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Abstract

The Raman spectra of the solid 1,5-dimethylcytosine and the FTIR spectra at room and low temperatures respectively have been registered.
Quantum mechanical calculations of energies, geometries and vibrational wavenumbers were carried out by using ab initio (HF) and Density
Functional Theory (DFT/BLYP and B3LYP) methods with different basis sets. The best level of theory in order to reproduce the experimental
wavenumbers is the BLYP method with the 6-31G” basis set. The theoretical calculations indicate the presence of four stable tautomers of 1,5-
dimethylcytosine: amino-oxo; imino-oxo (a and b) and imino-hidroxy. Their geometries were optimised by using the BLYP/6-31G" method, being
the amino-oxo tautomer the most stable, followed by the imino-oxo tautomer, while the imino-hidroxy one is the most unstable. The complete
assignment of the observed bands in the vibrational spectra of the amino-oxo tautomer is proposed in this work.

© 2007 Published by Elsevier B.V.
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1. Introduction

The vibrational spectroscopy is a very important method for
the study of the structure and properties of the biological
systems [1-18]. For a few years new research efforts have been
made to relate the biological functions of the constituent basis
of nucleic acids, DNA and RNA [6-16], with the vibrational
properties of uracil, adenine, guanine and cytosine and
thiocytosine tautomers, since this relation allows an interpreta-
tion of its activity through its physicochemical properties.

DNA methylation plays important roles via regulation of
numerous cellular mechanisms in diverse organisms, including
humans [19-21]. The methylated derivatives of cytosine
[8,11,13] are very interesting due to the fact that the
methylation process of a certain sequence of DNA bases can
modulate the protein-DNA interaction and consequently

* Corresponding author. Tel.: +54 381 4311044; fax: +54 381 4248169.
E-mail address: altabef @fbqf.unt.edu.ar (A. Ben Altabef).
! Member of the Carrera del Investigador Cientifico, CONICET, R. Argen-
tina.

0924-2031/$ — see front matter © 2007 Published by Elsevier B.V.
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regulate the gene function and the cell differentiation, as
reported by Lapinski et al. [13]. For this reason the study of the
vibrational spectra of 1,5-dimethylcytosine is very important in
biological processes [13,16].

Several spectroscopy studies of cytosine [4,10,12,14] and
thiocytosine tautomers [15], 1-methylcytosine [11] and 5-
methylcytosine [13,16] have been performed, but only assign-
ments of some bands in the spectra of 1,5-dimethylcytosine in
the region between 800 and 100 cm ™" have been reported [8].
Moreover, a SERS study of 1,5-dimethylcytosine on Ag or Cu
colloids has been reported [17,18].

On the other hand, the vibrational assignments show the
probable presence of more than one tautomeric form. It should
be observed that in this type of systems it is possible to find
different tautomers with similar stabilities and properties. In
these cases, the interpretation of the spectra is more complex,
especially at low temperatures, due to the overlapping of the
bands of different tautomeric forms which complicates the
assignment. For this reason it is very useful to have theoretical
estimations of the wavenumbers of different tautomeric forms
in order to recognize a particular tautomer in the spectra.

Vibrat. Spectrosc. (2007), doi:10.1016/j.vibspec.2007.11.001
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Fig. 1. The IR spectra of solid 1,5-dimethylcytosine at room temperature and at
low temperature, between 4000 and 2000 em™ L

2. Experimental and theoretical calculations

A pure Sigma commercial sample of 1,5-dimethylcytosine
was used. The infrared spectra of 1,5-dimethylcytosine at room
and low temperatures in KBr pellets, in the range between 4000
and 400 cm ™', were registered on a FTIR PerkinElmer model
1725-X spectrophotometer, equipped with a Globar source and
DTGS detector. The infrared spectra at low wavenumbers were
registered on a FTIR Digilab model 14 spectrophotometer
using polyethylene pellets. Fig. 1 shows the infrared spectra of
substance (at room and low temperature (80 K) in a RCII (VLT-
2) cell) between 4000 and 2000 cm ', and Fig. 2 shows the
2000-400 cm ™! region. In addition, the Raman spectra of 1,5-
dimethylcytosine were registered in a glass capillary on a Jobin
Yvon U-1000 double monocromador spectrometer, using an
Ar" laser (Spectra Physics 165, 5145 A exciting line) (Fig. 3).

All the calculations were made using the Gaussian 98 [22]
program package. Geometries and force field calculations were
carried out by using ab initio (HF) and Density Functional
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Fig. 2. The IR spectra of solid 1,5-dimethylcytosine at room temperature and at
low temperature, between 2000 and 400 cm™ ',
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Fig. 3. Raman spectra of solid 1,5-dimethylcytosine.

Theory (DFT, BLYP and B3LYP) methods. The 3-21G, 6-31G,
6-31G", 6-31G™", 6-31+G, 6-31+G", 6-311G", 6-311G™", 6-
311+G*, 6-311+G™", 6-311++G™" basis sets were used.

3. Results and discussion

From the analysis of the infrared spectra, especially at low
temperatures, and the previous results on similar molecules
such as cytosine [4,10,12,14] and 5-methylcytosine [13,16],
four tautomers of 1,5-dimethylcytosine have been characterised
with the aid of theoretical calculations: amino-oxo (I); imino-
oxo (Ila); imino-oxo (IIb) and imino-hidroxy (III). The
corresponding structures are shown in Fig. 4. Their structures
were optimised with different theoretical methods in order to
obtain the relative stability, and the respective energies are
shown in Table 1. As a result the amino-oxo tautomer is the
most stable, followed by the imino-oxo forms; moreover, the
imino-hidroxy structure shows a significant larger energy.

