the 6(N1-H) vibration. Its
wavenumber decreases with the halogen mass. Thus it was com-
puted at 1173.4cm™! in 5-ClU, at 11659 cm™! in 5-BrU, and at

1161.6 cm ! (scaled at 1139.5 cm™!) in 5-IU. This value is in accor-
dance to the strong IR band observed in the solid state at
1137 cm™ .

Mode 14 is defined as antisymmetric stretching of the opposite
C4-C5 and N1-C2 bonds, and it is predicted to occur near
960 cm ™. Its wavenumber is practically not affected by the substi-
tution at the C5 atom, i.e. at 969.8 cm™! in 5-FU, at 972.9 cm™~! in
5-ClU, at 973.6cm™! in 5-BrU and at 9743 cm™! in 5-IU. The
experimental IR bands are localized at wavenumbers almost iden-
tical with those predicted by calculations. The IR and Raman inten-
sity of the band is weak.

Mode 12 is predicted to occur at 760+ 10 cm™'. The calcula-
tions indicate that its IR intensity should be very weak or almost
null while the Raman intensity is expected to be strong. In 5-IU
it was calculated at 770.9 cm~! in accordance with the Raman
band observed at 750 cm ™.

4.2.4.2. In-plane bending modes. Corresponding to the modes nos.
16, 7, 6 and 5. Mode no. 16 appears slightly coupled with the
v(C5-X) mode. In uracil molecule it was computed at 987.7 cm™!,
but in 5-CIU it appears at 1079.4 cm™}, in 5-BrU at 1052.7 and in
5-IU at 1033.8 cm~!. Such wavenumber shifts are probably due
to a significant contribution of the v(C5-X) local mode. It is as-
signed in Ar matrix [33] at 1070, 1040 and 1020 cm™! for 5-CIU,
5-BrU and 5-IU molecules, respectively. The band is of medium
IR intensity, except for U for which it is rather weak. The Raman
activity is predicted to be weak. Because of the small intensity of
the band in U its assignment can be questioned. Only two papers
have mentioned the ring bendings of 5-XU [33,55].

Mode 7 couples strongly with the v(C-X) vibration, except in 5-
IU with a weak coupling. For this reason, its wavenumber remark-
ably shifts to lower values with the increase of the halogen mass.
Thus it was calculated at 741.7, 660.2, 625.3 and 609.5 cm~! for
the 5-FU, 5-ClU, 5-BrU and 5-IU molecules, respectively, in accor-
dance to the Ar matrix [33] values at 652.5 (5-ClU), 623.0 (5-
BrU) and 607.5 cm~' (5-1U), whereas for the U molecule, for which
it is practically uncoupled with other local modes, it is located at
556.0 cm~!. This mode is of medium IR intensity, except for 5-FU
where it is much weaker. The Raman activity is predicted to be
very weak or almost null.

Mode 6 is calculated to occur at 586.8cm~' (scaled at
595.0 cm™!) in accordance to the IR band observed at 598 cm™'.
The calculated intensity of the IR absorption is very weak, whereas
the calculated activity of Raman scattering is medium and more or
less constant from 5-FU to 5-IU molecule.

Mode 5 is little affected by halogen substitution. Thus it was
calculated at 535.0, 536.1, 534.7 and 534.0 cm™! for the 5-FU, 5-
ClU, 5-BrU and 5-IU molecules, respectively. The scaled value at
545.0 cm™! in 5-IU is in good accordance to the IR bands detected
in the solid state at 540 and at 543 cm™ ..

1

4.2.4.3. Out-of-plane bending modes. Of the three modes (nos. 1, 2
and 4) predicted to occur below 400 cm~!, only mode 4 is pre-
dicted to appear in the IR spectra, and it should be placed between
360 and 420 cm™~', with a low intensity, and contribute somewhat
the y(C4=0) mode.