Nevertheless, experimental and calculated vibrational
wavenumbers of the amino-oxo tautomer have been compared
in order to select an adequate level of theory. For this purpose
the statistical averages, standard deviations (RMSD) and
reliability coefficients, were analysed (Table 2). The BLYP
method shows smaller standard deviations and a better
reliability coefficient [23] than the B3LYP method, while the
HF results are poorer. The 6-31G™ basis set shows the best
results and diffuse functions produce larger standard deviations.
Therefore, the BLYP/6-31G" with smaller RMSD (17.6 cmfl)
and better reliability coefficient (0.99) has been selected for the
optimisation of the geometry and the force field calculation of
amino-oxo tautomer.

Besides, the interconversion between the tautomers of 1,5-
dimethylcytosine has been studied. The reaction paths
connecting the structures I and III along the three transition
states found (TS1, TS2 and TS3) can be noted as follows (see
Fig. 5):

[—-TSl —-la—TS2 —1IIb— TS3 —III

The structures of the TS1, TS2 and TS3 transition states can be
seen in Fig. 6. The BLYP/6-31G" energies and the calculated
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Fig. 4. Tautomers of 1,5-dimethylcytosine and atom numbering.

dipolar moment of the different structures of 1,5-dimethylcy-
tosine are presented in Table 3.

The I, ITIa and IIb tautomers are energetically very close.
They are the most stable, while the III tautomer has the highest
relative energy (29.1 kcal/mol). Nevertheless, the higher value
of the dipolar moment of structure III would justify its existence
in spite of its larger relative energy. This same behaviour has
been observed by Sambrano et al. [16] for the M4 tautomer of
5-methylcytosine. TS1 and TS3 transition states correspond

with an intramolecular H9 transfer between N8 and N3 and N3
and O7, respectively. TS2 is associated with the out-of-plane
deformation of the H10 atom of the imino-oxo tautomer. The
normal mode of TS3 with imaginary frequency is related to the
deformation of the C207H9 angle that connects the structures
of the tautomeric forms IIb and III. The TSI transition state
connects the structures I and Ila, and is related to the
deformation of the C4AN3H9 angle as well as to the N8H9
stretching. The large relative energies of TS1 and TS3 (see

Table 1
Calculated B3LYP and BLYP energies (in Hartrees/molec.) for three tautomers of 1,5-dimethylcitosine
Methods Basis Tautomers
Amino-oxo Imino-oxo(a) Imino-oxo(b) Imino-hidroxy
B3LYP 6-31G —473.41408 —473.41141 —473.40973 —473.35723
6-31G" —473.55845 —473.55621 —473.55461 —473.51153
6-31+G” —473.57943 —473.57649 —473.57462 —473.53241
6-311G™ —473.68262 —473.68649 —473.67918 —473.63880
BLYP 6-31G —473.25897 —473.25609 —473.25463 —473.20308
6-31G” —473.38852 —473.38610 —473.38467 —473.34214
6-31+G” —473.41438 —473.41121 —473.40951 —473.36789
6-311G™ —473.52658 —473.52526 —473.52373 —473.48265
Table 2
Averages of the differences between experimental and theoretical vibrational frequencies at different levels of theory for the amino-oxo tautomer of 1,5-
dimethylcitosine
321G° 631G 6-31+4G  6-31G°  6-31+4G°  6-31++G  6-31++G"  6-311G  6-311+G  6-311G°  6-311G™
BLYP
Average 35.6 35.6 34.4 30.5 30.6 34.5 30.7 34.5 34.7 30.8 32.6
RMSD 20.8 24.9 22.8 17.6 18.3 22.8 18.3 21.7 224 19.5 19.5
Realibility coefficient 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
B3LYP
Average 51.6 54.6 50.8 50.7 49,74 52.7 48.6 46.3 44.5 46.9 40.1
RMSD 44.6 55.6 53.9 49.5 56,62 54.7 47.4 48.1 46.4 46.8 37.7
Realibility coefficient 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
HF
Average 133.6 142.4 137.9 139.1 134.0 138.3 140.0 130.0 125.6 128.2 124.4
RMSD 102.7 111.6 109.7 116.0 112.6 109.9 110.4 106.7 106.2 111.1 104.4
Realibility coefficient 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.97
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_ TS3 Table 3
/\_' BLYP/6-31G" total energies (E; Hartree/molecule), relative energies (AE; kcal/
45 - / ‘\\ mol), and dipole moment (1; Debye) for the tautomers and the transition states
TSI \ connecting the minima of 1,5-dimethylcitosine
407 Structure E AE n
22 I —473.38852 0.0 59
% 30 TS1 —473.32420 40.4 5.3
k| 1 Ila —473.38610 1.5 4.6
T 254 TS2 —473.38211 4.0 2.4
=2 - b —473.38467 2.4 24
= TS3 —473.31551 458 41
15 it —473.34215 29.1 7.2
10 4
5 TS2 (R4,8) in the imino-oxo (1.298 4&) and the imino-hidroxy
1 / e b (1.301 A) tautomers; or with the C207 double bond (R2,7) in
0

Reaction Coordinate

Fig. 5. Reaction path for the interconversion between the tautomers of 1,5-
dimethylcytosine.