4.2.5. N-H modes

4.2.5.1. Stretching modes. In the crystals of 5-IU, in the N-H stretch-
ing region exhibits a very broad band originated from the hydro-
gen-bonded network, which cannot be simply interpreted.
Because in Ar matrix do not exist hydrogen bonds between the
5-IU molecules, the values reported by Zwierzchowska et al. [30]
and Dobrowolski et al. [33] were selected as reference for the com-
parisons with the theoretical ones.
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The calculations predicted the two stretching N-H bands to oc-
cur within the range 3450-3500 cm~! and the N-H oscillators to
be uncoupled. The v(N1-H) band is estimated to occur at wave-
number ca. 40 cm~! higher than that of the v(N3-H) band. Accord-
ing to the harmonic wavenumber calculations, as the halogen mass
is increased, the N1-H band shifts slightly towards lower wave-
numbers, from 3629.5 cm™! in 5-FU to 3621.1 cm™! in 5-IU, while
the N3-H band remains unshifted at 3585 cm~ . The v(N-H) band
separation is likely to slightly decrease from 5-FU (43 cm™!) to 5-IU
(37 cm™1). In uracil the separation is 39 cm™'.

In 5-IU the scaled values at 3469.2 and 3434.4cm™!, corre-
sponding to the v(N1-H) and v(N3-H) modes, respectively, are in
accordance to the experimental IR bands observed at 3470.0 and
3426.0 cm™!, respectively, beyond any doubt. The intensity of the
V¥(N1-H) band is calculated to be ca. 1.5 times higher than that of
the v(N3-H) band, Fig. 4.

4.2.5.2. In-plane bending modes. According to the calculations, §(N-
H) mode appears strongly coupled with v(C-N) modes and form a
complicated spectral pattern. All the modes in the 950-1500 cm ™!
range have significant contributions due to §(N-H) bending vibra-
tions. The main contributions correspond to modes no. 23, a 6(N1-
H), and no. 20a, 3(N3-H), positioned at 1487.4 and 1397.5 cm ™,
respectively (Table 3). As the halogen mass is increased, the
6(N1-H) mode wavenumbers are predicted to decrease slightly,
from 1503.5 cm™! in 5-FU, 1492.1 cm™! in 5-CIU, 1489.2 cm™! in
5-BrU, to 1487.4cm~! in 5-IU. In uracil it was computed at
1502.1 cm~'. However, the 5(N3-H) mode remains almost un-
changed, from 1401 cm ™! in 5-FU to 1397 cm ™! in 5-1U. The scaled
values at 1448.1 (N1-H) and 1362.9 cm™' (N3-H) in 5-1U are in
accordance to the experimental IR values in Ar matrix at 1453
and 1384 cm™!. Our assignment is in agreement with most of the
literature data [54,57,58].

The IR intensities of the §(N1-H) and 5(N3-H) modes tend to in-
crease from 5-FU to 5-IU, but the increment is higher in §(N3-H)
than in 6(N1-H). As a consequence, in 5-FU the intensity of the
6(N1-H) mode is ca. 3 times greater than that of the §(N3-H)
mode, while in 5-1U it is only ca. 1.5 times.

The Raman activity of the §(N1-H) mode tends to increase as
the substituent mass is increased, while the Raman activity of
the 6(N3-H) mode tends to decrease. As a consequence, in 5-FU
the Raman activity of the §(N1-H) mode is ca. 5 times greater than
that of the §(N3-H) mode, while in 5-1U it is ca. 20 times.

4.2.5.3. Out-of-plane bending modes. The out-of-plane bending
mode, p(N3-H) mode no. 9 is predicted to occur at 663.9 cm™!
(scaled at 668.0 cm™!) in great accordance to the IR band observed
in the solid state at 669 cm~!, Table 4. The mode is nearly pure
with PED of 75% and coupled with the y(N1-H) mode. Its IR inten-
sity is medium-strong and it increases slightly on passing from 5-
FU to 5-IU. Its Raman activity is weak and is also predicted to in-
crease slightly on passing from 5-FU to 5-IU.

The y(N1-H) mode no. 8 is also predicted nearly pure with PED
of 75% and coupled with the y(N3-H) mode. It is calculated at
5473 cm~! (scaled at 557.6 cm™!) in great accordance to the IR
band observed in the solid state at 551 cm™'. A slight increase in
the calculated wavenumber of this mode is observed on passing
from 5-FU at 526.5 cm™! to 5-1U at 547.3 cm™". The calculated IR
intensity of the mode is medium and slightly decreases from
5-FU to 5-IU while the calculated Raman activity is constant and
almost nule.