Table 3 and Fig. 5) would prevent the conversion between the
different tautomers. This fact would influence the tautomeric
equilibrium by limiting the relative proportions of the imino-
oxo (Ia and IIb) and imino-hidroxy forms and, consequently,
the relative intensities of the bands of the respective tautomers.
The TS3 structure corresponds to a conformation of the imino-
hidroxy tautomer with the dihedral angle t; N1C207H9 equals
180°, and the imaginary wavenumber connects the imino-oxo
IIb with the III forms.

The BLYP/6-31G~ optimised parameters of the four
tautomers are presented in Table 4 together with the published
data for 1-methylcitosine [24,25] and 5-methylcitosine [26,27].
There are no significant differences between the bond lengths
and bond angles of the studied tautomers, except some ones
related to the break of the N3C4 double bond (R3,4) when
passing from the amino-oxo (1.333 A) to the imino-oxo Ila
(1.423 A) forms, with the formation of C4N8 double bond

the amino-oxo form (1.235 A) that is a single bond (1.374 A) in
the imino-hidroxy tautomer. In the particular case of amino-
0xo, the values of the dihedral angles t; (N3, C4, N§, H9) and t;
(N3, C4, N8, H10) equals 13.4° and 156.3°, respectively,
indicate that the two H atoms of the amino group are located on
the same side and out of the ring plane. The torsion angles T;
(N8, C4, C5, C11) and t; (07, C2, N1, C16) are close to 0° in
almost all the tautomers. On the value of torsion angle t;
(N1C207H9) in tautomer III is 13.8° which indicates that the
H9 atom is clearly displaced out of the ring plane.

4. Vibrational spectrum

1,5-Dimethylcytosine has 51 normal modes of vibration, all
of them are active in infrared and Raman since the molecule
does not possess any element of symmetry. The assignment of
the vibrational spectra has been performed without taking into
account possible intra and intermolecular interactions, on the
basis of the BLYP/6-31G" force field and the published
assignments of cytosine [3,4,10,12-14], 1-methylcytosine [11],
5-methylcytosine [13,16] and related molecules like phenylsi-
lane, toluene, benzonitrile, phenylacetylene and aniline [28-

_aH10 H10 ' Hlo
N8
P N3 N8
¢ | [ |
Lca e H14
N S S T HY —~ c4 o H14 W HI$
"3| cls "‘\,\le H|3/ \..CHS,.-NC 11\. i .~ \cs,_,.-ﬂcll\
H12
H12
2 c6 H13 - [ ”
S L 2 s H13 0. o PR
27 H1S 07 = ~
N1 H1S 07 1 H1s
LGt |
PR - L16miigg
e C16- iy 18 >
H19 H17 /\ H19 i
H19 H17
TS1 TS2 TS3

Fig. 6. Transition states for the interconversion between tautomers of 1,5-dimethylcytosine. TS1 connecting I and II, TS2 connecting I1a and IIb and TS3 connecting

IIb and III tautomers, respectively (see Figs. 4 and 5).
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Table 4
BLYP/6-31G" optimised geometrical parameters (R: bond lengths in A A: angles and D: dihedral angles in degrees) for the 1,5-dimethylcytosine tautomers compared
with the geometrical parameters of 1-methyl and 5-methyl cytosine

Parameters Amino-oxo Imino-oxo Ila Imino-oxo IIb Imino-hidroxy III 1-Methyl-cytosine [27] 5-Methyl-cytosine [29]
R(1,2) 1.459 1.408 1.418 1.399 1.395 1.376
R(1,6) 1.367 1.398 1.392 1.412 1.357 1.365
R(1,16) 1.472 1.473 1.472 1.469 1.464

R(2,3) 1.380 1.401 1.390 1.294 1.358 1.354
R(2,7) 1.235 1.234 1.234 1.374 1.234 1.252
R(3.4) 1.332 1.423 1.417 1. 419 1.332 1.338
R(3.9) 1.021 1.021

R4.5) 1.450 1.471 1.473 1.482 1.422 1.438
R(4,8) 1.384 1.298 1.298 1.301 1.336 1.337
R(5,6) 1.377 1.362 1.365 1.359 1.334 1.350
R(5,11) 1.514 1.510 1.512 1.509 1.508
R(6,15) 1.094 1.092 1.093 1.092

R(7.9) 0.980

R(8,9) 1.020

R(8,10) 1.018 1.035 1.031 1.035

R(11,12) 1.102 1.102 1.101 1.103

R(11,13) 1.108 1.103 1.106 1.103

R(11,14) 1.106 1.103 1.106 1.103

R(16,17) 1.099 1.103 1.102 1.107

R(16,18) 1.101 1.103 1.102 1.098

R(16,19) 1.101 1.096 1.096 1.104

A(2,1,6) 121.2 121.3 121.2 116.4 120.1 121.3
A(2,1,16) 116.6 118.5 118.4 122.8 118.5

A(6,1,16) 1223 120.2 120.4 120.8 121.5

A(1,2,3) 116.6 113.4 113.4 125.4 118.0 119.2
A(1,2,7) 117.9 124.1 123.3 117.2 118.6 119.0
A(3,2,7) 1254 122.4 123.2 117.4 122.4 121.8
AQ2,34) 120.6 128.8 129.1 120.1 120.0 119.5
A(2,39) 112.8 115.2