In the experimental Raman spectrum several lines appeared be-
low 200 cm™!, which have been assigned [29] as C=0---H-N lattice
vibrations.

4.2.6. C6-H modes

4.2.6.1. Stretching mode. The stretching mode, v(C6-H) mode no. 27
is predicted almost pure at 3235.6 cm~! (scaled at 3104.0 cm™!) in
great accordance to the IR band observed experimentally in the so-
lid state at 3106 cm~'. However, Dobrosz-Teperek et al. [31] de-
tected two bands, one more intense at 3086 cm™! and another
much weaker at 3056 cm™'. The calculations predict that, as the
substituent mass at position C5 is increased, the v(C6-H) band
shifts toward lower wavenumbers, from 3244.2 cm™! in 5-FU to
3235.6 cm™! in 5-IU. Its IR intensity is very weak and also de-
creases from 5-FU to 5-IU. May be due to this weak IR intensity
Dobrowolski et al. [33] did not observe the experimental band in
Ar matrix. The Raman activity of this mode is very strong and also
decreases from 5-FU to 5-IU.

4.2.6.2. In-plane bending mode. The §(C6-H) mode no. 22 is calcu-
lated at 1350.2 cm™! (scaled at 1318.1 cm™!) in a good agreement
with the IR band observed experimentally in the solid state at
1323 cm™'. This mode is strongly coupled with C=C, C-N and
N1-H bending modes. The analogous band in uracil is predicted
to occur at 1381.4 cm™! (calculated at 1417.0 cm™!) in accordance
to the IR band in gas-phase [58] at 1396 cm™~!, and to be coupled
with N-H and C-N ring modes. The theoretical IR intensity of this
mode changes irregularly while the Raman activity is expected to
decrease slightly as the halogen mass is increased.

4.2.6.3. Out-of-plane bending mode. The y(C6-H) mode no. 15 is
predicted to occur in the range of 875-925 cm™' and to increase
on passing from 5-FU to 5-1U, whereas for uracil molecule it is pre-
dicted to occur at ca. 970 cm~ L. In 5-IU it was calculated at
917.9 cm™! (scaled at 908.6 cm™!) as an almost pure mode (95%
PED), in accordance to the IR band observed in the solid state
[29] at 910 cm ™' and in Ar matrix [33] at 904.0 cm™!. The theoret-
ical IR intensity of the mode is weak and decreases on passing from
5FU to 5-1U, while for U this mode is predicted to be almost inac-
tive. The Raman activity of the mode is very weak and thus it was
not detected in the experimental Raman spectrum.

4.2.7. C-1 modes

4.2.7.1. Stretching modes. In H,NC(=0)CH,I the stretching v(C-I)
mode has been reported [59] at 465 cm™!, in CH,l, at 485 cm™!,
and in HOC(=0)CH,I at 635 cm~'. However in 5-IU it was calcu-
lated at 238.5 cm™! (scaled at 265.1 cm™'). The low wavenumber
prediction for this mode with our theoretical methods appears as
a contradiction with the spectral region of 560+ 100cm™' re-
ported [59] for other compounds with iodine. It can be tentatively
explained by the fact that when a halogen atom is directly attached
to a ring, the C-X stretch vibration tends to interact with the ring
vibrations [60] and can leads to a remarkable reduction in its
wavenumber, as in the present case with 5-1U.

The calculated IR intensity is almost nule and thus it was not
detected in the experimental IR spectra. By contrast, the Raman
band shows an appreciable intensity and it was detected at
245 cm~L.

4.2.7.2. In-plane bending modes. The in-plane bending, 5(C-I) defor-
mation appears coupled (20% PED) with a ring mode, and it is pre-
dicted at 156.8 cm™! (scaled at 187.7 cm™!) in accordance with the
bibliography [60], 220 + 100 cm~!. The theoretical prediction of
8(C5-X) bending vibrations show a systematic decrease on passing
from 5-FU to 5-IU molecule. The theoretical IR intensity of the
8(C5-X) mode increases, and the Raman activity decreases from
5-CIU to 5-IU.