A4,3,9) 118.3 115.7

A(3/4.5) 124.5 113.4 113.6 117.4 121.8 123.1
A(3.4.8) 116.3 125.2 116.5 123.0 117.8 117.1
A(5,4,8) 119.1 121.3 129.8 119.5 120.4 119.9
A(4.,5,6) 114.7 118.6 118.4 118.4 117.2 115.2
A(4,5,11) 122.8 118.6 119.4 119.2 122.6
A(6,5,11) 122.4 122.8 122.2 122.4 122.2
A(1,6,5) 122.2 124.3 124.3 122.2 121.8 121.7
A(1,6,15) 116.2 114.2 114.3 114.7

A(5,6,15) 121.6 121.4 121.4 123.1

A(2,7,9) 110.6

A(4,8,9) 1144

A(4,8,10) 118.9 111.2 109.9 107.9

A(9,8,10) 115.9

A(5,11,12) 110.9 111.2 111.1 111.8

A(5,11,13) 112.3 110.8 111.6 110.4

A(5,11,14) 111.8 110.8 111.6 110.4

A(12,11,13) 106.9 108.8 107.7 109.0

A(12,11,14) 107.5 108.8 107.7 109.0

A(13,11,14) 107.0 106.2 106.9 105.9

A(1,16,17) 109.1 110.4 110.5 111.9

A(1,16,18) 109.9 110.4 110.5 108.7

A(1,16,19) 109.9 107.4 107.3 111.3

A(17,16,18) 110.0 109.2 109.2 107.4

A(17,16,19) 110.0 109.6 109.6 109.4

A(18,16,19) 107.7 109.6 109.6 107.9

D(3,4,8,9) 13.4 —0.03

D(3,4,8,10) 156.3 0.008 179.9 —0.4

D(8,4,5,11) 1.9 —0.01 —0.004 0.9

D(7,2,1,16) 0.004 —0.01 —0.011 2.9
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Table 5

BLYP/6-31G" calculated wavenumbers (cm ') and assignments of the calculated vibrational spectra of the tautomers of 1,5-dimethylcitosine

Amino-oxo Imino-oxo Ila Imino-oxo IIb Imino-hidroxy
3579.6 vy NH, 3487.8 v N3-H9 3493.3 v N3-H9 3607.5 v O7-H9
3463.1 v, NH, 3298.5 v N8-H10 3362.1 v N8-H10 3303.1 v N8-H10
3106.9 v C6-H15 3129.9 v C6-H15 31204 v C6-H15 3134.8 v C6-H15
3074.9 v, C16-H; 3110.6 v, C16-H; 3111.1 v, C16-H; 3074.3 v, C16-H;
3057.4 v, C16-H; 3044.6 v, C11-H; 3043.7 v, C11-Hj 3039.6 v, C11-H;
3033.6 v, C11-H; 3026.7 v, C16-H; 3027.4 v, C16-H; 3025.9 v, C11-Hy
2992.4 vg C16-H; 3023.3 v, C11-Hj 2992.9 v, C11-Hj 2996.7 v, C16-H;
2981.5 v, C11-H; 2975.0 v, C16-Hs 2975.3 v, C16-H; 2971.1 vg C11-Hj
2937.8 vg C11-Hj 2973.1 vs C11-Hj 29534 vg C11-H; 2941.1 vg C16-H;
1714.2 v C2=07 1730.6 v C2=07 1736.2 v C2=07 1674.7 v C5=C6
1650.5 v C5=C6 1661.2 v C5=C6 1658.9 v C5=C6 1614.6 v C2=N3
1610.3 SNH, 1621.5 v C4=N8 1606.9 v C4=N8 1582.3 v C4=N8
1511.2 v N3=C4 1496.9 5, C16-H; 1496.8 3, C16-Hs 1506.5 3, C16-H;
1496.2 5, C16-H; 1493.7 5, C16-H; 1494.3 8, C16-H; 1482.3 5, C16-H;
1485.3 3, C11-H; 1486.2 5, Cl11-H; 1492.9 3, C11-Hj 1480.2 3, C11-H;
1474.8 5, C11-H; 1461.5 5, C11-H; 1470.1 8, C11-Hs 1456.6 5, C11-Hy
1455.6 3, C16-H; 1426.4 d; C16-H; 1426.5 v C4-C5 1450.6 3, C16-H;
1447.5 v C4-N8 1416.3 v C4-C5 1424.8 8, C16-H; 1405.3 8, C11-H;
1431.9 d; C16-H; 1410.0 ds C11-H; 1409.4 3, C11-H; 1398.8 v C4-C5
1405.4 S, C11-H; 1380.2 B N3-H9 1371.2 B N3-H9 1357.6 v N1-C2
1364.4 v N1-C6 1358.3 B C6-H15 1354.5 B C6-H15 1300.6 v C5-Cl1
1312.5 B C6-HI15 1308.5 v N1-C6 1273.5 v N1-C6
1229.5 v C5-Cl1 1303.5 v N1-C6 12524 B N8-H10 1224.2 v N1-C16
1182.4 v C2-N3 1230.8 v N1-C16 1216.5 v C2-N3 1207.1 v C2-07
11254 p C16-Hj 1202.9 v C2-N3 1150.2 v C5-Cl1 1130.8 B C6-HI15
1122.8 p C16-H; 1143.1 p C16-H3 1132.6 p C16-H3 11144 p C16-H;
1055.5 p NH, 1133.2 p C16-H3 1094.9 v N3=C4 1075.5 v N3=C4
1050.2 p Cl11-Hj 1091.9 v N3=C4 1051.1 p C11-H3 1048.8 p Cl11-Hj
1020.7 v N1-C16 1053.9 p C11-H3 1041.8 p Cl16-H3 1033.3 p Cl16-Hj
1004.7 p Cl11-H; 1043.2 v C5-Cl11 999.3 p C11-H3 999.2 p Cl11-Hy
878.2 v C6-H15 1003.7 p C11-H3 864.6 v C6-H15 868.3 v N8-H10
812.9 v N1-C2 858.5 vy C6-HI15 818.9 v N1-C2 838.7 BRI
736.4 B R, 831.1 v N1-C2 774.1 TN8-H10 814.2 v C6-H15
727.1 v 07=C2 793.9 vy N8-H10 753.5 B R; 733.4 B Rs
711.3 v N8-C4 757.1 B R, 704.4 v N8-C4 712.7 v C4-N8
659.4 v C4-C5 706.2 vy N8-C4 697.9 vy 07=C2 658.5 B R,
603.4 B C2=07 694.7 vy 07=C2 675.1 B Ry 651.7 v 07=C2
550.2 v N8-H9 677.1 B R3 643.4 v N3-H9 593.4 B C2=07
521.8 B R, 610.3 B C2=07 603.7 B C2=07 510.9 TRy
448.6 B R; 586.8 vy N3-H9 515.5 B R, 445.0 7R3
405.8 T RI1 504.6 B R, 426.7 TR, 400.6 7 C4N8-H10
392.6 v N8-HI10 427.6 TRy 390.6 7 N3-H9 365.8 BC4-N8
361.9 B C4-N8 394.7 7 N3-H9 381.9 B C4-N8 344.0 B N1-Cl6
319.3 B N1-Cl16 378.6 B C4-N8 333.2 B N1-Cl16 3129 v N1-C16
280.3 vy C11-C5 330.9 B N1-C16 298.9 vy C5-Cl11 276.9 B C5-Cl11
273.8 B C5-Cl11 304.4 vy C5-Cl1 277.6 B C5-Cl11 236.8 v O7-H9
2252 7R3 274.9 B C5-Cl1 189.6 Tw C11-Hj 192.9 TR,
188.3 Tew 11-Hz 186.6 v N1-C16 177.6 v N1-Cl16 173.7 Tywist C11-H3
155.7 v NI-C16 168.5 Tew C11-Hy 126.5 TR3 116.6 Twise C16-Hj
101.9 Tew C16-H3 125.2 7R3 91.9 TR, 101.3 v C5-Cl11
77.3 TR, 93.7 TR, 64.5 Tow C16-Hs 46.1 T CI6N1C207
72.4 (w C16-H;