4.2.7.3. Out-of-plane bending modes. The out-of-plane bending
mode y(C5-X) appear strongly coupled with C=0 and ring modes



40 V.K. Rastogi et al./Journal of Molecular Structure: THEOCHEM 940 (2010) 29-44

and are predicted to decrease significantly its position with the
halogen atom mass from 112.8 cm~! in 5-FU to 80.5cm™! in 5-
[U. This mode is practically IR inactive, decreasing its intensity
from 5-FU to 5-IU. Analogously its Raman activity, except in 5-
BrU which appears with medium intensity.

5. Other molecular properties

Calculated wavenumbers have been employed, along with the
corresponding theoretical equilibrium geometries, to yield ther-
modynamic properties of 5-IU. The values of the natural charges
obtained with the theoretical methods used are listed in Table 5.
Small changes have been observed between 5-1U and uracil mole-
cule. As it is expected, the largest changes in the charge occur on
the X11 and C5 atoms, then on the two carbons atoms neighboring
to C5 atom, and next on the H12 and 010 atoms. Finally the change
of charge is almost negligible for the atoms most distanced from
the X11 atom.

The calculated thermodynamic parameters are collected in Ta-
ble 6. The theoretical data are employed to correct experimental
thermochemical information at 0K, as well as for the effect of
the zero-point vibrational energy (ZPVE). In the ZPVE, scaling fac-
tors of 0.89 and 0.93 have been recommended to be used [61] with
HF to improve their know overestimation. Several thermodynamic
parameters such as enthalpy, heat capacity, free energy and entro-

py have been calculated in 5-IU from the vibrational frequencies
obtained from the IR and Raman spectra [62].

The entropies calculated for several kinds of compounds at dif-
ferent ab initio levels have been reported [63] to be in agreement
with the experimental data, with the mean absolute deviation less
than 5%. The differences are attributed to the neglect of residual
(orientation) entropy present at 0 K in the crystal.

In uracil molecule, the experimental dipole moment u of tauto-
mer U1 is known: 4.13 D in dioxane solution [64], 3.87 D in gas-
phase [65] and 4.01 £0.02 D in book’s Tables [66]. Our calculated
value at the B3LYP/6-311++G(3df,pd) level, 4.481 D, is in reason-
able agreement with these results by considering that the reported
experimental data to be accurate to +10%. The increase of the basis
set of DFT method has little effect on this parameter.

In 5-IU molecule the calculated dipole moment y at the B3LYP/
DGDZVP level in tautomer U1 is slightly lower than in uracil mol-
ecule, 4.55 D (Table 6), as in the other 5-halosubstituted uracils.

5.1. Tautomerism

Due to the feasible relationship between the occurrence of the
rare enol tautomeric forms of uracil and point mutations develop-
ing during RNA replications, numerous studies have been reported.
From these studies a large amount of work has been performed on
the tautomerism of nucleic acid bases, using both theoretical [67-
69] and experimental [70-72] approaches. Much of the interest is
due to the fact that tautomers induce alterations in the normal