Abbreviations: v: stretching, 8: bending, p: rocking, y: wagging, 7: torsion, 3: in plane deformation, T, twisting, Br: deformation of the ring, Tr: torsion of the ring, a:

antisymmetric, s: symmetric.

32]. The very close energies of the amino-oxo and the imino-
oxo, IIa and IIb forms, could indicate that all of them are
present in the spectrum, which would complicate the discussion
of the results. The calculated wavenumbers for the four
tautomers of 1,5-dimethylcytosine (Table 5) have been
compared with the experimental values. The wavenumbers

of the bands registered in the infrared spectra at room and at low
temperature and in the Raman spectra are shown in Table 6.
Although the different isomers have many calculated wave-
numbers with similar values, it can be verified that the amino-
oxo frequencies correspond better with the strongest and well-
defined experimental bands. For this reason the assignments in
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Table 6 (Continued)

BLYP/6-31G" wavenumbers (cm ™) and assignments of the calculated vibra- IR room IR low RAMAN Assignments
tional spectra of tautomers of 1,5-dimethylcitosine temperature temperature
IR room IR low RAMAN Assignments v N8H10
temperature temperature B C4-N8
NIC16
3546 sh 3418 sh 3539 vw v, NH, B c5 Cl1
3391 vs 3374.1 vs 3371 m vs NH, g e
3305.8 w 33029 w 3300 vvw 2x 919.7 + 1482.5 = 3304 MR
3229 vw 3231.8 w 3267 vw 2x 1274 4+ 703 = 3251 . 3C11H
31124 m 3140 sh 3252 vvw 2x 1615.6 =3231.2 NE\IICI()B
2990 vw 3103.8 s 4x 786 =3144 T e
2964.4 vw 2990 vw 3114 vw v C6H15 T;\g 3
2933.1 2967.3 vw 3043 m v, C16H; 2
2862.0 vvw 2935.9 3004 w v, C16H; Abbreviations: v: stretching, 8: bending, p: rocking, y: wagging, T: torsion, 3: in
2765.3 2864.0 vvw 2978 m v, C11H; plane deformation, Br: deformation of the ring, Tg: torsion of the ring, Ty,:
1813 vvw 2773.8 vvw 2951 m vy C16H; twisting, a: antisymmetric, s: symmetric, vs: very strong, s: strong, m: medium,
1670.3 s 2756.7 vvw 2943 m v, C11H; w: weak, vw: very weak, vvw: very very weak, sh: shoulder.
1660 sh 1677.1 sh 2924 s vy C11H;3
1620.8 sh 16719 s 2866 2x 1428 = 2856
1615.6 vs 1660 m 2829 2> 703 + 1425 = 2831 Table 5 correspond with this isomer, which is the most stable as
1590 sh 1622.5 s 1656 vw 1670.3 + 2x 552 =2774.3 y . . .
1571.3 vw 1612.2 vs 1592 m 2% 703 + 1364.7 = 27707 theorenf:al .calculanons predict. No evidences have beep found
1559.3 vw 1590 sh 1513 w 1274 + 552 = 1826 of the significant presence of more than one tautomeric form.
1520 m 15713 w 1460 w v C2=07
1482.5 s 1564.4 w 1425 w v C5=C6 4.1. 4000-2000 cm™"! region
1464.4 sh 1550 vw 1391 m 8 NH,
1445 sh 1523.5 m 1357 w ? . . . . ..
14279 m 1489.3 s 1325 w 2x 786 = 1572 In this region, the vibrational spectra show characteristic
1395.4 m 1475.7 w 1274 s $ NH,, bands of normal modes related to the antisymmetric and
1364.7 m 1460.3 w 1222 m 2x 775 = 1550 symmetric stretchings of the N-H and C-H bonds of the amino
13289 w 145Tvvw 1169 w v N3=C4 and methyl groups, respectively, as well as the C-H stretching
1281 vw 1445 vw 1060 w v C4 -N8 modes of the rin
1274 sh 14347 vvw 1022 vw 3, C16H; g .
12247 vw 14278 w 907 vw 5, C11H, ‘ The shoulder and the band recorded in th? room terpperature
1163.3 w 1397.1 s 867 m 8, C11H; infrared spectrum at 3546 and 3391 cm™ ', respectively, are
1147.9 sh 1368.1 s 786 w ? assigned to antisymmetric and symmetric NH, stretching
1106.9 w 1349.4 sh 775 vs 8, C16H; respectively. In the Raman spectrum the strongest band is
1066 vvw 1328.9 vw 750 w ? -1 . . .
located at 3371 cm™ and is assigned to the symmetric
1045.5vvw 1284.5 sh 703 s v C4-N8 .
9107 w 12742 vw 624 w 5, C16H, st'retchlng mgde. The cal.culated wavenumbers for 1.,5-
878sh 1245.2 vw 552 vs 8, C11H, dimethylcytosine and cytosine [3,4,10,14], 1-methylcytosine
786 m 1224.7 vw 541 sh ? [11], 5-methylcytosine [13] and aniline [32] are in the same
7587 vww 1170.1 w 470 w v N1-C6 order. In this case the effect of anharmonicity is not so evident
741.7 vvw 11479 w 457 vw B C6H15 .
as in others molecules [33].
705.8 vvw 1113.8 sh 427 w v C5-C11 . . . 1.
11104 w 400 vw 703 + 552 = 1255 The broad, medium intensity band located at 3112.4 cm™ " in
1071.1 w 360 vw v C2-N3 the room temperature infrared spectrum is recorded stronger at
1045.5 vvw 326 w v C5-Cl11 3103.8 cm ™' in the spectrum at low temperature and is assigned
1026.7 vvw 304 w p C16H; to the C6-HI15 stretching mode of the ring. In the Raman
gég'g zvvw fgg g ;:{6 Hs spectrum this last band is recorded very weak at 3114 cm ™.
. 2
786.1 m 165 oC11H; The Ralman bapds at 3043., 3004, 2978, 2951, 2943 and
779.2 w 139 v NI1-C16 2924 cm™ are assigned to antisymmetric and symmetric C—-H
755.3 w 90 p C11H; stretching of both methyl groups. The order of the assignments
736.5 W vy C6HIS is summarised in Table 6. In the Raman spectrum the strongest
1075w Eg -2 bands at 2951 and 2924 cm™' are assigned to symmetric
| CI4-C5 stretching modes corresponding to both CH3 groups.
y C2=07
y C4-N8 4.2. 1700-1500 cm™" region
v C4-C5
v C4-N8 . . - » .
In this region the C=OR, C=C and C-N stretching modes, as
BC2=07 . .
v N8H9 well as the NH, deformation are expected. The characteristic
BR, strong infrared band recorded at 1670.3 cm~ ! at room
BR3 temperature is assigned to the C2=07 stretching mode. This
TR]

band is split in two bands at 1677.1 cm™' and 1671.9 cm ™' in
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the spectrum at low temperature, like in cytosine [14] and 5-
methylcytosine [13]. This splitting could be attributed to a
possible Fermi resonance as occurs in cytosine tautomers [12].
In the amino-oxo tautomer of 5-methylcytosine [13] this
vibration is observed at 1735cm™' whereas in the same
tautomer of cytosine is observed at 1719 and 1733 em ! [12].

The shoulder recorded in infrared at 1660 cm™' shows a
significant intensity, and is assigned to the C5=C6 stretching
mode. The calculated wavenumber for this fundamental mode
is 1650.5 cm ™.