Table 5 base pairing, leading to the possibility of spontaneous mutations
Calculated natural total atomic charges on the atoms in 5-IU and uracil molecules. in the DNA or RNA helices. Tautomerism in nucleic acid bases have
Atoms 5-IU Uracil a role in mutagenesis of DNA. The process is intimately connected
HE/3- B3LYP, HE[3- B3LYP, B3LYP/6-311+4G with the en_ergetlcs of the chgm}cal bgnds. . ‘
21G** DGDZVP 21G** DGDZVP (3dfpd) The uracil molecule may exist in various tautomeric forms differ-
N1 091 065 091 066 061 ing from eac;h othgr by Fhe position of the proton, which may be
2 1.22 0.91 121 0.91 0.82 bound to either ring nitrogen atoms or oxygen atoms. Proton
N3 -0.95 -0.7 —-0.95 -0.7 -0.64 migration causes expected sizeable variations in the ring structure
c4 0.94 0.71 0.91 0.72 0.65 and the exocyclic CO bond lengths. It has been recently studied
Eg 6(3)‘38 6859 8(3)'336 68'937 685’6 that the proton transfer proceeds from isolated U to uracil tauto-
H7 03 0.44 03 043 0.42 mer (UT) via a transition state (Uts) [73]. The process has been re-
08 —0.62 —0.67 ~0.63 —0.67 ~0.63 ported to be difficult, with a high barrier of 42.75 kcal/mol. Of all
H9 0.31 0.44 0.31 0.44 0.42 the possible combinations, six uracil tautomers, named U1-UG6,
oGm0 N SO s are the most important and studied tautomers [74]. The most sta-
I 0.19 0.22 0.19 0.24 0.24 bl the di f U1 is th I f hich . tal
H12 022 023 021 022 021 ble one, the dioxo form U1, is the only one for which experimenta
information is available, Table 7. Our calculated values in uracil
Z Mulliken charges. molecule confirm the stability of form U1, which is in agreement
With H11. : . . . s
with the experimental results [75] and with previous ab initio cal-
Table 6
Theoretical computed heat of formation, zero-point vibrational energies, rotational constants, entropies and dipole moments in 5-IU and uracil molecules.
Parameters 5-1U Uracil
HE/3-21G** B3LYP/DGDZVP HF/3-21G** B3LYP/DGDZVP B3LYP/6-311++G (3df,pd)
Total energy + ZPE (AU) 42410° .05246" .09587° .79039¢ .88882¢
Zero-point energy (KJ/mol) 53.14 200.25 60.21 227.68 228.08
Rotational constants (GHz) 3.02 2.94 3.93 3.86 3.9
0.49 0.48 2.04 2 2.02
0.42 0.41 1.34 1.32 1.33
Entropy (cal-mol™" - K1)
Total 88.02 91.41 76.52 79.34 79.03
Translational 423 423 40.06 40.06 40.06
Rotational 30.63 30.69 27.79 27.85 27.81
Vibrational 15.09 18.42 8.67 11.43 11.16
Dipole moments (Debyes) 4.31 4.06 4.79 4.55 4.48
3 _7297.
b _7334.
€ —410.
d

—414.
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Table 7
Gas-phase relative energies (Kcal/mol) of uracil and 5-IU tautomers.
Method U1 U2 U3 (U3b) U4 (U4b) u5 u6 u7 us u9 u10
Uracil
B3LYP/6-311++G(3df,pd) + ZPE 0.00 11.12 11.53 12.89 18.89 2034
B3LYP/DGDZVP + ZPE 0.00 11.68 12.76 14.47 20.12 21.63
B97-1/6-311+G(2d,p) 0.00 10.93 11.35 12.13 18.97 20.7
|cc-pVDZ + ZPE 0.00 114 12.47 13.15 20.55 21.37
Jaug-cc-pVDZ + ZPE 0.00 10.7 11.19 11.93 18.65 19.78
CCSD/6-31G** [78] 0.00 11.19 12.88 12.39 19.62 22.6
Experimental, Ref. [81] 19+6 22+10
5-1U
B3LYP/DGDZVP + ZPE 0.00 10.46 13.09 (17.98) 13.57 (16.67) 18.74 18.82 79.03 70.05 90.04 75.82

culations [76]. U1 is predicted to be the only tautomer present in
the vapour, although fluorescence studies seem to suggest that a
fraction of the keto-enol tautomer could exist [77]. Generally, the
keto form of uracil exists as the main form in the double helix.
The formation of specific AU Watson-Crick hydrogen bonds is
responsible for the maintenance of the genetic code. If uracil is re-
placed by another type of base, it may lead to the introduction of a
wrong genetic code.

Solvent interactions partly modify the gas-phase order of stabil-
ity of the tautomers. The U1 di-oxo form remains the most stable
structure while the relative stability of the keto-enolic U2 and U3
forms is reversed. The relative stabilities of U2, U3 and U4 in ace-
tonitrile solution are found [78] to be 12.2, 10.3 and 14.9 kcal/mol,
and 11.5, 11.0 and 13.4 kcal/mol, in carbon tetrachloride, com-
pared to the gas-phase values of 10.9, 11.3 and 12.0 kcal/mol,
respectively. Similar results were reported [79,80] with the Onsag-
er’'s SCRF model.