The strong band at 1615.6 cm ™' is observed sharp and with
stronger intensity in the low temperature spectrum, it being
assigned to the NH, deformation. This mode was observed at
1703 ecm™" [3], 1749 cm™" [4], 1595cm ™" [10], 1598 cm ™'
[14] in amino-oxo tautomer of cytosine and at 1592 cm 'in 1-
methylcytosine [11] and at 1595 cm™' in 5-methylcytosine
[13], while it is observed at 1618 cm™! in the spectrum of
aniline [32]. The calculated wavenumber for this deformation
mode using HF/3-21G method is 1628 cm ™' in 5-methylcy-
tosine [13] and 1579 cm ! using CNDO/2 FORCE method in
1-methylcytosine [11]. In 1,5-dimethylcytosine this mode is
calculated at 1610.3 cm ™" It is the strongest one of the Raman
spectrum where it is recorded at 1592 cm™'. The shoulder at
1590cm ™" in the infrared and Raman spectra remains
unassigned. In the case of amino-oxo form of cytosine
[10,12] the band at 1599 cm ™' is assigned to the scissoring
motion. In addition, splitting is observed in the spectrum at low
temperature (1571.3 and 1564.4 cmfl) for the band at room
temperature 1571.3 cm™' due to combinations in possible
Fermi resonance with the fundamentals.

The medium intensity band recorded in the room temperature
infrared spectrum at 1520 cm ™' and at 1523.5 cm ™' in the low
temperature spectrum is assigned to the N3=C4 stretching.

4.3. 1500—-1000 cm™" region

The majority of the bands in this region are due to
deformation modes of the CH; groups and to stretching C-C
and C-N bonds too. In this zone the theoretical calculations
predict the frequencies and the intensities of the bands
accurately for which permits to carry out a reliable assignment,
as is observed in Fig. 7 compared with the experimental
spectrum. Many of this bands appear split in two at low
temperature (e.g. doublets: 1489.3 and 1475.7; 1460.3 and
1451; 1445 and 1434.7; 1368.1 and 1349.4; 1274.2 and 1245.2;
1113.8 and 1110.4) due to Fermi resonance as in other aromatic
ring [12]. According to their characteristic intensities, the
strong band recorded at 1482.5 cm ™" in the room temperature
spectrum and at 1489.3 and 1475.7 cm ™' at low temperature
could be assigned to the N-CHj; or C-CHj; antisymmetric
deformation. The shoulders at 1464.4 and 1445cm™' are
assigned to the remaining C-CH; and N-CHj; antisymmetric
deformations, respectively. The band of medium intensity in the
infrared spectrum at 1427.9 cm™' is assigned to the C4-N8
stretching mode.

Force field calculations predict in this region the onset of
stretching vibrations of the ring, in-plane C—H deformation and
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Fig. 7. The comparison IR spectra of solid 1,5-dimethylcytosine at room

temperature with the theoretical spectrum between 2000 and 400 cm ™",

rocking modes of both NH, and methyl groups. In similar
molecules, like cytosine [3,4,12,14], 1-methylcytosine [11] and
5-methylcytosine [13], the same set of vibrations are observed.

The medium intensity band at 1395.4 cm ™' recorded in the
infrared spectrum is assigned to the N-CHj; symmetric
deformation, while the band at 1364.7 cm™! is assigned to
C-CHj; symmetrical deformation. The same band is observed in
the Raman spectrum with very weak intensity at 1357 cm™".
The 1328.9 cm™' band is assigned to N1-C6 stretching while
the very weak band located at 1281 cm ™' is assigned to the C6-
H15 in-plane deformation. The theoretical spectrum predicts
these modes at 1364.4 and 1312.5 cmfl, respectively (see
Table 5) whereas the very weak band at 1224.7 cm™' is
assigned to the C2-N3 stretching.

The N-CH3 rocking modes are assigned at 1163.3 and
1147.9 cm ™! infrared bands because the theoretical spectrum
predicts these modes at 1125.4 and 1122.8 cm™".

The NH, rocking is observed in cytosine [14], 1-
methylcytosine [11] and 5-methylcytosine [13] at 1083,
1142 and 1074 cm™', respectively. For this, the band at
1106.9 cm ™" of the room temperature spectrum, which appears
splitin 1113.8 and 1110.4 cm ™" at low temperature, is assigned
to this vibration.

The N-CHj; rocking in 1-methylcytosine [11] is observed at
1044 cm™" while in the theoretical spectrum of 1,5-dimethyl-
cytosine appear at 1055.5 cm™' consequently the very weak
band at 1066 cm ™! is assigned to this mode.

As observed in Table 5 the theoretical spectrum predicts the
N1-C16 stretching of the amino-oxo tautomer at 1020.7 cm ™"
therefore this mode is assigned to the very weak band at
1045.5cm ™",

The band recorded at 1022 cm ™' in the Raman spectrum and
at 1026.7 cm ™" at low temperature is assigned to the C-CH,
rocking. This mode in the theoretical spectrum of 1,5-
dimethylcytosine is observed at 1004.7 cm™' whereas in 5-
methylcytosine [13] with the HF/3-21G method appear
theoretically hardly coupled with the NH, rocking at
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1074 cm ™" and with greater contribution at 1006 cm ™" but is

observed experimentally at 998 cm ™.

4.4. 1000-100 cm™" region

The assignments in this region are less reliable due to the
large number of vibrations expected: ring deformations,
C2=07, C4-N8, N1-C16, C5-C11 out-of-plane deformations
and, ring torsions and CH; and NH, groups torsion.

The theoretical spectrum of the amino-oxo tautomer predicts
the C6H15 out-of-plane deformation at 878.2 cm”! hence, the
weak band observed in the spectrum at room temperature at
910.7 cm ™" is assigned to this vibrational mode.