Following the same methodology as that with uracil molecule,
in 5-IU was determined, in principle, 10 tautomers, Fig. 1. The tau-
tomers appear plotted in the optimum form optimized at the
B3LYP/DGDZVP level. Using the same notation as in reference
[74], tautomers U1-U6 correspond to that of uracil, while due to
the iodine atom tautomers U7-U10 are only characteristic of 5-
[IU. The gas-phase relative energies of 5-IU tautomers are shown
in Table 7, which can be compared with those corresponding to
uracil molecule. Unfortunately there are not studies on 5-IU mole-
cule to compare our results, but the accordance found with our cal-
culated data in uracil molecule with the DGDZVP basis set with
those of the sophisticated CCSD/6-31G* basis, with differences
lower than 1 kcal/mol, permit us to assume that the calculated val-
ues on 5-1U molecule are satisfactory. Only the calculated energy
with U4 tautomer differs slightly with a difference of ca. 2 kcal/
mol.

The relative stabilities of the tautomers have been found to be
somewhat sensitive to both the basis set and the theoretical meth-
od used, showing variations within 1.5 kcal/mol. The zero-point
energy (ZPE) contribution also shows this sensitivity, with varia-
tions 0.2-0.7 kcal/mol (2-3%). Both basis set and ZPE corrections
do not change the order of stability of the tautomers.

As in uracil molecule, the dioxo form U1 of 5-IU molecule is the
most stable one. It was the tautomer discussed in the previous sec-
tions of the present paper.

The next most stable tautomer is the keto-enolic form U2,
10.5 kcal/mol above U1 in 5-1U and 11.7 kcal/mol above U1 in ura-
cil at the B3LYP/DGDZVP level, Table 7. The calculated value at this
level is very close to that reported at the sophisticated CCSD/6-
31G** level [78], 11.19 kcal/mol.

As compared with U1, the main effect with the displacement of
the proton on N1 is a large shortening in U2 of the N1-C2 bond,
1.302 A vs. 1.394 A of U1, as well as shortening of the N1-C6,
C2-N3, C4-C5 bonds and lengthening of the C2-0, N3-C4, C5-C6
bonds. The small largening of the C5-I bond (2.110 A vs. 2.106 A

in U1) is counteract with a closening of the C4-C5-1 angle
(117.7° vs. 118.4° of U1). The tilt angle ¢ (Fig. 2) is slightly in-
creased, 2.2° vs. 1.7 in U1. The proton of the hydroxy group re-
mains in the ring plane, with a N1-C2-07-H12 torsional angle of
—0.04°.

Tautomers U3-U4 are the next most stable ones. They are very
close in energy, ca. 0.5 kcal/mol. Tautomer U3 appears more stable
than U4 in accordance with that found in uracil molecule (except
at the CCSD/6-31G** level, Table 7).

The formation of the O-H12 group in these tautomers leads to a
closening of the N3-C4=0 angle (118.0° in U3 and 117.5° in U4 vs.
120.3° in U1) due to a weak N3.--H12 attraction (ca. 2.24 A). This
fact leads to a remarkable opening of the N3-C4-C5 angle
(124.7° in U3 and 122.3° in U4 vs. 113.2° in U1) and a closening
of the C5-C4=0 angle (117.3° in U3 and 120.2° vs. 126.5° in U1).
It leads to a shortening of the intramolecular distance between
the iodine atom and the neighbor oxygen of the carbonyl group;
0--1is 3.261 A in U3 and 3.282 A in U4 vs. 3.317 A of U1, and a
lengthening of the C5-1 bond 2.112 A in U3 and 2.114 A in U4 vs.
2.106 A of U1. The closening of the C5-C4-0 angle leads to an in-
crease of the deformation of the angles on the iodine atom with
C4-C5-1 angle (123.2° in U3, 122.6° in U4 vs. 118.4° in U1) and a
closing of the ipso angle C4-C5=C6 (115.2° in U3, 115.6 in U4 vs.
119.7° in U1), while the C6=C5-I angle remains almost unchanged
(121.6° in U3, 121.8° in U4 vs. 121.9° in U1). The tilt angle is very
low, 0.8° in U3 and 0.4° in U4.

In the hydroxy form, the negative charge on the oxygen bonded
to C4 atom is slightly increased (up to ca. —0.700 vs. —0.625 in U1)
and —0.640 in U2, but it does not affect to the positive charge on
the iodine atom. Thus, it is 0.205 in U3 with the OH12 group which
is very close to 0.204 in U2 with a C4=0 group.

With an OH group appearing bonded on C4, the hydrogen atom
can be in trans position related to the iodine atom (tautomers U3,
U4 and U9) or in cis position (tautomers U3b, U4b and U6). In both
cases a shortening of the N3-C4 (and N1-C6) bonds is observed, ca.
0.1 A in tautomers U3, U4 and U9, and ca. 0.06 A in tautomer U6.
This shortening increase the quinonoid character of the ring, with
an opening of the N1-C4-C5 angle, ca 10° in the tautomers U3, U4
and U9, and ca. 5° in tautomer U6. This less change in the param-
eters in the tautomer U6 is also observed on the closening of the
C4-C5-C6 angle, ca. 4° in tautomers U3, U4, and ca. 3° in tautomer
U6.

Tautomer U5 appears in uracil molecule 6 kcal/mol less stable
than U4, while in 5-IU molecule, the difference is ca. 5 kcal/mol.
It is curious that this tautomer is less stable than U4, when in last
one two protons are migrated. Perhaps U4 appears stabilized be-
cause the uracil ring shows high aromaticity with alternated dou-
ble bonds, Fig. 1. Thus, the N1-C2, N3-C4, C5-C6 bonds are shorter
than N1-C6, C2-N3, C4-C5.

It is also noted that U5 is also less stable than U2, when N1-H
bond is 0.004 A shorter than N3-H and when the force constant
of N1-H is 0.18 mDyne/A higher than N3-H. Perhaps it is due to
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some electronic delocalisation in the uracil ring of U2 which stabi-
lizes this tautomer vs. U5 with high quinonoid character of the ura-
cil ring and thus high dipole moment, 6.74 D vs. 4.16 of U2.

Tautomer U6 appears with almost the same stability than U5
(the difference is only 0.08 kcal/mol), although in uracil molecule
the difference is 1.5 kcal/mol. The less stability of this form is
due to the proton on N1 needs to move to the other side of the mol-
ecule to be placed on 09. The placement of this proton can be in
syn position regarding the iodine atom, or in trans position (a sad-
dle form). In the first case, tautomer U6, the repulsion of H12 with
the iodine atom leads to a reduction in the deformation of the an-
gles involving the iodine atom, i.e. C4-C5-1 and C6=C5-1, 120.8°
and 122.8°, respectively, while in tautomer U1 are, 118.4° and
121.9°, respectively. It is noted in all the tautomers that the C4-
C5-1 angle is always lower, ca. 4°, than the C6=C5-1 angle, except
in the U3 and U4 tautomers with an OH group bonded to C4. In this
last case the C6=C5-I angle is ca. 1-2° higher than the C4-C5-I1
angle.

The negative charge on 09 in this syn form, —0.700, remains al-
most unchanged as compared with U3 and U4 tautomers where
the hydrogen is in trans form. However, the positive charge on
the iodine atom, 0.174, appears slightly reduced, 0.194 in U4 and
0.205 in U3.

Tautomers U7-U10 corresponding to the migration of the ami-
no hydrogen to the iodine atom are much less stable than U1-U6.
This hydrogen is placed in trans form with regard to the C4=0
group. The cis form is not stable. In tautomers U7 and U8 one
hydrogen appears migrated, while in tautomers U9 and U10 two
hydrogens are migrated. These tautomers are planar, with the
exception of tautomer U9, and the C5-1-H12 angle is ca. 94.5°.

Tautomer U8 is 9 kcal/mol more stable than U7 due to a lower
value of the tilt angle ¢, 17.5° in U8 vs. 19.3° in U7. The migration of
the hydrogen bonded to N1 leads to a tautomer more stable than
when the migration is with the hydrogen bonded to N3 (tautomer
U7). This fact has been also observed between tautomers U2 and
U3, being tautomer U2 more stable than U3. The ¢ angle is also
lower in U8 than in U7, 3.3° vs. 4.9° in U7.