The shoulder recorded at 878 cm™! in the infrared, observed
in the Raman spectrum as an intense band at 867 cm™ Y, is
assigned to the N1-C2 stretching vibration. In the case of
cytosine [14] this mode is calculated using HF/6-31G™" method
with greater contribution at 911 cm™"' whereas in the amino-
oxo tautomer of 5-methylcytosine [13] appear theoretically
with HF/3-21G method at 886 cm ™' and observed at 877 cm ™.

The strongest infrared band of this region is observed at
786 cm™ ', and it is split in two bands at 786.1 and 779.2 cm ™!
in the spectrum at low temperature, while in the Raman
spectrum only one band is observed at 775 cm™'. On the basis
of both, the position and the intensity, it is assigned as a
deformation of the ring, such mode being calculated at
736.4 cm™'. The remains deformation of the ring mode are
observed at 541 and 470 cm™'. In related molecules like
phenylsilane this modes appear at 704, 690 and 388 cm ™', in
toluene at 789, 627 and 521 cm ™', in benzonitrile with greater
contribution are observed at 997, 752, 623 cm~! while in
phenylacetylene at 998, 754 and 625 cm ™ 'and in aniline at 990,
690 and 619 cm™! [28-32]. The significative difference
between this values probably is due at to calculations they
carried out with different theoretical method.

The theoretical spectrum predicts the C2=07 out-of-plane
deformation at 727.1 cm ™. Thus, the very weak infrared band
at 758.7 cm ™! is assigned to this vibration. In the amino-oxo
tautomer of cytosine this mode is calculated at 794 cm ™' and is
registered at 781 cm ! [14]. The calculated wavenumber of the
C4-N8 out-of-plane deformation, also called NH, inversion
mode [12], is 727.1 cm ™! and it is observed at 782 cm ™! in the
Raman, while in the room and low temperature spectra it is
recorded at 741.7 cm ™' and 736.5 cm ™', respectively.

The theoretical force field predicts the C4-C5 stretching
mode at 659.4 cm ™. Thus, the strong Raman band at 703 cm™!
is assigned to this fundamental. It is calculated at 749 cm ™' and
observed at 747 cm ™' in the amino-oxo tautomer of cytosine
[14]. In the amino-oxo tautomer of 5-methylcytosine [13] is
calculated at 886 cm ™' and observed at 877 cm ™.

The strong Raman band at 552 cm ™" is assigned as N8—H9
out-of-plane deformation. This mode is calculated at 565 cm ™'
in the case of the amino-oxo tautomer of cytosine and observed
at 525 cm ™! and 520 cm ! in Argon and Neon matrices [12],
respectively. This mode appear with greater contribution in the
same tautomer of 5-methylcytosine [13] at 613 cm ™" and is

observed at 609 cm ™.

The shoulder recorded in the Raman spectrum at 541 cm ™"

is assigned as a ring deformation. In 5-methylcytosine this
mode is observed at 478 cm ™! [13] while in the amino-oxo
tautomer of cytosine is predicted at 526 cm ™' and observed at
535cm™" [14].

The very weak band in the Raman spectrum at 470 cm ™' is
assigned to the deformation of the ring because the theoretical
spectrum predicts a wavenumber of 448.7 cm ™.

The very weak Raman line of 457 cm™' is assigned as a
torsion of the ring. In the amino-oxo tautomer of 5-
methylcytosine this mode is calculated at 442 cm™' [13]
whereas at 405.8 cm ™' in 1,5-dimethylcytosine. In the case of
the amino-oxo tautomer of cytosine it is predicted at 477 cm™'
and observed at 498 cm ™! [12].

The N8-H10 out-of-plane deformation is assigned to the
weak Raman band recorded at 427 cm™'. It is calculated at
447 cm™" in the amino-oxo tautomer of cytosine and observed
at 535cm ' and 531 cm ™! in Argon and Neon matrices [12],
respectively. In the amino-oxo tautomer of 5-methylcytosine it
is calculated at 452 cm™! and is observed at 406 cm ™! [13].

The assignments of the remaining bands in this region are
shown in Table 6 and were carried out taking into account the
calculated wavenumbers (see Table 5) and the assignments of
the spectrum of the amino-oxo tautomers of cytosine [14] and
5-methylcytosine [13]. These bands are related to torsions of
the ring and to the N-CH; and C-CHj; out-of-plane modes.

5. Conclusions

Four tautomers of 1,5-dimethylcytosine have been theore-
tically found. According to the respective energies and the
analysis of the vibrational spectra, the following stability order
has been established: I>IIa > IIb >III. The respective
stability could depend strongly on their intermolecular
interactions, temperature and aggregation state as previously
observed in 5-methylcytosine [16].

The high value of the potential barrier would limit the quick
interconversion between the imino-oxo Ila and IIb tautomers,
although the simultaneous presence of both could be justified
by the close values of energies. On the other hand, the high
calculated barrier for the imino-hidroxy tautomer and its high
energy discard to expect a significant abundance for this form.

The theoretical level that best reproduces the experimental
vibrational wavenumbers of the amino-oxo tautomer is BLYP/
6-31" with a standard deviation of 17.6 cm™ ' and a reliability
coefficient of 0.99.

The assignments of the vibrational modes of the amino-oxo
(D) tautomer and the corresponding calculated wavenumbers for
the four tautomers of 1,5-dimethylcytosine are reported. From
the correspondence between the observed bands and the result
of the calculated force field it was deduced that the most stable
tautomer would be the amino-oxo (I) form.
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