Tautomer U9 is the only one that appears with the hydrogen on
the iodine atom out-of ring plane, Figs. 1 and 3. The C4-C5-1-H12
is 85.1°. Because in the planar form this H12 hydrogen is repulsed
by the H10 hydrogen on C6 and by the OH group bonded to C4,
while in the other tautomers only the oxygen atom appears
bonded to C4. Due to this repulsion, the C5-1-H12 angle is remark-
ably opened (115.9° vs. 94.6° in U7 and 94.3° in U8) as well as the
C4-C5-1 angle (121.6 in U9 vs. 99.2° in U7 and 100.8° in U8), and
this tautomer has the lowest stability out of the ten studied
tautomers.

In this tautomer the uracil ring also appears deformed, with a
C4-C5-C6-N1 of 4.51°, N3-C4-C5-C6 of -4.59°, N1-C2-N3-C4
of 3.40° and N3-C2-N1-C6 of -3.47°. The sum of the angles around
C5is 119.7°.

Tautomer U10 is more stable than U7, ca. 3 kcal/mol, but ca.
6 kcal/mol less stable than U8. Perhaps it is due to the fact that
when the two amino hydrogens are migrated, the ¢ angle is lower
than U7, but ca. 1° higher than US.

It is noted in all these tautomers the N1-C2=0 angle is lower
than the N3-C2=0, between 1° and 8°, except in tautomers U2,
U4, U6 and U8 with an hydroxy group bounded to C4.

5.2. Dipole moments

The prediction of accurate dipole moments is a very important
issue, because the magnitude of the dipole moment is strongly re-
lated to the tautomeric stability in polar environments. Different
tautomers have different electronic structures and, in principle,
may display significant variations in their physical properties.

Table 8

Dipole moments (u, debye), of uracil and 5-IU tautomers.
Tautomer Uracil 5-1U

B97-1' B3LYP® B3LYP® B3LYP®

U1 4.49 4.48 4.55 4.06
u2 3.27 3.33 3.36 4.16
u3 492 4.88 491 3.8
U4 1.24 1.18 1.24 0.59
us 6.56 6.58 6.58 6.74
ué6 7.16 7.2 7.35 6.05
u7 - - - 11.34
us — = = 9.41
u9 = = = 11.85
u10 - - - 7.76

@ At the B97-1/d-aug-cc-pVDZ level, Ref. [78].
b At the B3LYP/6-311++G(3df,pd) level.
¢ At the B3LYP/DGDZVP level.

In the first six tautomers of 5-IU which are analogues to uracil,
the calculated p lies in a wide range of values (1 — 7 D), Table 8,
increasing in the order U4 < U2 < U1 < U3 < U5 < U6 in uracil mole-
cule, and in the order U4 < U3 < U1 < U2 < U6 < U5 in 5-1U. This or-
der remains with the change of basis set of DFT method. In 5-IU
molecule it is noted that tautomers U2 and U3, and tautomers
U5 and U6 appear in reverse order as compared to those of uracil.
It is due to the close dipole moment values.

Tautomers U7-U10 have larger p than U1-U6, and they are in
the range of values 7-12 D. The less stable tautomer U9 in gas-
phase has the largest g, i.e. it is the most stable in solution.

6. Summary and conclusions
The most important findings of this study are the following:

(1) With the purpose of study of the 5-IU molecule, its equilib-
rium geometries and harmonic wavenumbers were calcu-
lated at various DFT levels. The computed vibrational
values appear reasonable when they are compared with IR
and Raman experimental data. An accurate assignment
was performed in 5-IU molecule according to the notation
of the uracil normal modes.

(2) To improve the calculated wavenumbers, two procedures for
scaling the values were used. The specific scale factor proce-
dure gives rise to a slightly more noticeable improvement in
the predicted wavenumbers, than when the scaling equation
was used. Although for its simplicity, second procedure is
recommended for the scaling. The mean deviation after scal-
ing is ca.10 cm™".

(3) The accuracy obtained with semiempirical methods is
slightly lower than with DFT methods, but they are compu-
tationally less expensive.

(4) The values of the total atomic charges, the dipole moments,
and the other thermodynamic parameters were also
coherent.

(5) Ten tautomeric forms of 5-IU were determined and opti-
mized. Six of them are related to those of uracil molecule,
with the same stability order.
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